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ABSTRACT

Background: Patient-specific quality assurance (PSQA) is essential in radiotherapy
to ensure accurate treatment delivery, particularly with advanced treatment planning
techniques like RapidArc (RA).

Objective: The present study aimed to assess the use of Statistical Process Control
(SPC) to evaluate tolerance limits (TL) and action limits (AL) in PSQA for various
gamma criteria across different anatomical sites.

Material and Methods: In this analytical study, RA treatment verification
plans for brain (25), head and neck (50), thorax (25), and pelvis (50) were analyzed
using an EPID to establish the lower control limit (LCL). Gamma criteria (3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm) were evaluated, with the first ten samples used
to calculate Individual Moving Range (I-MR) charts for TL and AL. Exponentially
weighted moving average (EWMA) and cumulative sum (CUSUM) charts were em-
ployed to detect control drifts.

Results: For the head and neck site, LCLs from I-MR charts for global gamma
were from 96.82 (3%/3 mm) to 89.42 (2%/2 mm), and for local gamma, from 91.40
(3%/3 mm) to 83.06 (2%/2 mm). The brain site showed similar agreement, while the
pelvis and thorax sites had LCLs of 94.84 and 94.73 for 3%/3 mm. EWMA and CU-
SUM charts revealed that most control charts stayed within TL, except for the stringent
2%/2 mm criterion. AL for 3%/3 mm were 96.35, 92.85, 95.77, and 92.34 for head and
neck, pelvis, brain, and thorax, respectively.

Conclusion: I-MR, EWMA, and CUSUM charts are effective for establishing and
monitoring TL and AL for RA-based PSQA, with site-specific limits required based on
gamma criteria and measurement device.
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Introduction
he advent of intensity-modulated radiotherapy (IMRT) and
volumetric-modulated arc therapy (VMAT), which provide high-
ly conformal radiotherapy delivery, has significantly heightened
the intricacy and complexity of radiotherapy planning and delivery.
Modulated planning dose distributions exhibit much higher levels of
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heterogeneity and conformality, achieved
through optimization of dynamic dose rates
and movements of multi-leaf collimator
(MLC), gantry, couch, and collimator. How-
ever, the intricate nature of MLC movements,
coupled with limitations in treatment planning
system (TPS) dose calculations, introduces
several factors that may contribute to discrep-
ancies between planned and delivered doses,
which impacts treatment accuracy.

Patient-specific RapidArc quality assurance
(PSQA) is an essential part of the implementa-
tion of clinical radiotherapy. The primary ob-
jective of the IMRT/VMAT routine pre-treat-
ment verification procedure is to ensure the
safety and accuracy of the treatment process.

Different detectors and devices have been
used to perform the pre-treatment IMRT/
VMAT QA verification. Compared to ion
chamber-based detector arrays, an electronic
portal imaging device (EPID) has more mea-
surement points with high-resolution two-
dimensional digital data [1-3]. Radiochromic
film exhibits a high resolution in dose measure-
ment; however, the process is time-consuming
and expensive [4]. Consequently, EPIDs play
a crucial role in dose verification [5].

The gamma analysis method proposed by
Low et al. is widely accepted and utilized to
evaluate PSQA [6, 7]. The conventional ap-
proach of PSQA has the limitation of reveal-
ing the real-time trend of the QA process in
the radiotherapy department. The current
PSQA analysis, as indicated in the study by
Palaniswaamy et al. [8], adopts a universal
tolerance threshold, which raises the risk of
false negatives and false positives, leading to
treatment delays and reduced efficiency. Many
departments apply the same tolerance criteria
across various lesions to overcome this limita-
tion. The American Association of Physicists
in Medicine (AAPM) Task Group-218 report
[9], and previous studies [10, 11] have given
statistical process control (SPC) to address
the variation in IMRT or VMAT PSQA and
establish equipment-specific and site-specific

process-based tolerance and action limits

In the classical approach, a sample’s mean
and standard deviation are generally used to
characterize a process. SPC provides a more
robust method for monitoring the stability of
process variability over time. SPC is a qual-
ity control method that uses statistical tech-
niques to monitor and control a process, en-
suring it operates at its full potential. The main
benefit of SPC is its ability to detect shifts or
trends in a process before they lead to clini-
cally significant problems, allowing for early
intervention and process improvement. In
PSQA, SPC determines action limits when
universal limits are not appropriate. A con-
trol chart is mostly used to detect deviations
from an ideal state of statistical control, even
when the process remains within clinical ac-
tion limits, to determine process stability and
enhance performance by minimizing varia-
tion. In PSQA analysis, the limits can vary
depending on equipment, site-specific factors,
treatment technique, or the gamma criteria
used for PSQA analysis. Therefore, tolerance
limits are defined within, which a process usu-
ally operates, subject only to random errors.
Action limits set the minimum performance
level such that PSQA measurements outside
these limits could negatively impact patient
outcomes. Therefore, the I-MR (Individual-
Moving Range) is used to identify out-of-
control behavior in PSQA measurements and
establish limits, helping to monitor individual
values and their variation over time. The expo-
nentially weighted moving average (EWMA)
chart is designed to detect process drift as
small as 16 by emphasizing recent data points,
making it sensitive to small, gradual changes
in the process. Furthermore, the Cumulative
Sum (CUSUM) chart tracks cumulative de-
viations from the target, allowing for early
detection of small but persistent shifts, which
might indicate a drift in treatment delivery
quality. This combined approach addresses is-
sues before clinically reaching unacceptable
thresholds or action limits.
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Previous studies have demonstrated the
utility of SPC tools in monitoring the out-
put constancy of linear accelerators [12-14].
However, the available evidence remains in-
sufficient to establish robust, site-specific
tolerance and action limits. Additionally, the
intricacies associated with head and neck
treatment planning and dose delivery, partic-
ularly due to the proximity of organs at risk,
have been highlighted in earlier research [15,
16]. Furthermore, more complexity in head
and neck treatment plans is required to comply
with the tolerance limit during PSQA. There-
fore, a specific selection of gamma criteria is
required, depending on the treatment tech-
nique and measurement system.

