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Abstract 
Introduction: Advanced radiotherapy methods include Intensity modulated 
radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) requir-
ing stringent quality assurance (QA) to ensure accurate dose delivery. This 
study assesses the effectiveness of IMRT and VMAT dosage verification by 
gamma index analysis and capability index (Cpml), which are statistical process 
control (SPC) tools, to assess QA process reliability and compare dosimetrical 
outcomes for head and neck and rectal cancer treatment plans. Materials and 
Methods: For 28 cases of head and neck (14 IMRT and 14 VMAT) were gen-
erated utilizing treatment planning system (TPS) Eclipse, which delivered 6 
MV photon beam linear accelerator (Varian, Clinac IX). Dose distributions 
were measured using an aSi-1000 electronic portal imaging device (EPID) and 
OCTAVIUS Detector 1500 2D array, compared against TPS calculations using 
gamma index criteria (3%/3 mm). Control charts and Cpml evaluated QA pro-
cess stability for 25 cases. Dosimetrical comparisons for rectal cancer assessed 
planning target volume coverage, organ-at-risk doses, and monitor units. Re-
sult: For head and neck the gamma passing rates showed strong agreement, 
with means of 99.24% ± 0.37 (EPID) and 98.76% ± 0.61 (2D array) for IMRT, 
and 99.00% ± 0.38 (EPID) and 98.91% ± 0.43 (2D array) for VMAT. For rectal 
cancer the capability index (Cpml) values of 1.36 (IMRT) and 1.47 (VMAT) 
indicated optimal QA performance. VMAT plans for rectal cancer reduced 
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MUs and treatment time by approximately  50% while achieving comparable 
PTV coverage and OAR sparing. Conclusion: VMAT demonstrates efficiency 
advantages over IMRT, with robust QA processes, supported by SPC and ca-
pability index assessments, enhancing treatment precision and patient out-
comes. 
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1. Introduction 

Radiation therapy is one of the most essential cancer treatment options. Methods 
of radiotherapy evolved from two dimensional radiation therapy (2DRT), 3D con-
formal radiation therapy (3D-CRT) to modern techniques like intensity modu-
lated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) 
[1] [2]. IMRT is an advanced technique of irradiation treatment plan that can be 
modulated by a moving multi-leaf collimator (MLC). IMRT has become a stand-
ard modality for highly delivered conformal of dose distribution compared to 3D 
conformal radiation therapy techniques (3D-CRT). VMAT is a comparatively 
new dose delivery method that allows highly conformal radiation distributions 
delivery in a short time and with minimal monitor units (MUs) as compared to 
IMRT [3]. At the same time, VMAT technique coordinates rotation of the gantry, 
MLC movement regularly and modification of dose rate [4]. Where the motion of 
the MLC modulates the radiation dose in the IMRT and VMAT procedures. Be-
fore beginning clinical therapy, program of quality assurance (QA) dose distribu-
tion is advised to confirm appropriate treatment delivery [5] [6]. Quality assur-
ance (QA) is essential to decrease systematic errors in order to preserve the quality 
of a certain process [7]. The intricate nature of treatment demands enhanced dose 
verification systems and detailed quality assurance procedure reports in the plan-
ning of radiotherapy [8]. 

