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Abstract

Background: Electronic portal imaging device (EPID) offers high-resolution digital image that can be
compared with a predicted portal dose image. A very common method to quantitatively compare a measured
and calculated dose distribution that is routinely used for quality assurance (QA) of volumetric-modulated
arc therapy (VMAT) and intensity-modulated radiation therapy treatment plans is the evaluation of the
gamma index. The purpose of this work was to evaluate the gamma passing rate (%GP), maximum gamma
(Ymax), average gamma (yave), maximum dose difference (DDy,ax) and the average dose difference (DD,ye) for
various regions of interest using Varian’s implementation of three absolute dose gamma calculation
techniques of improved, local, and combined improved and local.

Methods and materials: We analyzed 232 portal dose images from 100 prostate cancer patients’ VMAT plans
obtained using the Varian EPID on TrueBeam Linacs.

Results: Our data show that the %GP, ymax and yave depend on the gamma calculation method and the
acceptance criteria. Higher %GP values were obtained compared with both our current institutional action
level and the American Association of Physicists in Medicine Task Group 119 recommendations.

Conclusions: The results of this study can be used to establish stricter action levels for pre-treatment QA of prostate
VMAT plans. A stricter 3%/3 mm improved gamma criterion with a passing rate of 97% or the 2%,/2 mm improved
gamma criterion with a passing rate of 95% can be achieved without additional measurements or configurations.

Keywords: EPID; gamma index; portal dosimetry; VMAT quality assurance

INTRODUCTION
delivering a highly conformal dose distribution to

Volumetric-modulated arc therapy (VMAT) isa a target volume for local tumour control, with
radiation treatment technique that is capable of minimum radiation dose to surrounding healthy

Correspondence to: Dr Erest Osei, Department of Medical Physics, Grand River Regional Cancer Centre, 835 King St W, Kitchener, ON, Canada,
N2G 1G3. Tel: 519 749 4300, Ext: 5407. E-mail: ernest.osei@grhosp.on.ca

44

https://doi.org/10.1017/51460396917000486 Published online by Cambridge University Press


mailto:ernest.osei@grhosp.on.ca
http://crossmark.crossref.org/dialog/?doi=10.1017/S1460396917000486&domain=pdf
https://doi.org/10.1017/S1460396917000486

Retrospective analysis of VMAT plans

tissues in order to minimise toxicity. It delivers
treatments within a relatively shorter period of
time and with fewer monitor units compared
with the traditional intensity-modulated radia-
tion therapy (IMRT) technique.'™” RapidArc™
(Varian Medical Systems, Palo Alto, CA, USA) is
a commercially available method of delivering
VMAT treatments, in which the dose distribu-
tion 1s delivered in one or more arcs with con-
tinuously variable gantry speed, field shape and
dose rate during gantry rotation. There have
been several investigations that demonstrate the
advantage of the VMAT technique compared
with IMRT."™ However, due to the increased
degree of modulation in VMAT delivery, a
robust pre-treatment patient-specific  quality
assurance (QA) procedure is required to make sure
that the planned dose distribution for the patient is
deliverable by the machine and therefore, the
dose delivered to the patient will agree with the
planned dose. Several studies have investigated
different methods for pre-treatment QA of
VMAT treatment plans, including the use of a
two-dimensional (2D) ion chamber array, 2D
diode array, ArcCHECK™ (Sun Nuclear
Corp., Melbourne, FL, USA), MAPCheck™
(Sun Nuclear Corp., Melbourne, FL, USA),
Delta4™  (ScandiDos AB, Uppsala, Sweden)
and MatriXX'™ (IBA Dosimetry GmbH,
Schwarzenbruck, Germany).* "> A lot of interest has
been shown in the use of electronic portal imaging
devices (EPIDs) for pre-treatment patient-specific
treatment plan verification due to its simplicity."' "
The EPID offers a high-resolution digital image
that can be compared with the predicted portal
dose image calculated based on the actual fluence
distribution for every treatment field."”

