
Contents lists available at ScienceDirect

Physica Medica

journal homepage: www.elsevier.com/locate/ejmp

Original paper

EPID sensitivity to delivery errors for pre-treatment verification of lung
SBRT VMAT plans
Thahabah Alharthia,b,c,d,⁎, Sankar Arumugamc,e, Phil Vialc,d,e, Lois Hollowaya,c,d,e,f,
David Thwaitesa
a Institute of Medical Physics, School of Physics, The University of Sydney, Sydney, New South Wales, Australia
b School of Medicine, Taif University, Taif, Saudi Arabia
c Liverpool and Macarthur Cancer Therapy Centers, Liverpool, NSW, Australia
d Ingham Institute for Applied Medical Research, Sydney, NSW, Australia
e South Western Sydney Clinical School, University of New South Wales, Sydney, NSW, Australia
f Centre for Medical Radiation Physics, University of Wollongong, Wollongong, NSW, Australia

A R T I C L E I N F O

Keywords:
Lung SBRT VMAT
Delivery error
EPID

A B S T R A C T

Purpose: To study the sensitivity of an Electronic Portal Imaging Device (EPID) in detecting delivery errors for
VMAT lung stereotactic body radiotherapy (SBRT) using the Collapsed Arc method.
Methods: Baseline VMAT plans and plans with errors intentionally introduced were generated for 15 lung SBRT
patients. Three types of errors were introduced by modifying collimator angles and multi-leaf collimator (MLC)
field sizes (MLCFS) and MLC shifts by± 5,±2, and± 1° or millimeters. A total of 103 plans were measured
with EPID on an Elekta Synergy Linear Accelerator (Agility MLC) and compared to both the original treatment
planning system (TPS) Collapsed Arc dose matrix and the no-error plan baseline EPID measurements. Gamma
analysis was performed using the OmniPro-I'mRT (IBA Dosimetry) software and gamma criteria of 1%/1 mm,
2%/1 mm, 2%/2 mm, and 3%/3.
Results: When the error-introduced EPID measured dose matrices were compared to the TPS matrices, the
majority of simulated errors were detected with gamma tolerance of 2%/1 mm and 1%/1 mm. When the error-
introduced EPID measured dose matrices were compared to the baseline EPID measurements, all the MLCFS and
MLC shift errors, and± 5°collimator errors were detected using 2%/1 mm and 1%/1 mm gamma criteria.
Conclusion: This work demonstrates the feasibility and effectiveness of the collapsed arc technique and EPID for
pre-treatment verification of lung SBRT VMAT plans. The EPID was able to detect the majority of MLC and the
larger collimator errors with sensitivity to errors depending on the gamma tolerances.

1. Introduction

Radiation therapy delivery has become more complex with the in-
troduction of volumetric modulated arc therapy (VMAT) using con-
tinuously modulated multi-leaf collimator (MLC) positions as well as
gantry speed rotation and dose-rate [1,2]. Moreover, along with the
current advances in radiotherapy techniques, interest in dose escalation
and the use of hypofractionated stereotactic body radiotherapy (SBRT)
has been growing [3–5]. SBRT involves the delivery of substantially
larger doses per fraction over fewer fractions compared to conventional
radiotherapy. Dosimetry verification and patient-specific quality as-
surance (QA) tests are particularly important in such a complex treat-
ment to ensure accurate treatment delivery [6,7]. For conventionally
fractionated VMAT pretreatment QA, many commercial solutions have