Statistical Process Control (SPC) tools provide a more comprehensive approach 
to quality assurance in modern radiotherapy compared to traditional pass/fail cri-
teria. While simple thresholds can only indicate whether a parameter meets an 
acceptance limit, they fail to capture subtle variations or trends that may signal 
emerging issues in treatment delivery. By applying SPC methods in Microsoft Ex-
cel such as control charts, process capability analysis, and trend evaluation clini-
cians and physicists can monitor performance over time and distinguish between 
random fluctuations and systematic changes. This allows for early identification 
of deviations before they result in clinically significant errors, supports data-
driven decision-making, and promotes continuous process improvement. In the 
complex and high-precision environment of radiotherapy, SPC therefore en-
hances both the reliability and safety of treatment delivery. The gamma index (γ) 
is a comparison of measured and calculated dose distribution for treatment plan. 
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Alongside dose difference (DD) and distance to agreement (DTA), it serves as a 
quantitative assessment tool for dosage distribution analysis [9]. Mohamed I. E. 
et al. studied the agreement between predicted and measured doses for different 
malignant tumors using various criteria of gamma, confirming VMAT QA with 
2D array detector and EPID. Found that the criterion of gamma; 3%/3 mm was 
the best appropriate for VMAT plan QA [10]. Control chart is another essential 
tool in statistical process control (SPC), used to monitor process variation and 
distinguish between systematic and random errors in radiotherapy QA. Pawlicki 
et al. investigated its application in radiotherapy quality assurance [11]. Nordström 
F. et al. utilized control charts for monitor unit (MU) verification, demonstrating 
their effectiveness in patient-specific quality control and treatment site compari-
sons, with control limits aligned with AAPM TG114 guidelines [12]. Additionally, 
control charts were found to be effective for verification assessments in patient-
specific quality assurance (QA) [10]. Further advancements include Rajasekaran 
D. et al.’s evaluation of the Octavius 4D system for VMAT QA, where they studied 
the relationship between gamma index analysis and plan complexity. Their find-
ings revealed a strong relationship between beam complexity and gamma passing 
rates, isolating beam complexity effects from other dose error sources [13]. Roy 
A. et al. developed a framework of risk-adjusted control chart for IMRT plan eval-
uations, accounting for variations in patient and treatment-specific risk factors to 
guarantee strong quality control [14]. 

A Radiotherapy IMRT/VMAT Capability Index evaluates a department’s read-
iness to verify complex dose deliveries utilizing VMAT and IMRT methods. As 
shown in Table 1, the index’s assessment encompasses eight critical quality assur-
ance domains. This index is widely used for internal audits, quality improvement 
programs, and justifying QA tool investments. Pawlicki et al. used capability in-
dices and control charts for IMRT QA [15], while Sanghangthum T. et al. used 
statistical process control (SPC) to define gamma pass-rate control limits and 
evaluate the process capability index (Cpml) for IMRT/VMAT QA [16]. 

 
Table 1. The multidimensional assessment criteria of the capability index. 

1 QA Hardware Availability Phantom types (e.g., ion chamber, film, 2D/3D arrays, Arc Check, Delta4, etc.) 0 - 5 

2 Software Tools Use of advanced analysis tools (gamma index, DVH-based QA, log file analysis, AI-based QA) 0 - 5 

3 Verification Coverage QA performed for all patients, or high-risk plans only 0 - 5 

4 Automation Integration Use of automated workflows (scripted QA, report generation, integration with TPS) 0 - 5 

5 Staff Training & Expertise Number of staff trained in IMRT/VMAT QA protocols and software 0 - 5 

6 
Dose Calculation  

Verification 
independent MU checks, 2nd dose engine, Monte Carlo, or log file-based dose  

reconstruction 
0 - 5 

7 Imaging & Motion QA Capability for 4D QA, image guidance verification, MLC position QA 0 - 5 

8 Continuous Improvement Frequency of QA protocol review and implementation of findings from previous errors 0 - 5 

 

Statistical Process Control (SPC) methods—recommended by AAPM Task 
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Groups—are increasingly adopted in radiotherapy QA to distinguish special-
cause from routine variations in patient-specific QA, linac QA, and positional ver-
ification. Effective monitoring relies on proper tool selection (e.g., Shewhart/time-
weighted control charts) and expertise [17]. Priya Jacob compared Portal Dosim-
etry (EPID/Eclipse TPS) and ArcCheck phantom for RapidArc/IMRT QA, report-
ing >98% (EPID) and >95% (ArcCheck) gamma-pass rates at 2%/2 mm, with 
EPID showing higher consistency due to embedded detectors [18]. Meanwhile, 
Webster M. et al. highlighted transformative advances like adaptive radiotherapy, 
AI-driven automation, particle therapy (proton/FLASH), and biological therapies 
(BNCT/radioimmunotherapy), which collectively enhance precision and person-
alization in cancer care [19]. 