Van Esch et al. [17] were the first to propose
an approach for establishing QA standards
through statistical analysis and integrating
them into the treatment preparation process. In
addition, by employing specific control charts
within a QA process, the random and system-
atic errors can be differentiated in a stream
of time-resolved data using action thresholds
developed through statistical process control,
as proposed by Pawlicki et al., [18]. The ob-
jective of an optimal PSQA procedure is to
minimize both the number and magnitude of
systematic errors, which can be quantitatively
achieved by establishing an appropriate ac-
tion threshold. Process behavior charts, which
were first developed by Shewhart as described
by Reynolds et al. form the foundation of SPC
[19]. Additionally, it is essential to consider
the impact of sample size on the control chart,
including the lower control limit (LCL), cen-
ter line (CL), and upper control limit (UCL).
LCL corresponds to the threshold limit for
gamma passing rate, commonly set at 95%,
widely used in radiotherapy centers. However,
this threshold may vary depending on factors,
such as the selected gamma criterion, resolu-
tion of the measurement device, pathology,
and the treated area [20, 21]. Furthermore, the
complexity of radiotherapy planning varies
across different clinical sites, which requires

setting corresponding tolerance and interven-
tion limits. Previous studies have primarily fo-
cused on setting action limits (AL) and control
limits (CL) for PSQA based on single gamma
(global) criteria or data collected from differ-
ent equipment. Also, limited literature focuses
on interventions for LCL when it falls below
the recommended threshold.

The current study aimed to assess the appli-
cation of Statistical process control (SPC) to
evaluate tolerance and action limits of PSQA
for different gamma criteria for head and
neck, brain, thorax, and pelvis sites for portal
dosimetry.

Material and Methods

Study Cohort

In this analytical study, a two-stage approach
is employed to analyze PSQA data obtained
from gamma analysis of the brain (25), head
and neck (50), thorax (25), and pelvis (50)
treatment plans using various gamma criteria.
Initially, PSQA results, which include percent
gamma passing rates for different gamma cri-
teria, were used to establish control limits.
The patient cohort had varying prescription
doses and fractionation schedules based on
their cancer stage. Subsequently, to evaluate
the established limits, the PSQA results of 375
HN treatment plans were monitored over a
year to assess action and tolerance limits for
a larger population. Additionally, to identify
systematic and random errors in the process,
three distinct statistical control methods were
employed: Individual moving range (I-MR),
EWMA, and CUSUM were applied for this
analysis, presenting a novel approach to the
study.

Treatment Planning and generation
of the verification plan

All RapidArc plans were created using two
full arcs using a 6 MV photon beam flatten-
ing-filtered photon beam using two complete
arcs, one in the clockwise (CW) and the other
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in the counterclockwise (CCW) direction with
a collimator rotation of 30 or 330 in the Var-
ian Eclipse treatment planning system (TPS;
version 15.6, Varian Medical Systems, Palo
Alto, CA). An anisotropic analytical algorithm
(AAA) with a 2.5 mm grid size was used to
calculate the dose. A verification plan was cre-
ated for each patient based on the composite
plan at the actual treatment angle. The Varian
TrueBeam SVC with a 6 MV photon beam at
nominal dose rates of 600 MU/min and 120
multi-leaf’ collimators (Millennium MLC; 5
mm central 40 leaf pairs spanning 1 cm and
5.0 mm leaf pairs in the periphery) were used
to deliver all verification plans.

RapidArc QAs using Portal Dosim-
etry

For this current study, we used the Varian
Portal Dosimetry System with amorphous sili-
con (a-Si) EPID for the QA of RapidArc. In
this study, the Varian Electronic Portal Do-
simetry System, equipped with an amorphous
silicon (a-Si) EPID, was utilized for RapidArc
quality assurance. The Varian Portal Dosim-
etry system (version 11.0) is composed of
three key elements: (i) the portal imager used
for capturing images, (ii) the Portal Dose Im-
age Prediction (PDIP) module within the
Eclipse TPS, and (iii) the ARIA portal dosim-
etry review workspace, which is utilized for
analyzing the RapidArc QA test.