been used including ionization chambers [8], film dosimetry [4], two-
dimensional (2D) array detectors such as OCTAVIUS, MatriXX/COM-
PASS system, and electronic portal imaging device (EPID) [9,10], semi
3D dosimetric systems [11,12] and gel dosimetry [13]. Some of these
detectors are often time-consuming to set up or have a relatively low
spatial resolution. Electronic portal imaging devices (EPID) have been
used for dosimetric verification including patient-specific VMAT ver-
ification [14–17]. EPIDs are available on all commercial linear accel-
erators and represent an efficient dosimeter due to high resolution and
reproducibility, easy setup, immediate digital format and large sensitive
area [18]. Several studies have investigated different applications of
using the EPID as a patient dosimeter including; pretreatment ver-
ification for either fixed or rotating gantry [18–20], in vivo dosimetry,
and full 3D dose estimation of the patient treatment [16,21,22]. The
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potential of using EPID for detecting various delivery errors has been
well demonstrated in previous studies [23–25]. Previous studies have
also shown that different dosimetry systems exhibit different ability to
detect dosimetric errors arising from uncertainties introduced into
baseline plans [26,27,28]. The detector resolution and gamma criteria
have a significant impact on the pre-treatment verification and error
detection as demonstrated by Bruschi et al. [26] and Woon et al. [27].
This places an emphasis on the need to perform an accurate dose ver-
ification for each detector with respect to its resolution particularly for
SBRT QA in which the impact of each fraction is large. For hypo-
fractionated lung SBRT VMAT pretreatment QA, different groups have
utilized various methods and dosimetric systems to verify treatment
plans such as ArcCHECK [29–32], Leuco crystal violet (LCV) micelle gel
[33], MapCHECK and EBT2 films [28,33], machine log file [34], and
EPID-based in vivo dosimetry [35,36]. Despite the potential and
growing interest in the EPID as an in vivo dosimeter, this method re-
quires an extensive workload and software processing to be im-
plemented. Considering lung SBRT VMAT delivery, there are only
limited reported studies investigating the sensitivity of different dosi-
meters to intentionally introduced errors in multi-leaf collimator
(MLC), gantry, collimator and dosimetric errors. Kim et al. [28] in-
vestigated the sensitivity of EBT2 films and MapCHECK to detect
clinically unacceptable MLC misalignments. They found that MLC er-
rors were detected using a 2%/1 mm global criterion while a 2%/2 mm
criterion was not sufficiently sensitive. In our previous experimental
study [37], we have studied the sensitivity of the ArcCHECK dosimeter
to delivery errors in multi-leaf collimator (MLC), gantry, and collimator
for Lung SBRT VMAT treatment plans. Not all deliberately introduced
errors were detected using different gamma criteria of 1%/1 mm, 2%/1
mm, 2%/2 mm, and 3%/3 mm and this is possibly because of the de-
tector resolution. Owing to the practicality and the high resolution of
the EPID, the aim of this work is to study the sensitivity of an EPID in
detecting delivery errors in the collimator angle, and MLC positions for
VMAT lung stereotactic body radiotherapy (SBRT) using the Collapsed
Arc method.

2. Materials and methods

2.1. VMAT SBRT planning and EPID dosimetric model

VMAT plans were generated for 15 lung cancer patients in a pre-
vious planning study [38]. Intentional errors were also introduced by
modifying collimator angles by −5, −2, −1, +1, +2 or +5°and MLC
field sizes (MLCFS) and MLC shifts (MLCShift) by −5, −2, −1, +1,
+2 or +5mm. Collimator and MLC errors were determined which
caused any one or more of a range of DVH metrics to deviate by more
than±2%. The DVH metrics included the following structures and
parameters; PTV (Dmean, Dmax, V95%, V100%), spinal cord (Dmean,
D0.1 cc), and healthy lung (lung-PTV) (Dmean, V20Gy) [38]. The VMAT
plans were based on RTOG0236 and RTOG0915 planning guidelines
[39,40]. The plans were generated in Pinnacle (Phillips Healthcare,
Fitchburg, WI, USA), v9.8 treatment planning system (TPS), using a 6
MV photon beam for an Elekta Versa HD linear accelerator with a 40
leaf pairs Agility MLC (Elekta, Crawley, UK). For all patients, the plan
consisted of two 200-degree arcs with non-zero collimator angle to
avoid doses due to interleaf leakage and to minimize tongue and groove
effects. All lung SBRT VMAT baseline (no error) plans and error-in-
troduced plans were exported to the Elekta Synergy Linac using the