There are a number of different methods to
compare the measured and predicted dose dis-
tribution such as the dose difference (DD), the
distance to agreement (DTA) and the gamma (y)
index.? The dose difference method is very
sensitive in high dose gradient regions in which a
small spatial shift will result in a large DD
between the measured and the calculated
distributions.”” On the other hand, the DTA
method is sensitive in low-dose gradient regions.
A small dose difference in low-dose gradient
regions could result in large DTA values.”'
A very common method to quantitatively
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compare a measured and calculated dose dis-
tribution that is routinely used for QA of VMAT
and IMRT treatment plans is the evaluation of
the gamma index." ™ The gamma index is a
dimensionless metric introduced by Low et al.*’
that incorporates both the DD (AD) and DTA
(Ad) criteria. A y value <1 indicates that the
measured and the calculated dose point is
within the acceptance criteria for DD and DTA
(e.g., 3%/3 mm) and is considered as a pass.”” The
opposite is true for a y value larger than unity.
The goodness of agreement between the
measured and calculated dose distributions is
measured through the evaluation of the gamma
passing rate (%GP) which is the percentage of
dose points per beam that satisfy the defined
gamma criterion (AD/Ad).

There are two techniques for normalising the
dose difference in the gamma calculation: global
and local.® For the global gamma calculation, the
dose difference is normalised to the maximum
reference dose. The normalisation in the local
method is done with the reference dose at the
currently evaluated point.” There are several para-
meters that need to be set for gamma evaluation: the
dose difference criterion, the distance to agreement
criterion, the gamma calculation method (local or
global), the choice of a reference (either the
measured or calculated dose distribution), and the
low-dose threshold or the region of interest (ROI).

In clinical practice a common gamma criterion
of 3%/3 mm and a gamma passing rate of 90%
have typicallg been used for both IMRT and
VMAT QA.?>** The American Association of
Physicists in Medicine Task Group 119 proposed
using global gamma criterion of 3%/3 mm with a
low-dose threshold of 10% of the maximum dose
and a %GP of 90% for per beam analysis and
88-90% for composite irradiations.** However,
according to Stasi et al.,”> a survey indicated that
when institutions use the 3%/3mm gamma
criterion, the gamma passing rate action level
most commonly used was 95%. Some studies
have raised the question of whether or not such
criterion for patient-specific VMAT QA is
adequate or a stricter criterion of for examgle,
2%/2 mm should be used clinically instead.> >®
Heilemann et al.”® showed that gamma index
criterion of 3%/3 mm to analyze VMAT plans is not
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sufficient and suggested using a stricter criterion of
2%/2mm with a passing rates of >90"o for both
IMRT and VMAT plans. Kim et al.>> suggested
using gamma criterion of 2%/1Imm with
passing rates of 90% and 80% for patient-specific
VMAT QA for stereotactic body radlation
therap¥ when using MapCHECK2™  and
EBT2™ (Ashland Inc., Covington, KY, USA)
film, respectlvely. Therefore, there 1is variability
in the literature concerning the choice of gamma
criterion and gamma passing rate for VMAT plans.
As mentioned by Steers and Fraass,”® defining
appropriate gamma criteria for IMRT or VMAT
QA is complicated by the variety of QA measure-
ment devices and their gamma implementation
technique, and the complexity of different treatment
site. They suggest that the gamma settings and
acceptance criteria  should be specific to the
measurement device, delivery technique and the
treatment site.”®

Therefore, the aim of this study is to evaluate and
report the percentage of dose points with gamma
values <1.0 (%GP), maximum gamma (Y,
average gamma (V,,.), maximum dose difference
(DD,,1.) and the average dose difference (DD,.)
for various gamma parameters. The results were
based on analyzing 232 portal dose images from 100
prostate cancer patient’s VMAT plans. The absolute
gamma analyses were performed using measure-
ments from the Varian EPID on TrueBeam
Linacs (Varian Medical Systems). The findings of
this study will enable us to establish new guidelines
for action levels in QA of prostate VMAT plans.

MATERIALS AND METHODS

We retrospectively re-evaluated 232 EPID dosi-
metry pre-treatment QA measurements of 100
prostate cancer patients treated at our Center
from July 2014 to June 2015. We used the inte-
grated Varian solution (RapidArc'™ planning,
EPID and Portal dosimetry system) for planning,
delivery and QA analysis. All patients’ plans were
delivered on Varian TrueBeam'™ machines
equipped with 120-leaf Varian Millennium
multileaf” collimator (MLC) and an amorphous
silicon (aS1000) panel with the capability of
integrated dose acquisition modes. The support
arms of the EPID are the portal vision exact arm
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attached directly to the linear accelerator and can
be positioned with high accuracy and reprodu-
cibility. The PortalVlslon aS1000 flat-panel
EPID has a 40 X 30 cm” detecting surface with a
matrix of 1,024 X768 pixels (0-392mm pixel
resolution). The mechanical calibration of the
exact arms is done by our in-house service per-
sonnel and the EPID dosimetry configuration
and calibration is done by medical physicists.