The Varian TrueBeam PortalVision imager
(aS1200 amorphous silicon) has an active area
of 40x40 cm? at a source-to-detector distance
(SDD) of 100 cm and an array of 1190x1190
pixels and pixel pitch of 0.336 mm. The EPID
images were calibrated with dark field and
flood field and scaled to 1 Calibrated Unit
(CU)=1 cGy at the isocenter plane at 600 MU/
min. A profile correction using a diagonal
beam profile measured at the d _ in water us-
ing a 40x40 cm? field was applied to calibrate
the EPID detector following the vendor’s
instruction.

Gamma Evaluation

The Gamma analysis quantitatively com-
pares the measured dose distribution with a
calculated dose distribution by calculating
each point’s Gamma value. The agreement be-
tween the measured and calculated dose distri-
butions is assessed based on two criteria: Dose
difference (DD) in % and Distance-to Agree-
ment (DTA) in mm. The Gamma analysis pro-
duces Gamma Index Values, and <1 indicates
passed or otherwise failed. The percentage of
passing points in the Gamma distribution is
called the Gamma Pass Rate (GPR). Further,
in the current study, we have used 3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm gamma
criteria to set the tolerance and action lim-
its for various sites for both local and global
gamma with a 10% threshold.

Control charts

A control chart is a graphical representation
that displays data over time, with the horizon-
tal axis representing time and the vertical axis
showing the measured parameter. The chart
features a Center Line (CL), which represents
the average value of the vertical axis variable
across the time period. Additionally, it in-
cludes an Upper Control Limit (UCL) and an
LCL. From a statistical perspective, the pro-
cess is considered to be in control at any given
point on the chart as long as the process vari-
able falls between the UCL and LCL range.

Time-weighted charts viz Exponentially
Weighted Moving Average (EMWA) charts
and CUSUM charts were created to detect
more minor changes. To identify smaller
shifts, specialized charts, such as EMWA and
CUSUM were developed, both of which in-
corporate time-weighting techniques.

This work uses three control charts within
SPC: the I-MR chart, the EWMA chart, and
the CUSUM chart. The control charts are typi-
cally adopted under the assumption of normal-
ity. Accordingly, the data were tested for nor-
mal distribution as a pre-requisite to the use
of control charts. To evaluate the normality of
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the hypothesized distribution, the Anderson-
Darling test was employed with a significance
level of 0.05. Additionally, normal probability
plots and histograms were generated. The con-
trol charts presented in this study were created
using Minitab® 20 software, a specialized sta-
tistical tool designed for quality improvement
and process control analysis. The software of-
fers comprehensive features for creating and
analyzing control charts, enabling detailed
statistical evaluation. SPSS version 25.0 soft-
ware (SPSS Inc.) was also used for statistical
analysis.

This research employs a conventional con-
trol chart known as the I-chart. Given that the
maximum achievable pass rate is 100%, the I-
chart in this study lacks an upper control limit
(UCL). Instead, the CL and LCL for an I-chart
are used at the tolerance limits set in AAPM
TG-218. The CL and LCL for an I-chart are
calculated using the following equation:

CL= ﬁZx (1)

LCL=CL-2.660mR  (2)
Where x stands for an individual gamma
pass rate per cent for RapidArc QA, n is the
total number of measurements, and mR
represents the average moving range of all

gamma pass rate (in percentage) data.

I 1 n
MR = 25 T (3)

Exponentially
average (EWMA)
The EWMA chart assigns the highest weight
to the most recent data point while the influ-
ence of earlier data decreases, with more dis-
tant data receiving exponentially less weight.
The remaining data points are weighted based
on their chronological closeness to the current
data. The combination of I-MR and EWMA
charts may provide the most effective ap-
proach for real-time process monitoring [22].

weighted moving

Where EWMA_ | is the EWMA value of the
x. " data point, and x is the observation data at
the time 1, and x represents an individual gam-
ma pass rate percentage of RapidArc QA. A
is the weighting factor varying from (0<A<I).
A larger A assigns more weight to recent data.
When A is set to 1, the EWMA chart becomes
an [-Chart. Typically, the value of A is chosen
between 0.15 and 0.3. For this study, we have
selected A=0.2 [14].

The mathematical formulas for calculating
the EWMA control limits are provided below,
calculated using the following equations,

1 <
CL= HZIEWMAi (5)

LCL = CL—2.660ﬁ\/$[1 (1 —/1)2’] (6)

— | 2 2i
UCL:CL+2.66mR\/ﬁ [1-(1-2)" | (D)

— 1 n
mR = _12' EWMA, - EWMA | (8)
n-— =

Where n represents the total number of mea-
surements, and ;R indicates the average
moving ranges for all gamma pass rate
percentages.

Cumulated sum (CUSUM)

CUSUM analyses subgroup averages rela-
tive to a specified target value and identifies
movements by comparing them with historical
statistics. This is an objective that [-charts and
EWMA charts do not achieve, as they com-
pute statistics based on sample observations
rather than set target values [23].

A CUSUM chart aggregates deviations ex-
ceeding and falling short of the target value in
two distinct variables, C* and C. The charts
for the two variables are upper and Lower
CUSUM, respectively. In computing the de-
viation, a set value is often used, commonly
assumed to be half the standard deviation of
the samples [19], as follows:

The following mathematical equation defines G =max [O’Xi _(T +K ) + Citl:l ©)
the EWMA, B ' )
EWMA = x +(1-)EWMA | (4) C; =min| 0,x, (T~ K)+C/, | (10)
j \%
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Where T represents the target value, where-
as K denotes the slack value or leeway, con-
tingent upon the extent of change that the
CUSUM chart must detect, time-varying con-
trol charts are typically employed to identify
variations over one standard deviation. The
Upper and Lower Control Limits for CUSUM
chartsarepredetermined. The processisdeemed
out of control when either the top or lower
CUSUM line surpasses certain thresholds.