Mosaiq system (Elekta, Crawley, UK).
To calculate TPS planar dose matrices (fluence maps), each VMAT

baseline plan was copied to a virtual water phantom by the TPS at
100 cm SAD and the plan was then collapsed to a single plane to pro-
duce a 2D TPS dose matrix in Pinnacle using the collapsed arc algorithm
script. The collapsed arc method involves the calculation of the dose
matrix in a plane perpendicular to the beam axis of the VMAT arc, this
technique was validated by Nicolini et al. [41,42] for VMAT plans and
is here used for the SBRT VMAT plans. The dose plane was extracted at
depth dref= 5.4 cm. A dose grid size of 0.1× 0.1 cm2 was used in the
dose map calculation to ensure sufficient resolution. This QA method
used the EPID device to perform treatment dose verification and it was
based on the approach primarily developed by Lee et al. [43] for IMRT
verification using Varian EPID. The method was then extended by Tyler
et al. [44] to include VMAT verification on different Linac’s vendors
and TPS including the Elekta EPID and Pinnacle TPS. The methodology
was previously validated against a 2D ion chamber array [43,45] and
has been used clinically in our center. Xing et al. [45] developed the
software analysis to automate the process for our local implantation.
This EPID model compared EPID images (EPID calibrated dose) and TPS
dose fluence maps generated at pre-determined depth in water (dref).
The reference depth in water was determined as the depth in water that
had closest agreement to the dose response of the EPID [43,44]. The
model has worked well for modulated treatment [43,44] but it has not
been tested for Lung SBRT VMAT scenario.

2.2. Plan selection and the clinical significance of errors

The clinical significance and dosimetric impact of the delivery er-
rors selected in this study were assessed in our previous planning study
[38]. Different patients were found to have different sensitivity to the
introduced errors. The smallest of the introduced errors resulting in
≥±2% dose difference in any of the selected DVH metrics between
the modified treatment plan compared to the baseline plan as shown in
Table 1, together with baseline plans were delivered to an Elekta
iViewGT EPID.

In the planning study [38], MLCFS errors were observed to have the
highest impact on the DVH metrics. For this reason and following a
similar approach to our previous experimental study using the Arc-
Check detector [37], an additional group with larger MLCFS errors was
selected. This included seven plans for +5mm error, seven plans for
+2mm error, and two plans for −2mm.

2.3. Treatment delivery and EPID image acquisition

In this study, a total of 103 plans (in which 15 plans were baseline
plans) were measured with the EPID while the gantry was rotated
during acquisition and no phantom was present in the beam (non-
transmission dosimetry). All measurements were carried out using an
Elekta Synergy linear accelerator (Elekta, Crawley, UK) and an amor-
phous silicon EPID (Elekta iView GT). The Elekta EPID has a sensitive
area of 41 cm×41 cm in size and an effective source-detector distance
of 160 cm [46,47]. Lung SABR VMAT EPID images were acquired for all
baseline plans and error-introduced plans per individual arc (a total of
206 Arcs) with the iViewGT software using the ‘multiple’ exposure
option. A 10x10 cm2 static open beam calibration field (20 MU) using
the ‘single’ exposure option was also measured over the period during
which the measurements were performed. The EPID images and

Table 1
The plan number selected for each of the considered errors where that plan had the smallest error where a ± 2% dose deviation in any of the selected DVH metrics
was seen, for the 15 Lung VMAT SBRT patient datasets.

Error type Collimator (degree) MLCShift (mm) MLCFS (mm)

Magnitude +1 +5 −2 −5 +1 +2 +5 −1 −2 +1 −1
Number of selected plan 1 7 2 3 7 6 2 6 9 15 15
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associated log files were exported from the iViewGT workstation for
further analysis.