This study demonstrates the comparison of dose distributions between radio-
therapy treatment plans using a clinical case example. The primary objective is to 
generate clinically interpretable results to support medical decisions regarding 
plan modification or optimization of the reference treatment plan. The research 
aims to establish standardized gamma pass-rate criteria for patient-specific 
IMRT/VMAT QA across different tumor sites using control charts and assess the 
efficiency of the QA process through capability index (Cpml) analysis. By imple-
menting statistical process control methods, the study provides medical physicists 
with quantitative tools to compare dosimetric outcomes of alternative treatment 
plans, objectively select optimal radiation treatment strategies, and enhance QA 
process reliability during therapy delivery. 

2. Materials and Methods 

The measurements in this work were performed utilizing a high-energy linear ac-
celerator (Varian Clinac IX; Varian Medical Systems), 6 MV photon beams, at our 
department. Portal Vision: is amorphous silicon electronic portal imaging device 
(aSi-1000 EPID), It provides the resolution, and contrast of patient’s images which 
enable verification and assurance of treatment quality, the dimension of 30 × 40 
cm2 with an array of 768 × 1024 detectors of amorphous silicon with dimensions 
of 0.392 × 0.392 mm2. An aSi-1000 Portal Vision imager is a robotic support arm 
(Exact-Arm) and it was a part of the linear accelerator (linac.), contains a thin 
metal layer (1 mm copper), and a phosphor film of 0.5 mm. EPID calibration is 
related to calibration units (CU)  and calibrated with field size 10 × 10 cm2 and 100 
MU, so that 1 CU equals to one MU delivered. The OCTAVIUS Detector 1500 is 
composed of a matrix of 1405 ion chambers arranged in a 27 × 27 cm2 field. The 
detectors of plane-parallel measure 4.4 × 4.4 × 3 mm3, center-to-center spacing of 
7.1 mm. This system is integrated with VeriSoft software, allowing medical phys-
icists to contrast the dose distributions in VMAT and IMRT verification plans 
generated by TPS Eclipse. The gamma index (γ) [9] [20] is a common method for 
assessing the measured dose distributions from detector systems against those cal-
culated by the TPS. The dimensionless value for each point in the analyzed distri-
bution is calculated using the dose difference (DD) and distance to agreement 
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(DTA) criteria. In quality assurance (QA), total percentage of points obtained area 
gamma (γ% ≤ 1), a pass/fail threshold was established for a certain DD/DTA crite-
rion [21]-[23]. Agazaryan N. et al. performed a using an ion chamber for each 
composite plan of absolute dosimetry. The agreement between measurements and 
calculations had been observed. All of gamma parameters’ means and standard 
deviations were computed and analyzed. The validity criteria were accepted with 
a gamma value of less than or equal to 1 (γ% ≤ 1) set at 97%. Three gamma scaling 
parameters: maximum γ (γmax), average γ (γavg), and the percentage of points 
meeting the gamma criteria (γ% ≤ 1) were assessed for each field, along with mean 
and the standard deviation. For every plan, the gamma criteria of 3%/3 mm were 
evaluated by a comparison of the calculated and computed dose distributions in 
radiotherapy [24]. 

2.1. Pre-Treatment QA of IMRT and VMAT for Head and Neck Cases 

The gamma index (γ) was used to assess agreement between measurements and 
calculations. This study’s test plans for 28 cases (14 IMRT and 14 VMAT), were 
produced using the treatment planning system (TPS) Eclipse Ver. 8.9 (Varian 
Medical Systems) and linear accelerator (Varian linac.). For IMRT plans, use 6 
MV photon beam energy at 400 MU/min, whereas for VMAT plans, use the great-
est dose rate via fast arc 600 MU/min. Two rapid arcs; (one clockwise (CW) and 
the other counterclockwise (CCW)) with a normal gantry range of 350˚ (from 
185˚ to 175˚ for the CW rotation and from 175˚ to 185˚ for the CCW rotation) 
were used to carry out the rapid arc treatment plans using 6 MV photon energy. 
Fourteen IMRT plans for head and neck cases consisted of 102 IMRT fields. The 
IMRT and VMAT dose calculations using the Algorithm of Anisotropic Analysis 
(AAA) and portal dose estimates used to prepare the verification plans. In pre-
treatment, using the portal dose prediction method, we created IMRT or VMAT 
verification plans for portal dosimetry quality assurance. For comparison pur-
poses, all verification plan calculations employed a 2.5 mm grid size. The portal 
dosimetry results were compared using an independent verification approach that 
utilized 2D array ion chamber and analysis software (VeriSoft software). All 
points of 2D array had a gamma index (γ) value, and the passing rate was the 
percentage of points with a gamma value ≤ 1 and meeting the DD% and DTA mm 
requirements. Pass rates of the dosimetry tools (EPID and 2D array) were com-
pared using gamma criteria (3% DD/3 mm DTA). 