Prostate treatment planning

All the patients’ treatment planning was performed
using the Eclipse'™ Treatment Planning System
(TPS; Varian Medical Systems). When the CT
images had been uploaded onto the treatment
planning system, the prostate gland (i.e., the CTV)
was contoured by the radiation oncologist. The
planning target volume (PTV) was drawn by
expanding the CTV by 7mm on the posterior
aspect and 10mm in all other directions. The
organs at risk, which included the rectum (from the
level of the inferior ischial tuberosity to the recto-
sigmoid flexure), bladder and femoral heads, were
also contoured. A RapidArc™ plan was generated
using 6 MV photon beams and consisted of two arc
fields and was either prescribed to a dose of
7,800 cGy in 39 fractions for the treatment of intact
prostate or 6,600 cGy in 33 fractions for prostate
bed treatment. Some treatments were delivered in
two phases. For phase 1, the treatment was deliv-
ered to the pelvis area, followed by phase 2 to the
prostate or prostate bed. In the two phase treatment
plans, the patients were treated with a total
prescription of 7,800 cGy, delivered at 4,600 cGy
in phase 1 and 3,200 cGy in phase 2. The corre-
sponding two phase doses for the 6,600 cGy pre-
scription are 4,400 cGy and 2,200 c¢Gy for phase 1
and phase 2, respectively. The acceptable mini-
mum and maximum doses to the PTV were 95
and 105%, respectively, of the prescribed dose.
Dose constraints employed for the rectum, bladder
and femoral heads were consistent with our insti-
tutional prostate cancer treatment planning

guidelines.

Portal dosimetry QA

Portal dose prediction
The portal dose prediction (PDP) for each
treatment beam was calculated by superposing
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the patients’ treatment beams onto the portal
imager’s geometry at 100 cm source-to-imager
distance (SID) using the Eclipse'™ TPS. A
separate PDP was calculated for each arc field using
the planned gantry angles, collimator rotation, field
size, dynamic MLC sequence, dose rate and
number of monitor units as the original field used
for the patient  treatment. The basis of Portal
Dosimetry is that, for each treatment ﬁeld a
predicted image is calculated in the Eclipse ™ TPS.
The TPS calculates the expected fluence from
EPID for the plan in terms of absolute pixel values.
The ‘verification plan’ is subsequently delivered
with an 1ntegrated image acqulsltlon mode via the
ARIA™ system on a TrueBeam ™ Linac similar
to any clinical plan but delivered in the QA mode.

Portal dose measurements

All the data were acquired at the same SID of
100 cm as used during the absolute calibration of
the imager with no additional build up on the
imager. Data were acquired with the gantry
rotating (arc motion), while the EPID itself was
static with reference to the gantry. During the
‘verification plan’ delivery on the Linac, inte-
grated images are acquired with the calibrated
EPID. Daily QA is performed on all Linacs to
ensure consistency in output, symmetry and
flatness. The EPID was calibrated according to
the vendor’s specifications, with dark field, flood
field (FF) and absolute dose calibration. EPID
response was scaled such that 1 Calibrated
Unit corresponds to 100 MU delivered by a
10X 10cm” open field at 100cm SID. The
diagonal profile correction (used to scale the
off-axis pixel response after FF flattening) was
performed as recommended by Varian. The
beam intensity proﬁle was measured at d in
water for a 40 X 40 cm® open field. This profile
correction and absolute dose calibration is
applied upon each integrated image acquisition.