2.4. Dose matrix analysis

The measured EPID images were converted into dose matrices using
existing methodology and Matlab computer code outlined elsewhere
[45]. The EPID images were converted into dose matrices and cali-
brated to the dose at reference depth in water (dref = 5.4 cm) at an
isocenter plane similar to the TPS dose matrices setup [43–45]. In this
study, a unique approach was used to assess and verify sensitivity of the
EPID to the introduced errors by making two dosimetric comparisons.
Firstly, the error-introduced EPID measured dose matrices were com-
pared to the baseline (no error) TPS matrices. This was done (EPID vs
TPS) to give a measure of the sensitivity of this particular clinical EPID
dosimetry model to the introduced delivery errors. Secondly, the error-
introduced EPID measured dose matrices were compared to the base-
line (no error) EPID measured dose matrices (EPID vs EPID) to give a
measure of the raw sensitivity of the EPID. In each case, the error-in-
troduced EPID measured dose matrices were compared to the baseline
(no error) dose matrices using gamma (γ) analysis [48] as well as
profile analysis in OmniPro I’mRT (IBA Dosimetry, V1.6) software. The
gamma analysis was performed using global (G) dose and distance-to-
agreement (DTA) tolerances with 1%/1 mm, 2%/1 mm, 2%/2 mm, and
3%/3 mm. The dose points receiving less than 10% of the maximum
dose in the dose matrix were not considered in the analysis. The EPID
images were left at their native resolution (0.0255 cm) when comparing
EPID versus EPID and were interpolated to (0.1 cm) when compared to

the TPS dose matrices.

3. Results

3.1. Comparison of the error-introduced EPID measured dose matrices
versus TPS dose matrices

The resulting EPID measured dose and TPS dose matrices were
compared using gamma analysis with different criteria. Table 2 shows
the average (± 1SD) global gamma pass rates for the lung SBRT VMAT
plans for no error (NE) and error-introduced plans. Overall, the ma-
jority of simulated errors were detected with gamma tolerance of 2%/1
mm and 1%/1 mm, and the gamma pass rates decreased as the mag-
nitude of the error increased. The negative and positive MLC field size
(±MLCFS) errors were the most detected errors across all error types.
MLCShift errors of +1mm and collimator errors of +1° and −2° were
not detected for any of the considered gamma criteria, although 2%/1
mm and 1%/1 mm criteria showed slightly lower pass rate but not
significant enough to discriminate those errors.

An example of the profile analysis for no error (NE) and error-in-
troduced plans for lung SBRT VMAT is shown in Fig. 1 for collimator
angle, MLCFS, and MLCShift error scenarios (Zoomed in images are
shown in Appendix A; Figs. A1–A6). The profile analysis comparing
EPID measured profiles and TPS calculated no error profiles, showed a
clear effect of the introduced errors on the dose profile. By applying
more stringent gamma criteria such as 2%/1 mm, and 1%/1 mm when
analyzing the profile, the observed impact of the errors was more en-
hanced.

Table 2
Summary of the mean (±1SD) global gamma pass rate for lung SABR VMAT plans measured on the EPID and delivered with different collimator, MLCFS and
MLCShift errors. EPID measured error plans were compared to the no error (NE) TPS calculated plans. Each plan consisted of two Arcs (Arc1 and Arc2). A lower
gamma pass rate number indicates greater sensitivity to error detection.

Plan Number Error Type/Magnitude Mean (±1SD) global gamma pass rate (%)

3%/3mm 2%/2mm 2%/1mm 1%/1mmNo Error plan Arc

15 NE1 Arc1 95.27 (3.4) 83.92 (5.1) 71.07 (4.7) 63.82 (5.5)
NE2 Arc2 95.22 (2.0) 83.03 (3.7) 70.27 (4.7) 63.64 (5.1)

Error plans Collimator (degree)
1 +1° Arc1 96.53 85.37 72.46 65.73

Arc2 94.51 82.75 71.49 64.25
7 +5° Arc1 94.05 (3.7) 82.21 (4.5) 68.84 (4.5) 61.88 (6.1)

Arc2 94.55 (2.0) 82.26 (2.0) 68.90 (3.1) 62.17 (4.9)
2 −2° Arc1 96.43 (2.9) 85.36 (4.6) 71.06 (3.8) 61.04 (6.5)

Arc2 93.17 (1.9) 82.16 (0.75) 69.78 (5.6) 62.12 (6.3)
3 −5° Arc1 93.42 (2.4) 79.29 (1.7) 66.03 (4.8) 59.87 (6.4)

Arc2 91.42 (3.0) 78.32 (3.7) 66.42 (4.0) 59.63 (4.1)

MLCFS (mm)
15 +1 Arc1 93.62 (4.3) 80.57 (5.2) 67.32 (5.8) 61.40 (7.1)