Control chart: includes of upper control limit (UCL), centerline (CL), lower 
control limit (LCL), and points of data. The control chart is used to validate and 
control the method’s variations. If the data is within the control limits, it will be 
under control even if the data changes randomly. If some data exceeds the control 
limits, systematic errors occur. Points of data beyond the control limits must be 
eliminated for the process to be under control again [24]-[26]. The percent 
gamma percentage of IMRT and VMAT quality assurance plans revealed varia-
tions in EPID measurement and Eclipse calculation, which are represented on an 
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X-control chart. 

2.2. Process Capability Index 

Is a quantitative method for analyzing process stability and capability throughout 
quality management program. The process capability index (Cpml) is used in the 
evaluation to describe a process’s ability to generate data that meets the LCL. This 
index of (Cpml) is measure of the ability process within the specification limits [27] 
[28]. The capacity index is primarily used to measure the competency between the 
production tool and the quality aim for the product. In radiotherapy, production 
refers to the a-Si EPID as the detector tool, while product refers to the gamma 
value obtained because of patient-specific quality assurance activities. Process ca-
pability index was calculated using this Equation (1). 

( )22
 

1.46
pml

x LCLC
x Tσ

−
=

+ −
                    (1) 

Average of percentage gamma pass is denoted by  x , while σ is the standard 
deviation of percentage gamma pass. LCL is the lower specification limit  

3
1.128
mRLCL x= − , where  x , is the constant (1.128) [22] [29] and mR  is the  

average percentage of gamma pass, and average moving range for all percentage 
gamma pass data. For a one-sided specification limit, the constant (1.46) is pro-
posed [30]. T is the process’s target value, which can be assumed to be the average 
of the gamma pass value when there is no target value (T = 0%). The capability 
index (Cpml) value greater than or equal to 1.33 indicates that the process is per-
forming optimally [16]. Higher capability index (Cpml) value calculated, the higher 
is the efficiency of the process. Delivery was classified as a failure when the process 
capability index, Cpml was less than 1.33 [31]. The control limits for IMRT (177 
fields) and VMAT (43 fields) were computed using the data points from the 25 
cases. If there were out-of-control data points and we could identify the sources 
of error, they were eliminated. After that, control limits that were merely corrected 
for random errors were obtained by recalculating the centerline (CL) and control 
limits. 

2.3. IMRT and VMAT Plan Comparison for Rectal Cancer 

The rectal cancer cases represent a distinctly different anatomical region and 
treatment complexity from head and neck plans, allowing for a broader evaluation 
of the QA framework’s applicability across varying clinical scenarios and enhanc-
ing the generalizability of the study’s findings. Radiation therapy treatment plans 
for rectal cancer cases treated with IMRT and VMAT were compared. 5400 cGy 
was the recommended dosage, which was given in 28-fractions. A comparison was 
made between the dosimetrical data of IMRT and VMAT programs with 6 MV 
photon beam energy. The comparison included target volume, organs at risk 
(OAR) dose, and monitor units (MUs). The treatment plans were produced uti-
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lizing IMRT and VMAT techniques. The IMRT plans included seven fields with 
various gantry orientations. The plans were computed utilizing the MLC delivery 
technology and the Eclipse treatment planning system (TPS) at Algorithm of An-
isotropic Analysis (AAA). The VMAT plans used a single 360˚ arc, with gantry 
speed, MLC leaf position, and dose rate varying continually throughout delivery. 
IMRT or VMAT techniques were used to produce plans for each patient using 
photon beam energy 6 MV. Dose verification was performed using EPID to cal-
culate the 2D gamma index and the percentage of area value of gamma is less than 
or equal to one (γ% ≤ 1) used the gamma criteria (3%/3) mm. In radiotherapy treat-
ment planning, the dose volume histogram (DVH) is a histogram that shows the 
relationship between the radiation dosage and tissue volume. DVHs are most typ-
ically used as a plan evaluation tool and to compare the doses from different plans. 
The dose volume histogram (DVH) was used to assess the planned target volume 
and normal organs. 