Portal dose analysis

The dedicated ARIA™' Portal Dosimetry
Review workspace within the Eclipse™ TPS
was used to evaluate the agreement between
predicted and measured images. Dosimetric
analysis of PortalVision dose images was per-
formed via Varian Eclipse'™ TPS including
Portal Dosimetry Version 11.0. The gamma
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index concept in the portal dosimetry system was
used for quantifying the results. The assumption
is that if there is agreement between the pre-
dicted and the measured images, then the treat-
ment plan is dosimetrically deliverable by the
treatment machine. The absolute gamma ana-
lyses were performed to obtain the %GP, ¥y
Yaves DDy and the DD, .. The local, improved,
and combined improved and local (improved +
local) gamma calculation options in the Portal
Dosimetry system were evaluated. The global
gamma calculation algorithm was replaced by
improved gamma calculation algorithm in Portal
Dosimetry Version 11.0. In the previous algo-
rithm (global), when searching for distance to
agreement, the system would only consider
integer pixel positions around the pixel being
evaluated. Accordmg to Varian Portal Dosimetry
reference guide®” ‘this sampling limitation may
result in an overestimation of the gamma value at
the evaluation point’. Thus the improved option
allows the evaluation to interpolate between
neighbouring pixels when searching. When both
the local and improved options are selected, the
dose difference reference value is the local value
but allows interpolation when searching for
distance to agreement.

We calculated several gamma parameters for
each arc field and for different regions of interest
(Field, Field + thresholds, multileaf collimator
complete irradiation area outline (MLC CIAQ)).
The regions with doses higher than 5, 10 and 15%
of the maximum dose (low-dose threshold) and also
the area of MLC CIAO were included to investi-
gate the influence of low doses on the gamma
parameters. We also investigated the influence of
different gamma criteria: 3%/3 mm, 2%/2 mm and
1%/1 mm on the gamma passing rate.

RESULTS AND DISCUSSION

Gamma passing rate (Yo GP)

Table 1 shows the means, standard deviations
(SD) and ranges of the gamma passing rate for
three gamma criteria of 3%/3 mm, 2%/2mm
and 1%/1 mm, for different regions of interest
(Field, Field+5, 10, 15% and MLC CIAO),
and for three gamma calculation techniques of
improved, local and improved + local. Figure 1
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Figure 1. Average gamma passing rate and 1SD for the 3%/
3mm, 2%/2mm and 1%/1mm criteria for (a) improved
(b) local and (c) improved + local gamma calculation methods for
various regions of interest (ROIs). ROIs with low-dose
thresholds ~ of  Field+ 0,  Field+ 5%,  Field + 10%,
Field + 15% and MLC CIAO.

represents the histogram of average %GP with
1SD for various gamma criteria and ROIs for
three gamma calculation techniques.

Using the improved gamma method
(Figure 1a), the mean %GP was above 99-8, 98-8
and 87-2% for the 3%/3 mm, 2%/2 mm and 1%/
1 mm criteria, respectively. The average %GPs
changed by <0-5% as the low-dose threshold
increases from O to 15% for all gamma criteria.
The %GP does not seem to depend on the low-
dose threshold values irrespective of the gamma
criteria used. This is because the normalisation of
dose difference in improved gamma calculation
was with the maximum reference dose which is
relatively higher than the dose difterence in the
low-dose region.'” The SD values increase by
increasing the threshold and tightening the
acceptance criteria from 3%/3 mm to 1%/1 mm.
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The 1%/1 mm criterion shows a higher SD in the
%GP compared with the other two criteria. This
is because the sensitivity becomes closer to the
resolution of the detector.

The values of %GP are lower using the local
gamma method (Figure 1b) compared with those
obtained by the improved method. However,
they go above 95% at thresholds of 5 and 10%
for the 3%/3 mm and 2%/2 mm criteria, respec-
tively. As the threshold increases from 0 to 15%,
the mean %GP increases by 13, 27 and 47% for
the 3%/3 mm, 2%/2 mm and 1%/1 mm criteria,
respectively. This is due to the fact that the
dose difference is normalised to the currently
evaluated pixel for local gamma calculation and
therefore, the pixels in lovv dose regions usually
fail the acceptance criteria.'” After a threshold of
10%, the %GP does not seem to depend on
threshold irrespective of the gamma criteria used.
The SD wvalues decrease by increasing the
threshold from O to 10% for the 3%/3 mm
and 2%/2mm criteria, respectively, while the
opposite is observed for the 1%/1 mm criterion.