Arc2 93.34 (3.0) 79.71 (5.9) 67.79 (6.8) 62.12 (7.2)
7 +2 Arc1 87.85 (6.7) 73.22 (6.6) 60.75 (7.4) 55.39 (7.5)

Arc2 86.77 (6.3) 72.04 (8.0) 61.29 (8.0) 56.17 (8.0)
7 +5 Arc1 70.82 (7.9) 59.68 (8.8) 55.40 (9.6) 51.81 (8.5)

Arc2 68.72 (8.8) 59.81 (8.3) 55.69 (8.6) 51.62 (7.3)
15 −1 Arc1 94.77 (3.5) 83.64 (4.7) 69.91 (5.3) 63.41 (6.2)

Arc2 94.00 (3.8) 81.64 (5.3) 69.04 (5.3) 63.32 (5.7)
1 −2 Arc1 90.07 73.62 59.02 53.7

Arc2 93.88 79.27 64.67 55.48

MLCShift (mm)
7 +1 Arc1 94.48 (3.0) 83.22 (3.7) 70.04 (5.6) 63.41 (6.3)

Arc2 94.28 (2.1) 83.73 (3.7) 70.06 (6.1) 63.07 (6.2)
6 +2 Arc1 92.20 (3.8) 76.30 (6.9) 64.26 (7.9) 59.35 (9.1)

Arc2 94.10 (5.2) 81.52 (6.8) 66.95 (5.0) 61.09 (6.1)
2 +5 Arc1 77.39 (4.4) 68.09 (0.3) 62.68 (2.3) 60.32 (3.0)

Arc2 70.37 (1.6) 64.34 (0.6) 60.96 (2.3) 59.13 (3.2)
6 −1 Arc1 94.35 (8.1) 82.43 (9.2) 68.92 (8.0) 62.92 (7.8)

Arc2 91.88 (4.0) 78.47 (4.3) 68.05 (5.8) 62.59 (6.5)
9 −2 Arc1 89.31 (6.5) 74.39 (4.2) 64.74 (3.9) 60.18 (5.9)

Arc2 87.19 (5.5) 72.66 (5.0) 64.35 (6.0) 60.19 (6.7)
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Fig. 1. Dose profile comparison between EPID measured dose (in green) and calculated TPS No Error (NE) plan (in red) with no error shown in (a) and with simulated
errors including; (b) −5° Collimator, (c) −1 mm MLCFS, (d) +1mm MLCFS, (e) −2 mm MLCShift and (f) +2mm MLCShift errors. The effect of the errors was
clearly seen on the profile and more pronounced effects were observed with larger error magnitudes. (patient 1 with the associated errors was selected here to give an
example of the result).
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3.2. Comparison of the error-introduced EPID measured dose matrices
versus EPID measured no error (NE) dose matrices

Table 3 presents the average (± 1SD) global gamma pass rates for
the error-introduced EPID measured dose matrices when compared to
the EPID no error (NE) measured dose matrices. It can be seen that the
general detection trend is relatively comparable to the previous results
when comparing error-introduced EPID measured dose to the TPS cal-
culated dose, in which collimator errors of +1 and −2° had no sig-
nificant change in the gamma pass rate when compared to the no error
plan for all gamma criteria. The correlation between the selected
gamma tolerances and detected error magnitude was very clear based
on the average gamma pass rate. For example, the rather loose 3%/
3mm criteria could only detect a large MLC error of +5mm, while the
2%/2mm criteria showed slightly better sensitivity to MLC error mag-
nitude of± 2mm and collimator error of± 5°. When using 2%/1mm
criteria and 1%/1mm, all MLC errors (± 1,± 2, +5mm) and±5-de-
gree collimator errors were resolved with reasonable confidence as
shown in Table 3.

Fig. 2 shows an example of the EPID measured dose matrices and
the gamma map for different error types; collimator angle,±MLCFS,
and±MLCShift compared to the EPID measured dose matrix for no
error (NE) plan as a reference. It can also be noticed that the effect of all
introduced errors was visible in the gamma map analysis with more
sensitivity to the error depending on the gamma tolerances and the
spatial resolution of the EPID.