Control limits for CUSUM charts function
as thresholds, indicating that the CUSUM
chart is deemed out of control when exceeded.
To assess the consistency of each PSQA utiliz-
ing CUSUM control charts, K is selected as
0.5, and the decision interval is set to 5.

Before collecting the data for each PSQA,
it was verified that daily QA displays predic-
tive behavior and is within the process be-
havior limits using a daily QuickChek quality
assurance device.

Action limits and control limits

The action limits are established to define
a minimum acceptable standard for perfor-
mance. Typically, the range for action limits is
more lenient compared to the more stringent
parameters set by control or warning limits.
There are two primary forms of action limits.
The first type consists of standardized recom-
mendations that are invariant from institute to
institute. The second type is tailored to the in-
dividual institute, relying on a thorough analy-
sis of the specific data available to that insti-
tution. The AAPM Task Group 218 advocates
for this second, localized approach as the pre-
ferred approach to calculating action limits.

The action limit is determined using the
following equation:

ML=p\o* +(X ~-T) (11)

Where AAL denotes the difference between
the upper control limit and the width of the ac-
tion limits, typically expressed as £4L/2, and
T represents the process target value to be
achieved. For a known target, generally in

gamma analysis, the gamma pass rate value is
chosen to be 100%. ¢ and x are standard
deviations also measured as process variance
and process average, respectively. Based on
existing literature, f=6 is an appropriate value
for the current study [9]. The lower action lim-
it (LAL) is set from the above-derived width.

To assess the baseline performance of the
control charts, we included data from brain
(25), head and neck (50), thorax (25), and pel-
vis (50) to establish the LCL, which is most
important for the PSQA. The first ten patients’
data was used to calculate the I-MR chart to
set the tolerance and action limits. Then, the
EWMA and Cumulative Sum (CUSUM) chart
were used to study slight drift in the control
chart. Finally, 375 head and neck patients
were used to monitor the process behavior
for a large population to establish limits after
setting the tolerance and action limits.

Results

The SPC methods were applied to the param-
eters measured by the portal dosimetry setup
for 6 MV photons. Initially, I-MR charts de-
tected major deviations, followed by EWMA
charts to confirm the findings, resulting in two
sets of control charts for each parameter. The
analysis assessed the effectiveness of SPC in
our treatment delivery in RapidArc planning.
Control charts feature a blue centre line and
red upper and lower control limits. Points fall-
ing within the limits are blue, while those out-
sides are red. The CUSUM chart highlights
a noticeable shift in the process mean from
the target value, as it crosses the specification
limit early in the data points and continues to
show a consistent slope over time

All control charts (I-MR, EWMA, and
CUSUM) were generated for local and glob-
al gamma criteria of 3%/3 mm, 3%/2 mm,
2%/3 mm, and 2%/2 mm. The corresponding
charts are presented in Figure 1A, B, C, and
D depict the Individual-Moving Range (I-
MR) charts for the gamma pass rate percent-
age for 3%/3 mm, 3%/2 mm, 2%/3 mm, and
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Figure 1: A, B, C, and D show the Individual-Moving Range (I-MR) charts for 3%/3 mm, 3%/2
mm, 2%/3 mm, and 2%/2 mm global gamma criteria. These I-MR control charts provide a
detailed analysis of the variations of individual values in patient-specific quality assurance from
Gamma Analysis, using different dose difference and distance-to-agreement criteria for head

and neck site.

2%/2 mm global gamma criteria. In contrast,
Figure 2A, B, C, and D illustrate the varia-
tions in the lower control limit (LCL) across
different local gamma criteria for head and
neck sites for local gamma with 3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm criteria.
The first 10 data points were selected to cal-
culate the initial control limits. During the
chart preparation, if the data point exceeded
the initial LCL, it was excluded, and the con-
trol limits were recalculated based on the re-
maining data. The identification, elimination,
and recalculation process were repeated until
all data points were within the control limits.
Table 1 compares the LAL and AL obtained
for the brain (25), head and neck (50), thorax
(25), and pelvis (50) and the evaluation of all
CL and LCL limits. The I-chart and EWMA
charts indicate that the process has reached
stability.

From the I-Chart analysis, it was observed
that, for the head and neck site, the CL (%) and

LCL (%) under different gamma criteria (3%/3
mm, 3%/2 mm, 2%/2 mm, and 2%/2 mm) were
as follows: 99.39%, 99.01%, 98.45%, 97.37%,
and 96.82%, 96.0%, 94.05%, 89.42% for
global gamma, and 97.72%, 96.61%, 96.01%,
93.82%, and 91.40%, 88.54%, 88.03%,
83.06% for local gamma. The LAL (%) was
96.35%, 94.34%, 91.88%, and 86.60% for
global gamma and 87.37%, 82.33%, 79.93%,
and 70.73% for local gamma criteria.