The mean %GP values obtained using the
improved + local method were higher than those
using the local method, especially for the 1%/
1 mm criterion but the trends of change with the
low-dose threshold were similar in both techni-
ques. This could be caused by the interpolation
in the calculation algorithm that was mentioned
in the previous section. Similarly after a threshold
of 10%, the %GP does not seem to depend on
threshold irrespective of the gamma criteria used.
The mean and SD values of %GP at MLC CIAO
were similar to those at 10 and 15% low-dose
thresholds for all three criteria and gamma
calculation methods.

Maximum gamma (¥pax)

Figure 2 represents the average and SD of max-
imum gamma for various gamma criteria and
calculation techniques for different ROIs. For
the improved gamma technique (Figure 2a), the
means and the SDs of y,,,,. values decreased by
about 21 and 25%, respectively, as the threshold
increased from 0 to 15% for all criteria. Using the
local gamma technique (Figure 2b), the mean
Ymax Values decreased by 47, 48 and 38% with the
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Figure 2. Distribution of average ¥, with SD for 3%/3 mm,
2%/2mm and 1%/1mm criteria_for (a) improved, (b) local and
(c) improved + local gamma calculation methods within different
regions of interest of Field+ 0, Field+ 5%, Field+ 10%,
Field + 15% and MLC CIAO.

threshold for the 3%/3 mm, 2%/2 mm and 1%/
1mm criteria, respectively. The SD of y.«
decreased by 60, 65 and 18% for the 3%/3 mm,
2%/2mm and 1%/1mm criteria, respectively.
The smallest mean and SD values for y,,,,, were
observed at MLC CIAO for all three criteria and
gamma calculation methods. This shows that
higher gamma values are located in regions
towards the periphery and by tightening the
ROI these regions with high gamma values are
being ignored and therefore, the maximum
gamma values are reduced which is in agreement
with the results presented by Howell et al.'® The
results of maximum gammas are similar for both
the improved +local (Figure 2c¢) and local
(Figure 2b) gamma methods. The mean ¥,
increases at stricter gamma criteria (150-200%
increase from 3%/3mm to 1%/1 mm) for all
thresholds and gamma calculation methods.
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Average gamma (Y,ye)

Figure 3 represents the average and SD of y,,. for
three gamma calculation methods and accep-
tance criteria and five different ROIs. For the
improved gamma technique (Figure 3a) and for
all criteria, there is no overall change in the mean
Yave With change in the low-dose threshold. The
SD of y,. values decrease by 66, 60 and 50%
from a threshold of 0 to 15% for 3%/3 mm,
2%/2mm and 1%/1mm criteria, respectively.
Using the local gamma technique (Figure 3b),

(a) Improved
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Figure 3. Distribution of histogram representation of average ¥,
with SD for (a) improved, (b) local and (c) improved + local gamma
caleulation techniques within different regions of interest (Field + 0,
Field + 5%, Field + 10%, Field + 15% and MLC CIAO,).

the mean and SD of y,,. were reduced by about
45% with the threshold. However, it does not
change with low-dose threshold after 10%. As
shown in Figure 3c for the improved +local
gamma technique, the mean and SD values of 7,
have been reduced by about 55 and 43%,
respectively, with the threshold and a plateau was
reached at 10% low-dose threshold for all the
criteria. The mean 7,,. values are smaller in
improved + local method compared with the local
method but the trends of change with the low-dose
threshold are similar in both techniques. The mean
and SD of 7,,. at MLC CIAO were very similar to
those at 10 and 15% low-dose thresholds for all three
criteria and gamma calculation methods.

Maximum dose difference (DD, ., ) and
average dose difference (DD,,.)

Table 2 represents the average and SD of max-
imum dose difference for various ROIs. The
mean and the SD values of DD,,,,, was unaffected
by the change in threshold. The mean and the
SD of DD,,. have increased by 58 and 73%,
respectively, as the threshold increases from 0 to
15%. The increase plateaus at 10% for both the
mean and SD values. There is a slight drop in the
results within MLC CIAO compared with those
within 10 and 15% thresholds.