3. Results and Discussion 

Patient-specific quality assurance (QA) has become normal practice due to the 
intricate planning and prompt response of the sophisticated equipment used in 
modern radiation treatments. The IMRT and VMAT plans are regularly verified 
before treatment in the treatment center for processes that use 2D array and a-Si 
EPID. Our results found excellent agreement between calculated and measured 
dose distributions in all planes, with mean ± SD of gamma values. In the modern 
treatment techniques utilized in radiotherapy for the head and neck area are 
IMRT and VMAT. Some articles have compared the clinical efficacy of IMRT and 
VMAT treatment modalities. The dose distribution was smoothed out with VMAT 
and the treatment time was reduced. The dose conformance to the planned target 
volume (PTV) and dosage to normal tissues were equivalent across both tech-
niques. Quality assurance (QA) results were significant and would be one of the 
criteria used to choose the technique. The doses calculated by TPS were contrasted 
with the doses measured by gamma evaluation (3%/3 mm) utilizing dosimetry 
instruments (2D array or EPID). 

3.1. Pre-Treatment QA of IMRT and VMAT for Head and Neck Cases 

For fourteen cases, the calculated dose using TPS via a gamma index (γ) with pa-
rameters of 3%/3 mm was compared with the measured dose plans. IMRT cases, 
Table 2 shows the gamma index findings for the 2D array ion chamber and EPID 
system analysis of the 102 IMRT fields. Table 3 displays the results of 14 VMAT 
plans (26 arc fields). All fields of the IMRT and VMAT plans were evaluated for 
mean and standard deviation (SD) of the average gamma (γavg), maximum gamma 
(γmax), and the percentage of the area gamma value less than 1 (γ% ≤ 1). A 2D array 
and EPID devices were used to compare the measured dose distributions for 
IMRT/VMAT plans with the TPS calculated distributions for 28 cases. Gamma 
index (γ) was used to analyze the quantitative distribution of calculated and meas-
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ured doses. Gamma evaluation tolerance: area Gamma ≤ 1.0 = 97%, maximum 
Gamma = 3.50, and average Gamma = 0.50 [26]. The rate of gamma passes which 
were obtained by comparisons of results calculated in TPS and IMRT plans meas-
ured by 2D array detector system and Portal dosimetry (EPID) with different 
gamma criteria for area Gamma γ% ≤ 1, maximum gamma (γmax), and average 
gamma (γavg) are shown in Figures 1-3. The rate of gamma passes of VMAT plans 
obtained by comparison of 2D array and portal dosimetry (EPID) results calcu-
lated by TPS and measured dosimetry tools with different gamma criteria for area 
Gamma (γ% ≤ 1), the maximum gamma (γmax), and average gamma (γavg) are shown 
in Figures 4-6. 
 

 

Figure 1. The gamma passed rates of IMRT obtained by comparison of 2D array and 
EPID results by TPS calculated and measured with different gamma criteria for area 
Gamma γ% ≤ 1. 
 

 

Figure 2. The gamma passed rates of IMRT obtained by comparison of 2D array and EPID 
results by TPS calculated and measured with different gamma criteria for maximum 
gamma (γmax). 
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Figure 3. The gamma passed rates of IMRT obtained by comparison of 2D array and EPID 
results by TPS calculated and measured with different gamma criteria for average gamma (γavg). 
 

 

Figure 4. The gamma passed rates of VMAT obtained by comparison of 2D array and EPID 
results by TPS calculated and measured with different gamma criteria for area Gamma (γ% ≤ 1). 
 

 

Figure 5. The gamma passed rates of VMAT obtained by comparison of 2D array and EPID 
results by TPS calculated and measured with different gamma criteria for the maximum 
gamma (γmax). 
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Figure 6. The gamma passed rates of VMAT obtained by comparison of 2D array and EPID 
results by TPS calculated and measured with different gamma criteria for average gamma (γavg). 
 