It is observed that, except for the 2%/2 mm
global criterion, all the resulting PSQAs were
higher than the Lower Control Limit (LCL) of
90%. On the contrary, only the 3%/3 mm local
criterion had an LCL exceeding 90%.

Figures 3 and 4 present Exponentially
Weighted Moving Average (EWMA) charts
for both global and local gamma criteria, il-
lustrating the gamma analysis results for the
3%/3 mm, 3%/2 mm, 2%/3 mm, and 2%/2
mm criteria for head and neck sites. These
charts emphasize recent data more heav-
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1-MR Chart of Head & Neck (Local 3%/3mm)

[+ ]

re

Jo| pon, poms N
3 T /‘v’ N al "\.\‘/.“/"’-,. eeeet AL inn
: | \ \ e

I-MR Chart of Head & Neck (Local 3%/2mm)

A .
P VLN AV SN s T L U W A
VAR AR VARES Shiad A
e

Data points used for the calculations: 1-1

il

AN aa
11 W
ARAYRY.
PR

e

2 i
'WAVATITZV . VW, /
A AR A
P P

WWWWWWW

Figure 2: A, B, C, and D show the Individual-Moving Range (I-MR) charts for 3%/3 mm, 3%/2
mm, 2%/3 mm, and 2%/2 mm using local gamma criteria. These I-MR control charts illustrate
the variations in the lower control limit (LCL) across different local gamma criteria for head and

neck site.

ily, effectively highlighting subtle trends and
shifts in quality assurance metrics over time.
Figures 5 and 6 also illustrate CUSUM charts,
summarizing the cumulative deviations from
the target values established in the gamma
analysis for the same global and local gamma
criteria. These charts effectively capture small
but persistent shifts in quality assurance data,
which may indicate a gradual drift from ac-
ceptable treatment delivery standards.

The I-MR, EWMA, and CUSUM of the head
and neck patients for 3%/2 mm global criteria
are shown in Figure 7A. It presents the [-MR
chart, which monitors individual measure-
ments and their moving range to identify shifts
in pre-treatment quality assurance results.
Figure 7B shows the EWMA chart, which
applies exponentially decreasing weights to
past observations of recent data and provides
a smoothed view of trends over time. 7C fea-
tures the CUSUM chart, which tracks cumu-
lative deviations from target values, allowing
for the detection of small but consistent shifts

in treatment accuracy.

The I-MR, EWMA, and CUSUM evaluation
details can be found in the supplementary file.

From the I-Chart analysis, it was observed
that, for the brain site, the CL (%) and LCL
(%) under different gamma criteria (3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm) were as
follows: 99.64%, 99.43%, 99.05%, 98.37%,
and 98.16%, 96.94%, 96.69%, 94.17% for
global gamma, and 98.89%, 97.80%, 97.21%,
95.34%, and 95.73%, 91.45%, 91.88%,
85.77% for local gamma. The LAL (%) was
95.77%, 93.18%, 90.90%, and 84.00% for
global gamma and 89.93%, 88.70%, 87.05%,
and 78.68% for local gamma criteria.

From the I-Chart analysis, it was observed
that for the thorax site, the CL (%) and LCL
(%) under different gamma criteria (3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm) were as
follows: 98.29%, 97.59%, 95.40%, 93.21%,
and 94.83%, 92.48%, 88.10%, 83.84% for
global gamma, and 97.34%, 95.58%, 94.32%,
90.48%, and 93.50%, 89.58%, 88.00%,

VIII \
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Table 1: Shows the derived Control and Action limits using various statistical process control
methods, including Individual-Moving Range (I-MR), Exponentially Weighted Moving Average
(EWMA), and Cumulative Sum (CUSUM) for Global and Local gamma criteria (3%/3 mm, 3%/2
mm, 2%/3 mm, and 2%/2 mm).