4. Discussion

In this study, we presented and assessed a relatively simple method
for pre-treatment verification of lung SBRT VMAT plans with different
collimator and MLC errors. This method is easy to implement and does
not require any sophisticated analytical or EPID modelling approaches.
By using an EPID device and the collapsed arc technique, the majority
of the errors were detected with sensitivity to errors depending on the
gamma tolerances and the error magnitude. In general, we have found
that the overall detection level was approximately similar when the
error-introduced EPID measured dose matrices were compared to either
calculated TPS or EPID measured dose for no error plans as shown in
Tables 2 and 3. The EPID was able to quantify collimator error of± 5°
and the majority of MLCFS and MLCShift errors (± 2 and +5mm)
were resolved when using tighter gamma tolerance than 3%/3mm.

When the error-introduced EPID measured dose matrices were
compared to TPS dose matrices, a substantial number of errors had a
lower pass rate than no error plans and were detected when using
different gamma criteria (Table 2). MLCFS errors which had the highest
impact on the DVH metrics [38] were more resolved than other errors.
The variation between different plan, as represented by (SD) that was
seen in the gamma pass rates could be attributed to different factors
such as; TPS calculation for both small field size and VMAT delivery,
linac instability during gantry rotation, possible displacement of the
EPID due to gravity. In addition, the selected plans in our study re-
present a sample of the typical clinical situations of lung SBRT VMAT

Table 3
Summary of the mean (±1SD) global gamma pass rate for lung SABR VMAT plans measured on the EPID and delivered with different collimator, MLCFS and
MLCShift errors. EPID measured error-introduced plans were compared to the no error EPID measured plans. Each plan consisted of two Arcs (Arc1 and Arc2). A
lower gamma pass rate number indicates greater sensitivity to error detection.

Plan Number Error Type/Magnitude Mean (± 1SD) global gamma pass rate (%)

3%/3mm 2%/2mm 2%/1mm 1%/1mm

Collimator (degree)
1 +1° Arc1 100 100 99.98 99.66

Arc2 100 100 100 99.67

7 +5° Arc1 99.64 (0.7) 97.98 (2.5) 90.55 (5.2) 87.71 (6.2)
Arc2 99.87 (0.2) 98.41 (2.1) 90.89 (4.3) 88.03 (5.6)

2 −2° Arc1 100 (0) 100 (0) 98.92 (0.7) 98.08 (1.1)
Arc2 100 (0) 100 (0) 99.56 (0.3) 98.97 (0.5)

3 −5° Arc1 99.98 (0.03) 97.80 (2.0) 87.36 (4.4) 83.95 (5.8)
Arc2 99.98 (0.03) 98.70 (1.1) 88.22 (3.7) 85.22 (5.0)

MLCFS (mm)
15 +1 Arc1 99.94 (0.2) 99.95 (0.2) 97.03 (1.5) 92.747 (1.8)

Arc2 99.99 (0.1) 99.98 (0.2) 98.44 (0.9) 94.19 (1.8)

7 +2 Arc1 99.89 (0.1) 97.61(1.0) 76.0 (4.1) 71.29 (4.9)
Arc2 99.84 (0.3) 97.35 (2.2) 74.48 (4.8) 68.59 (6.6)

7 +5 Arc1 75.67 (3.7) 65.41 (5.1) 60.15 (7.1) 56.76 (7.3)
Arc2 74.47 (4.5) 62.09 (7.3) 57.56 (8.7) 54.4 (7.5)

15 −1 Arc1 100 (0) 99.91 (0.2) 96.73 (1.4) 92.71 (2.2)
Arc2 99.97 (0.1) 99.88 (0.2) 97.07 (2.5) 93.44 (3.2)

1 −2 Arc1 99.37 97.73 74.51 68.57
Arc2 100 97.6 77.09 68.45

MLCShift (mm)
7 +1 Arc1 100 (0) 100 (0) 96.27 (4.1) 92.24 (5.2)

Arc2 100 (0) 100 (0) 97.73 (1.5) 93.06 (3.0)