All the IMRT/VMAT plans calculated and measured dose distributions agreed 
very well, according to the results. The estimated average passing rates of area 
gamma (γ% ≤ 1) for the 2D array systems and portal dosimetry (EPID) for 102 IMRT 
fields were 98.76% and 99.24%, respectively, with standard deviations of 0.61 and 
0.37. In VMAT, the average values of portal dosimetry (EPID) and 2D array detec-
tors were 99.00 and 98.91, respectively, with standard deviations of 0.38 and 0.43 are 
observed in Table 2 and Table 3. For clinical IMRT/VMAT cases, the 2D array 
detector and portal dosimetry (EPID) systems produce comparable passing rates. 

 
Table 2. Mean and standard deviation of gamma parameters for14 cases 102 IMRT fields 
estimated using the 2D array and portal dosimetry (EPID). 

Cases No. No. of field 
2D array detector Portal dosimetry 

γ% ≤ 1 γmax γavg γ% ≤ 1 γmax γavg 

1 7 99.57 1.57 0.26 99.76 1.95 0.23 

2 7 98.56 1.78 0.28 99.23 1.87 0.25 

3 8 97.82 1.95 0.29 98.72 1.69 0.29 

4 7 98.26 2.04 0.27 98.62 1.57 0.19 

5 7 98.78 1.57 0.31 99.47 1.35 0.28 

6 7 99.15 1.96 0.24 99.45 1.84 0.26 

7 7 99.24 1.87 0.25 99.28 1.57 0.24 

8 7 98.02 1.48 0.27 98.89 1.68 0.22 

9 8 99.04 1.69 0.31 99.38 1.99 0.23 

10 8 99.46 1.87 0.3 99.74 1.78 0.3 

11 7 99.31 1.58 0.29 99.68 1.32 0.21 

12 7 98.18 1.78 0.25 99.09 1.64 0.25 

13 8 97.98 2.12 0.23 98.84 1.52 0.22 

14 7 99.24 1.33 0.28 99.2 1.58 0.23 

Mean 98.76 1.76 0.27 99.24 1.67 0.24 

SD 0.61 0.23 0.03 0.37 0.20 0.03 
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Table 3. Mean and standard deviation of gamma parameters for 14 cases 26 arc fields esti-
mated using the 2D array system and the portal dosimetry (EPID). 

Cases No. No. of arcs 
2D array detector Portal dosimetry 

γ% ≤ 1 γmax γavg γ% ≤ 1 γmax γavg 

1 2 98.54 1.65 0.68 98.87 1.68 0.43 

2 2 98.75 1.75 0.29 98.89 1.68 0.28 

3 2 99.15 1.81 0.33 99.32 2.07 0.23 

4 1 98.68 1.85 0.25 98.85 1.46 0.32 

5 2 99.24 1.54 0.44 99.52 1.74 0.24 

6 2 99.19 1.73 0.61 98.68 1.53 0.42 

7 2 99.54 1.58 0.42 99.34 1.78 0.14 

8 1 99.32 1.75 0.63 99.25 1.45 0.19 

9 2 98.87 1.97 0.55 98.34 1.56 0.22 

10 2 98.11 1.62 0.47 98.68 1.85 0.35 

11 2 99.15 1.83 0.46 99.45 1.56 0.32 

12 2 98.14 1.48 0.38 98.68 1.66 0.24 

13 2 99.23 1.62 0.53 99.46 1.85 0.27 

14 2 98.79 1.32 0.48 98.67 1.84 0.34 

Mean 98.91 1.68 0.47 99.00 1.69 0.29 

SD 0.43 0.17 0.13 0.38 0.18 0.08 

 
Recently, portal dosimetry (EPID) was used to validate IMRT or VMAT pre-

treatment because of the setup efficiency and fast workflow. The calculated and 
measured dose distributions for all IMRT/VMAT fields are consistent with γ% ≤ 1, 
γavg < 0.5, and γmax values for EPID and 2D array detectors. Our findings agree with 
the data that has been published [32], the study found significant agreement be-
tween calculated and measured dose distributions in all plans, with mean ± SD 
gamma values: γ% ≤ 1 = 99.43% ± 0.68%, γavg = 0.24 ± 0.04 and γmax = 2.02 ± 0.66, 
respectively. 14 patients in the research were estimated using 2D MatriXX detec-
tor readings and portal dosimetry. The EPID and 2D array used in patient QA 
measurement is a good agreement with Jayesh K. et al., who evaluated that the 
systems of EPID and 2D array detector can be employed in patient-specific QA 
measures for IMRT and VMAT [33]. 