I-Chart Control . Lo
L L. Action Limits EWMA cusum
Site Gamma Criteria Limits
DD(%)/DTA(mm) Central Line LCL AAL LAL CentralLine LCL LCL
(%) (%) (%) (%) (%) (%) (%)
3%/3 mm 99.39 96.82 6.08 96.35 99.39 98.53 3.428
Global 3%/2 mm 99.01 96.0 9.34 94.34 99.01 98.00 4.019
Head 2%/3 mm 98.45 94.05 13.14 91.88 98.45 96.98 5.870
e‘; 29%/2 mm 97.37 8942 2153  86.60 97.37 9472 1060
;:ck 3%/3 mm 97.72 9140 2069 8737 97.72 9561 843
L | 3%/2 mm 96.61 88.54 28.55 82.33 96.61 93.92 10.76
oca
2%/3 mm 96.01 88.03 32.16 79.93 96.01 93.35 10.64
2%/2 mm 93.82 83.06 46.18 70.73 93.82 90.23 21.28
3%/3 mm 98.50 94.84 11.31 92.85 98.50 97.28 6.11
Global 3%/2 mm 97.96 92.11 15.43 90.24 97.96 96.01 9.75
opa
2%/3 mm 96.21 89.09 25.00 83.71 96.21 93.84 11.87
Pelvi 2%/2 mm 92.64 78.49 51.98 66.65 92.64 87.92 23.59
elvis
3%/3 mm 97.21 91.95 19.58 87.42 97.21 95.46 8.77
L | 3%/2 mm 95.16 86.32 34.57 77.87 95.16 92.21 14.73
oca
2%/3 mm 93.62 83.42 43.55 71.84 93.62 90.22 16.99
2%/2 mm 89.19 73.44 48.81 64.78 89.19 83.94 26.25
3%/3 mm 99.64 98.16 3.87 95.77 99.64 99.15 1.970
Global 3%/2 mm 9943 96.94 6.24 93.18 99.42 98.60 3.310
oba
2%/3 mm 99.05 96.69 8.15 90.90 99.05 98.26 3.152
Brai 2%/2 mm 98.37 94.17 14.37 84.00 98.38 96.97 5.59
rain
3%/3 mm 98.89 95.73 8.96 89.93 98.89 97.84 4216
L | 3%/2 mm 97.80 9145 18.2 88.70 97.80 95.68 8.47
oca
2%/3 mm 97.21 91.88 20.32 87.05 97.21 95.20 8.04
2%/2 mm 95.34 85.77 33.32 78.68 95.34 92.15 12.77
3%/3 mm 98.29 94.83 11.90 92.34 98.29 97.14 4.61
Global 3%/2 mm 97.59 9248 17.07 89.05 97.59 95.89 6.82
opa
2%/3 mm 95.40 88.10 25.89 82.45 95.40 92.97 9.73
Th 2%/2 mm 93.21 83.84 4492 70.75 93.21 90.09 12.49
orax
3%/3 mm 97.34 93.50 17.78 88.45 97.34 96.06 5.12
L | 3%/2 mm 95.58 89.58 29.2 80.98 95.58 93.58 8.0
oca
2%/3 mm 94.32 88.00 36.83 75.90 94.32 92.21 8.43
2%/2 mm 90.48 80.64 61.07 59.94 90.48 87.20 13.10

I-MR: Individual-Moving Range, EWMA: Exponentially Weighted Moving Average, CUSUM: Cumulative Sum, LCL: Lower
Control Limit, AL: Action Limit, LAL: Lower Action Limit, DD: Dose Difference, DTA: Distance-To-Agreement
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A EWMA Chart of Head & Neck (Global 3%/3mm) B EWMA Chart of Head & Neck (Global 2%/3mm)
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Figure 3: A, B, C, and D illustrate the Exponentially Weighted Moving Average (EWMA) charts,
which provide an observation of the gamma analysis results for the 3%/3 mm, 3%/2 mm, 2%/3
mm, and 2%/2 mm global gamma criteria for the head and neck site. These charts emphasize
recent data more heavily than earlier observations, effectively highlighting subtle trends and
shifts in quality assurance metrics over time.
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Figure 4: A, B, C, and D show Exponentially Weighted Moving Average (EWMA) charts for the
gamma analysis results using 3%/3 mm, 3%/2 mm, 2%/3 mm, and 2%/2 mm local gamma
criteria for head and neck site. The local criteria enhance sensitivity to specific regions in these
areas, with the EWMA charts emphasizing recent data and effectively capturing trends and
shifts in quality assurance metrics over time.
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A CUSUM Chart of Head & Neck (Global 3%/3mm) B CUSUM Chart of Head & Neck (Global 3%/2mm)
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Figure 5: A, B, C, and D display Cumulative Sum (CUSUM) charts summarizing the cumulative
deviations from the target values established in the gamma analysis for the 3%/3 mm, 3%/2
mm, 2%/3 mm, and 2%/2 mm global gamma criteria for the head and neck site. These charts
effectively capture small but persistent shifts in quality assurance data, which may indicate a
drift from acceptable treatment delivery standards.
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Figure 6: A, B, C, and D display Cumulative Sum (CUSUM) charts that track cumulative
deviations from target values based on the gamma analysis for the 3%/3 mm, 3%/2 mm, 2%/3
mm, and 2%/2 mm local gamma criteria for the head and neck site. The CUSUM chart identifies
small, consistent shifts in treatment accuracy over time by focusing on localized dose variations,
allowing for the early detection of gradual drifts in quality assurance.
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I-MR Chart of Head and Neck (Global 3%/2mm)
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Figure 7: lllustrates the variations in Control Charts of Individual-Moving Range (I-MR),
Exponentially Weighted Moving Average (EWMA), and Cumulative Sum (CUSUM) charts, for
a large cohort of samples analyzed under the 3%/2 mm global gamma criteria for head and
neck sites. A) presents the I-MR chart, which monitors individual measurements and their
moving range to identify shifts in pre-treatment quality assurance results. B) shows the EWMA
chart, which applies exponentially decreasing weights to past observations of recent data and
providing a smoothed view of trends over time. C) features the CUSUM chart, which tracks
cumulative deviations from target values, allowing for the detection of small but consistent

shifts in treatment accuracy.

80.64% for local gamma. The LAL (%) was
92.34%, 89.05%, 82.45%, and 70.75% for
global gamma and 88.45%, 80.98%, 75.90%,
and 59.94% for local gamma criteria.