6 +2 Arc1 100 (0) 96.98 (2.5) 75.78 (5.0) 71.89 (6.5)
Arc2 100 (0) 98.86 (0.7) 76.15 (4.0) 71.64 (5.3)

2 +5 Arc1 76.0 (3.7) 68.60 (0.9) 65.34 (0.6) 63.65 (1.3)
Arc2 75.51 (2.2) 68.95 (1.6) 65.73 (2.1) 63.37 (3.7)

6 −1 Arc1 100 (0) 100 (0) 96.95 (3.0) 92.97 (5.1)
Arc2 100 (0) 100 (0) 98.13 (1.9) 93.61 (3.2)

9 −2 Arc1 100 (0) 95.68 (3.2) 75.91 (3.1) 72.30 (4.1)
Arc2 100 (0) 95.87 (2.3) 75.51 (3.1) 71.56 (4.5)
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plans in which the prescribed dose and the patient cohort were classi-
fied into three categories according to the physical location of the
primary tumor [38]. This may also have an impact on the average
gamma pass rate.

Zhu et al. [20] in their study comparing VMAT dosimetric ver-
ifications between rotating and fixed (collapsed arc delivered at 0°)
gantry, found that the gamma pass rate decreased by about 6% for
rotation delivery using 2%/2mm criteria. They investigated different
dosimeters including EPID and compared measured and TPS calculated
dose using different gamma criteria. Moreover, a further study on using
the EPID for an in vivo dose verification method for lung SBRT VMAT
delivery showed that a 2%/2mm criteria resulted in an average gamma
pass rate of 88% which is relatively comparable to our result [35]. Kim
et al. [28] recommended 2%/1mm criteria to be used to evaluate VMAT
plans for SBRT techniques. In agreement with Kim et al. 2%/1mm
criteria was able to resolve more errors in the current study than any
other criteria with reasonable average pass rate as shown in Table 2.
The use of 1%/1mm in this study was just to see what is the minimum
error that could be detected for all error scenarios. Previous studies did
not recommend the use of 1%/1mm gamma criteria and reported that it
is more susceptible to statistical fluctuations [49,50].

Some examples of the collimator, MLCFS and MLCShift errors were
further assessed in the profile analysis as shown in Fig. 1 (see also
Appendix A; Figs. A1–A6 for the zoomed images). All the MLC errors
types and± 5° collimator errors were visually resolved when compared
to the no error TPS profiles. The effect of the introduced-errors was
more clear in the profile analysis particularly for larger error magni-
tude. Fig. 1 illustrates profile analysis utilizing 2%/1mm gamma cri-
teria for patient one in this study with the relevant selected errors
producing clinically significant changes in plan metrics at levels pre-
viously described (Section 2.1 and Ref. [39]).

Because treatment delivery and planning are never perfect and to
further assess the raw sensitivity of the EPID to delivery errors using the
collapsed arc method, the error-introduced EPID measured dose ma-
trices were compared to the EPID measured no error (NE) dose ma-
trices. Generally, the sensitivity of the EPID in detecting the errors were
significantly depending on the gamma tolerance setting and more errors
were detected with tighter gamma criteria as shown in Table 3. The
EPID was able to resolve± 5° collimator errors and all the MLCFS and
MLCShift errors, with average gamma pass rates dropping with in-
creased error magnitude. 2%/1 and 1%1mm gamma tolerance were

able to quantify all the errors with sufficient confidence. These results
which were presented in an ideal case here may help to understand
which criteria are needed to detect a specific error magnitude with an
EPID device for a specific treatment technique. In Fig. 2, examples are
given of the EPID measured dose matrices for the error plans and the
resulting gamma map when compared to no error EPID measured dose
matrices using criteria of 2%/1mm for the same patient as in the pre-
vious section. Even the effect of a smaller MLCFS error (± 1 mm) were
visible in the gamma map analysis with slightly higher pass rate than
other error magnitudes as seen from Table 3.