3.2. Process Capability Index 

For the IMRT and VMAT plans, the X-chart’s upper control limit (UCL), center-
line (CL), and lower control limit (LCL) were determined. The limitations of X-
charts were calculated from 25 cases (177 fields) of IMRT plans; a systematic error 
for the number of points was identified. As a result, these two points were re-
moved, and new constraints were recalculated. For 25 VMAT plans (43 fields), 
the data point was not a systematic error, as in these cases a relatively tiny field 
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size with a complex plan was shown in Figure 7. The IMRT quality’s UCL, CL, 
and LCL values assurance with systematic errors were 100.757%, 99.416%, and 
98.075%, respectively. After the systematic errors were removed, the data of UCL, 
CL, and LCL values were 100.571%, 99.543, and 98.516 respectively. The limita-
tions of the control chart (UCL, CL, and LCL) of VMAT quality assurance QA 
were 100.697%, 99.180%, and 97.663%, respectively. The maximum gamma eval-
uation value was 100%; hence, the UCL should not be considered. The LCL was 
the only parameter used to define the % gamma pass criteria condition. The mean 
and standard deviation of all IMRT and VMAT plans with systematic errors are 
used to evaluate the plan; the average of percentage gamma pass (γ% ≤ 1) was 98.07 
± 0.75% for IMRT QA and 99.06 ± 0.63% for VMAT QA. This meant that the 
VMAT technique’s measured dose distribution was closer to the calculated dose 
from the Eclipse treatment planning system (TPS) than the IMRT study. Capabil-
ity index Cpml values of 1.36 for IMRT and 1.47 for VMAT validated the outcome. 
These Cpml values are based on results that have been corrected for systematic er-
rors. The capability index (Cpml) values were higher than 1.33, indicating that the 
IMRT and VMAT quality assurance procedures were of high quality. 
 

 

Figure 7. The control chart of % gamma pass (a) IMRT QA and (b) VMAT QA for 25 patients 
with upper control limit (UCL), centerline (CL) and lower control limit (LCL) with two-point 
systematic error points of IMRT. 

 
In the context of the control chart analysis, the study differentiated between 

random variation and systematic error based on the behaviour and origin of the 
data points. Random variations were attributed to inherent fluctuations in plan 
complexity such as small-field VMAT arcs or highly modulated beam segments 
that can naturally influence gamma passing rates without indicating a machine or 
calibration issue. These points typically remained within control limits or oc-
curred occasionally without a consistent trend. In contrast, a systematic error was 
identified when data points repeatedly exceeded control limits or showed a con-
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sistent deviation pattern traceable to a specific cause, such as equipment malfunc-
tion, calibration drift, or setup error. Only when a deviation met these criteria was 
it classified as a systematic error and excluded from further analysis to maintain 
the validity of the control chart.  

In this study, the target value T = 0% used in the process capability index (Cpml) 
calculation does not represent the gamma passing rate itself, but rather the devia-
tion from the target or specification limit. In statistical process control, the Cpml 
equation evaluates how closely the process performance aligns with its specified 
target. For radiotherapy QA, the gamma pass rate ideally approaches 100%, so the 
target deviation from 100% becomes zero meaning no difference between meas-
ured and calculated dose distributions. Therefore, by setting T = 0%, the analysis 
treats zero deviation (perfect agreement) as the target condition rather than inter-
preting it as a literal 0% pass rate. 

In practical terms, this means that the Cpml computation measures how much 
the observed gamma pass rates deviate from the ideal (100%) within the defined 
lower control limit (LCL). Thus, T = 0% refers to zero deviation from the ideal 
gamma agreement, ensuring the capability index reflects process precision relative 
to the optimal QA performance standard. 