From the I-Chart analysis, it was observed
that for the pelvis site, the CL (%) and LCL
(%) under different gamma criteria (3%/3 mm,
3%/2 mm, 2%/3 mm, and 2%/2 mm) were as
follows: 98.50%, 97.96%, 96.21%, 92.64%,
and 94.84%, 92.11%, 89.09%, 78.49% for
global gamma, and 97.21%, 95.16%, 93.62%,
89.19%, and 91.95%, 86.32%, 83.42%,
73.44% for local gamma. The LAL (%) was
92.85%, 90.24%, 83.71%, and 66.65% for
global gamma and 87.42%, 77.87%, 71.84%,
and 64.78% for local gamma criteria.

Discussion

The PSQA is an important quality assur-
ance test for intensity-modulated planning,
typically performed in a radiotherapy depart-
ment before actual treatment delivery. In the
current study, we adopted Statistical Process
Control (SPC) tools to analyze and establish
tolerance limits (TL) and action limits (AL)
using portal dosimetry for different sites with
different gamma criteria (3%/3 mm, 3%/2
mm, 2%/3 mm, and 2%/2 mm). Further-
more, utilizing I-MR, EWMA, and CUSUM
charts, we monitored the PSQA results and
assessed the established action and tolerance
limits for a larger population. The continuous
process of charting data points and identify-
ing systematic errors represents an ongoing
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endeavor to minimize variations in a process.
Head & neck emerges as a challenging site in
terms of planning and delivery complexities.
In the current study, the Lower Control Lim-
its (LCLs) for various sites, as presented in
Table 1, have been assessed, and these LCLs
are the cut-off limit for separating systematic
errors from random variation. Moreover, all
plans in this study were developed using the
RapidArc technique. The advantage of this
technique is smoother dose distribution, more
conformal plans, and treatment time [24].

The tolerance and action limits were
96.82%, 96.0%, 96.35%, and 94.34% from the
global gamma criteria of 3%/3 mm and 3%/2
mm, respectively. These values align with the
stipulated requirements in the AAPM TG-218
report, where recommended tolerance and ac-
tion limits were set at 95% and 90%. How-
ever, a notable decrease in local passing rates
was observed compared to global criteria,
particularly as the gamma criteria transitioned
towards more stringent measures of 2%/3 mm
and 2%/2 mm. For the H&N site, both the
2%/3 mm and 2%/2 mm criteria failed to meet
the recommended tolerance level for global
and local gamma criteria. However, 3%/3 mm
global criteria had achieved the recommended
action limit. Therefore, this process-based ap-
proach gives a tighter control of quality as-
surance procedures, reducing variability in
outcomes. At the departmental level, integrat-
ing SPC into PSQA verification can enhance
decision-making and improve the overall reli-
ability of treatment delivery, ensuring that tol-
erance and action limits are consistently main-
tained for future PSQA processes.

The variation in gamma passing rates is
influenced by normalization and criteria, as
highlighted by Bailey et al., [25]. Consequent-
ly, our study aligns with this observation, dem-
onstrating consistently higher passing rates in
global gamma compared to local gamma under
the same criteria and using an identical lower
dose threshold. Furthermore, global gamma
evaluation with 3%/3 mm criteria has raised

concerns due to its reported lack of sensitiv-
ity and specificity for detecting the delivery of
clinically significant patient dose errors. It is
considered less clinically usable, as described
by Yu et al., [26]. Therefore, our current study
focused on the assessment of variation in the
behavior of gamma evaluation for both local
and global gamma evaluations with different
criteria.

Figures 1 and 2 show the variation of indi-
vidual values in patient-specific quality as-
surance, based on gamma analysis for both
global and local gamma, using 3%/2 mm,
2%/3 mm, and 2%/2 mm criteria. The I-chart
demonstrates that monitoring sudden changes
can help detect abnormal plans. Therefore, if
the data stays within the control limits, it sug-
gests that the errors are purely random. On the
contrary, if the data falls outside control lim-
its, it signals to the physicist that an immediate
review of the QA results is necessary. If the
origin of the error is identified from the points
outside the control limits, those errors are cat-
egorized as systematic. They should be cor-
rected, ensuring the system returns to a con-
trolled state. Sanghangthum et al. [27] found
that VMAT planning gives more confidence
and better efficiency in terms of QA compared
to IMRT. Their lower control limit was 90%
for VMAT and 85.0% for IMRT in the head
and neck sites.

The I-Chart analysis showed that gamma
passing rates declined as criteria became more
stringent across all anatomical sites, with the
greatest variability observed under the 2%/2
mm criteria. For the Brain site, CL dropped
from 99.64% (3%/3 mm) to 95.34% (2%/2
mm), while the pelvis and thorax sites exhib-
ited similar trends, especially in local gamma
assessments, where LCL values fell as low as
73.44% for the pelvis. These findings align
with recent studies by Xu et al. [28] and Russo
et al. [29], highlighting the need for adaptive
PSQA frameworks to address variability across
different sites and more complex treatment
plans. Incorporating SPC, as recommended by
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AAPM TG-218, offers a data-driven approach
to improve PSQA consistency and optimize
gamma passing rates, particularly when using
stricter criteria.