DISCUSSION

We have performed detailed gamma analysis on
232 portal dose images from 100 prostate cancer
patient’s VMAT plans. The gamma passing rate,
maximum gamma, average gamma, maximum
dose difference and the average dose difterence
were obtained for three gamma criteria (3%/
3mm, 2%/2mm and 1%/1 mm), five ROIs
(Field + 0, Field + 5%, Field + 10%, Field + 15%
and MLC CIAO) and three gamma calculation
techniques of improved, local and improved +

Table 2. The average and SD of maximum dose difference (DD,,,..) and average dose difference (DD,,,) for different low-dose thresholds

Area Field MLC
Threshold 0% 5% 10% 15% 0%

DDnax £ SD 0-36+0-12 0-36+0-12 0-36 +0-12 0-36 +0-12 0-33+0-11
DDayve + 5D 0-02+0-01 0-03+0-01 0-04+0-01 0-04+0-01 0-04+0-01
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local using the integrated Varian solution
(RapidArc™ planning, EPID and Portal dosi-
metry system). Using the improved gamma
technique, a small change (<0-5%) was observed
in the %GP as the low-dose threshold increased.
Song et al.'” reported a decrease of 0-2, 26 and
18% in %GP for 3%/3 mm, 2%/2 mm and 1%/
1 mm criteria, respectively, in prostate cases using
the global gamma technique. They studied the
effect of the low-dose threshold (0, 5, 10 and
15%) on %GP in global and local gamma analysis
on ten head and neck, ten brain and ten prostate
cancer cases using Varian EPID on Clinac iX
linear accelerator and portal dosimetry version
10.0. Using local gamma method, Song et al.
observed an increase of 6-:2, 11-5 and 14-:3% in %
GP for 3%/3mm, 2%/2mm and 1%/1mm
criteria, respectivelg, from 0 to 15% threshold
for prostate cases.'’ We observed that as the
threshold increases from O to 15%, the mean %GP
increases by 13, 27 and 48% for the 3%/3 mm,
2%/2 mm and 1%/1 mm criteria, respectively.

At the low-dose threshold of 10%, the
gamma passing rates for the acceptance criteria
of 3%/3mm, 2%/2mm and 1%/1mm were
99-61 +£0-32, 95-55+1-98, 67-19+6-44% in
global and 97.7+1-2, 8819+3:68, and
51-18 £7-14% in local gamma methods, respec-
tively, as reported by Song et al.'"” However, we
observed %GP values of 99-8 +0-4, 98-9 + 2 and
87:6+8:8% in improved and 99-5+0-6,
96:9+2-7, and 72-4+10-1% in local gamma
methods for 3%/3 mm, 2%/2 mm and 1%/1 mm
criteria, respectively, at 10% threshold. Therefore,
we obtained higher gamma passing rates, espe-
cially at more stringent criteria. The difterences in
%GP values and the percentage change in %GP
with low-dose threshold between the two studies
could be due to two reasons. First, the number of
prostate VMAT treatment plans we studied was
232 times larger. Second, in our study, the
treatments were planned, delivered and analyzed
using Varian Eclipse TPS and portal dosimetry
version 11.0 on a Varian TrueBeam ™ machine,
whereas Song et al. used Clinac iX linear accel-
erator and Eclipse TPS and portal dosimetry
version 10.0. In our clinic, we use the 3%/3 mm
improved gamma criterion with a passing rate of
95% as the action level for all sites VMAT plan
QA. However, our findings suggest that stricter

https://doi.org/10.1017/51460396917000486 Published online by Cambridge University Press

gamma passing rates can be achieved without
increased resources (additional measurements or
configurations) for prostate cancer cases. There-
fore, we will implement a stricter 3%/3 mm
improved gamma criterion with a passing rate of
97% or the 2%/2 mm improved gamma criterion
with a passing rate of 95%, regardless of the
applied low-dose threshold for a VMAT prostate
pre-treatment QA and using the Varian EPID.

CONCLUSIONS

Since 2013 we have been using a 3%/3 mm
improved gamma criterion with a gamma passing
rate of 95% for QA of all VMAT plans. How-
ever, based on current data analysis, stricter
gamma criteria with higher gamma passing rates
can easily be implemented for QA of prostate
treatment plans. A stricter 3%/3 mm improved
gamma criterion with a passing rate of 97% or the
2%/2mm improved gamma criterion with a
passing rate of 95% can be achieved without
increased resources. However, studying the
sensitivity of such criteria to detect errors in the
planning and delivery of prostate VMAT plans is
currently being investigated.
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