It is very clear that, as expected, all the fails were in the field edge
(penumbra) region as shown in Figs. 1 and 2. It is also obvious that the
lung SBRT fields are less complex and not very modulated compared to
H&N and prostate plans. As a result, the integrated EPID images looks
similar to an open field. Therefore, depending perhaps on target size,
the high dose gradients will be predominantly in the field penumbra
and distance to agreement error is likely to dominate the gamma result
around the field edges. This is important in lung SBRT where the
minimum dose to the target will drop dramatically with geometric er-
rors. Low resolution detectors could pick up dose differences but can
miss distance to agreement errors, and therefore be less appropriate for
these lung SBRT scenarios. In comparison with our previous study [37]
using the ArcCheck detector for the same data set, the ArcCheck was
not able to detect most of the positive MLCShift errors and some of the
negative MLCShift and MLC field size errors. It failed also to resolve the
majority of the collimator errors. In addition, the gamma pass rate
showed a considerable variation. In agreement with previous studies,
Woon et al. [27] demonstrated that low resolution detectors such as
ArcCheck can affect gamma pass rates and fail to accurately detect MLC
errors. Bruschi et al. [26] also found that the detector resolution has a
significant impact on the pre-treatment verification of SBRT plans.
Overall, this EPID evaluation method seems to be more sensitive than
other methods and the correlation between the selected gamma toler-
ances and detected error magnitude was clearly demonstrated based on
the average gamma pass rate.

This work demonstrated the feasibility and effectiveness of a rela-
tively simple method using the collapsed arc technique and EPID for
pre-treatment verification of lung SBRT VMAT plans. One of the ad-
vantages of EPIDs over other types of dosimeters for lung SBRT ver-
ification is that EPID dosimeters have high spatial resolution; and thus
enable accurate detection of the errors and a robust verification of dose

Fig. 2. An example of EPID measured dose matrices for different error types; (a) collimator angle, (b, c) ± MLCFS, and (d, e) ± MLCShift. The top row is for the
purpose of demonstrating location of the error in the bottom row. The resulting gamma map when comparing the error-introduced EPID measured dose matrices for
those errors to the EPID measured dose matrix for no error (NE) plan as a reference (bottom row). (patient 1 with the associated errors producing clinically significant
changes in plan metrics was selected here to give an example of the result).
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for the VMAT approach [43]. However, as the EPID measurement plane
is always perpendicular to the gantry, the Collapsed Arc technique is
unable to detect any possible gantry delivery errors.

Future work including a gantry inclinometer during the measure-
ment or acquiring the EPID images in a continuous mode to convert
each frame individually may provide improved tools and feedback to
detect such potential errors. Once the EPID is calibrated for dosimetry
and the radiotherapy system is verified by appropriate commissioning
tests (including delivery and TPS), the method presented in this work
appears to be suitable for pre-treatment patient QA of lung SBRT VMAT
plans. The results presented in this work are specific to the EPID dosi-
metry model used here and further work needs to be done to extend

them to other EPID dosimetry model implementations.

5. Conclusion

This work showed the feasibility and effectiveness of a relatively
simple method using the collapsed arc technique and aSi-EPID for pre-
treatment verification of lung SBRT VMAT plans. The EPID was able to
detect the majority of MLCFS, MLCShift and collimator errors with
specific sensitivity to errors depending on the gamma tolerances used.
Adoption of tighter gamma tolerances improved the resolution of more
errors and the 2%/1mm criteria showed higher sensitivity to the in-
troduced errors for this group of patients.

Appendix (A)

Fig. A1. Zoomed in image of Fig. 1.a) showing dose profile comparison between No Error (NE) EPID measured dose (in green) and calculated TPS for No Error (NE)
plan (in red).

Fig. A2. Zoomed in image of Fig. 1.b) showing dose profile comparison between EPID measured dose with −5° collimator simulated error (in green) and calculated
TPS dose for No Error (NE) plan (in red).
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Fig. A3. Zoomed in image of Fig. 1.c) showing dose profile comparison between EPID measured dose with −1 mm MLCFS simulated error (in green) and calculated
TPS dose for No Error (NE) plan (in red).

Fig. A4. Zoomed in image of Fig. 1.d) showing dose profile comparison between EPID measured dose for with+1mm MLCFS simulated error (in green) and
calculated TPS dose for No Error (NE) plan (in red).
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