According to Xiao et al. [30], it is suggested
that a sample size exceeding 300 is necessary
to confirm the permanent limits of individual
control charts. Moreover, to overcome issues
related to non-normality, a substantial sample
size of at least 100 is required. We reviewed
more than 300 samples in this study, demon-
strating the accuracy and reliability of the con-
trol charts. Moreover, the passing rate param-
eter shows an increasing pattern from 160™ to
235%™ duration of the collected data shown in
Figure 7B, suggesting that an internal process
parameter may be responsible for the gradual
decline in the passing rate. However, this con-
clusion cannot be drawn solely from the I-MR
chart analysis, as it is not sensitive to minor
reductions in control. Reynolds et al. [19] and
Vysakh et al. [31] found that the EWMA chart
can be combined with the I-chart to detect large
and small changes promptly. The advantage of
the EWMA control chart is that it can detect
the MLC problems responsible for the drift in
the control chart. Therefore, the current study
assessed the QA record and indicated that the
MLC a T-nut was replaced and lubricated, and
the dose calibration was repeated on the EPID.
In addition, if there are two different EPIDs, it
is challenging to ensure the measurement re-
sults. Hence, it is suggested by Sanghangthum
et al. [32] that the control limits and tolerance
limits should be calculated for the individual
machine.

A CUSUM plot from Figure 7C illustrates
the level of control established over the pro-
cess, clearly indicating when actual values de-
viate from the set target value of the parame-
ter. The target is achieved in typical PSQA for
3%/2 mm when a gamma passing rate is more
than 97%. However, depending on the com-
plexity of the planning and delivery, this rate
may vary. In an ideal case with only random
process variation, the CUSUM plot should

exhibit random fluctuations near zero, as in-
dicated by Pal et al. [13]. Random variation
was observed in the CUSUM chart in the plot
up to the 150th point. However, in our study,
the process remains under control within the
set limits.

Cui et al. [33] investigated dynamic IMRT
cases using EPID. The results revealed CL,
LCL, and AL 0f98.13%, 96.05%, and 94.00%,
respectively, mainly in cases of cervical and
rectal cancer patients. Additionally, they iden-
tified a systematic error originating from the
EPID, which indicates regular monitoring for
accuracy and stability to prevent such trends.
Moreover, they reported that significant shifts
could result not only from systematic errors
but also from the complexity of the plan.
Therefore, they recommend investigating rel-
evant parameter settings if failures persist, in-
cluding DD and DTA criteria, suppression of
low dose volume, type of normalization, dose
registration (both measured and distributed),
and the sample size for each control chart.

In a control chart, as studied by different
researchers, there can be categories for the
complex plans throughout the process. The
primary machine parameters leading to IMRT
QA failure are beam uniformity, symmetry,
dose rate, output, and MLC calibration [34].
However, manual errors are primarily attrib-
uted to factors such as unadjusted SSD, incor-
rect comparisons, and erroneous additional
build-up [20]. The advantages of using EPID
in the current study are that it is a simple pro-
cess, the absence of the need for extra build-
up, no requirement for plane selection during
planning, and convenience in positioning in
RapidArc QA. More et al. [35] demonstrated
that EPID portal dosimetry is an effective and
reliable method for verifying intensity-modu-
lated treatment plans, serving as a key tool in
pre-treatment quality assurance.

Moreover, there may be some discrepan-
cies between linac’s performance during the
delivery of QA plans and its performance at
the time of TPS commissioning, despite the
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use of periodic QA to mitigate systematic mis-
takes. Moreover, inherent mistakes arise from
the application of various dosage calculation
methods inside the TPS. Szczurek et al. [36]
have shown that the impact of various algo-
rithms or systematic flaws of the linac may
obscure the negligible dose variances result-
ing from gantry or collimator defects. Mishra
et al. [37] further showed that the selection of
algorithm and the gamma criterion directly
impact the gamma passing rate. Consequently,
it is advisable to establish locally specified ac-
tion levels attainable through the implemen-
tation of process-based tolerance and action
limits. Action levels established locally must
be tailored to the individual equipment, proce-
dures, and case types, in addition to the physi-
cist’s expertise. SPC provides a robust frame-
work for detecting process drifts and ensuring
consistent quality inpatient treatments. A two-
stage approach is recommended for imple-
menting SPC in PSQA analysis. This proac-
tive approach helps radiotherapy departments
identify and rectify deviations before they
impact clinical outcomes, thereby enhancing
radiotherapy treatments’ overall reliability and
safety. However, proper selection of samples
and knowledge of SPC tools are essential
before implementation.

Conclusion

The present study provides valuable insights
into the systematic and random errors associ-
ated with PSQA and establishes tolerance and
action limits for different sites with different
gamma criteria using portal dosimetry based
on AAPM TG 218 guidelines. The combina-
tion of [-MR, EWMA, and CUSUM quality
control charts demonstrated effective process
control, identifying small and large drifts and
maintaining results within the tolerance lim-
its for RapidArc PSQA. Therefore, regular
monitoring of the process of a control chart is
essential.

Our findings indicate that a single gamma
criterion cannot be universally applied to all

sites due to the complexity of planning in-
volving target and organ-at-risk locations.
Therefore, institutions must develop their
tolerance and action limits based on site- and
technique-specific factors while also compar-
ing these limits with international guidelines.
The current study demonstrated the use of
SPC in establishing tolerance and action lim-
its for EPID-based PSQA. Future research
should compare these limits across different
dosimetry systems.
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