3.3. Comparison of IMRT and VMAT Plans for Rectal Cancer 

According to the most recent clinical standards, the dose distribution of the IMRT 
and VMAT plans for rectal cancer cases was clinically accepted. As seen in Figure 
8, the medical physicist planned the IMRT and VMAT procedures, and the on-
cologist chose the best IMRT or VMAT treatment plan for the patient based on 
the dose volume histogram and isodose evaluation. Conformal isodoses, which 
are produced by methods like IMRT and VMAT, greatly lower OAR doses and 
normal tissue toxicity. There have been dosimetric studies that compare IMRT 
and VMAT with treatment planning system algorithms. For the treatment of rec-
tal cancer, the IMRT plans included seven fields at gantry angles (5˚, 63˚, 86˚, 
152˚, 203˚, 269˚, and 294˚). The VMAT plans included two arc beams at various 
gantry angles from 181˚ to 179˚ clockwise (CW), and another field from 179˚ to 
181˚ counterclockwise (CCW). VMAT is an advanced technique, providing effi-
cient and accurate irradiation to planning target volume (PTV) with a linear ac-
celerator (linac) rotating a perfect 360˚ arc. 
 

 
(a) 
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(b) 

Figure 8. Representative axial computed tomography (CT) images illustrate the configu-
ration of fields for (a) seven-field intensity-modulated radiotherapy (IMRT) and (b) volu-
metric modulated arc therapy (VMAT). The circular field indicates continuous 360˚ arc of 
delivery, each intersecting line indicating angle of optimization. Planning target volume 
(PTV) indicated in green. 
 

 

Figure 9. Comparison of dose-volume histogram (DVH) for the IMRT and VMAT rectum plan of PTV and normal 
tissues using energy 6 MV photon beam. 

 
The comparison between IMRT and VMAT plans found that the dose volume 

histogram (DVH) of PTV and normal tissues using 6 MV photon beam energy, 
as shown in Figure 9. The dose cover (%) for PTV by IMRT and VMAT equals 
100% and the prescribed dose for IMRT or VMAT equals 5400 cGy. The effective 
treatment delivery time was lowered by almost 50% with VMAT, and the quality 
of VMAT plans with dual arcs was superior to IMRT plans with five to nine 
beams. The average percentage of (γ% ≤ 1) according to 3% dose 3mm distance re-
quirements for IMRT plans was 98.89 ± 0.95, whereas VMAT plans were 99.08 ± 
0.82. This study indicates that VMAT is a more effective treatment technique for 
rectal cancer than IMRT. VMAT had the extra benefit of requiring fewer MUs for 
treatment than 7-field IMRT. The doses to normal tissues surrounding the plan-
ning target volume may have been reduced by higher energy plans in IMRT and 
VMAT. As a result, employing VMAT with lower energy is preferable than using 
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IMRT with higher energy. To determine whether better dose distribution using 
VMAT leads to less toxicity, more research is required, and long-term follow-up 
is required to evaluate whether VMAT has the potential to reduce the rate of sec-
ondary malignancies when compared to IMRT. 

4. Conclusions 

This work demonstrates strong agreement between calculated and measured dose 
distributions using a gamma index with 3%/3 mm criteria, highlighting the effec-
tiveness of patient-specific quality assurance (QA) for IMRT and VMAT pro-
grams. Both EPID and 2D array detectors exhibited high gamma passing rates, 
with mean values of 99.24% and 98.76% for IMRT and 99.00% and 98.91% for 
VMAT, respectively for head and neck cases, confirming their reliability for clin-
ical QA. The utilization of statistical process control (SPC) tools, including control 
charts and the process capability index (Cpml), further validated the stability and 
efficiency of the QA process, with Cpml values of 1.36 for IMRT and 1.47 for VMAT 
indicating optimal performance. Comparative analysis revealed VMAT’s ad-
vantages over IMRT, including reduced treatment time and monitor units while 
maintaining comparable dose conformity for rectal cancer cases. The capability 
index assessment highlighted areas for improvement in the department’s QA in-
frastructure, particularly QA, to support advanced techniques. Future efforts will 
focus on refining QA protocols and leveraging big data to enhance radiotherapy 
QA practices, ultimately improving treatment precision and patient outcomes. 

In future work, leveraging big data analytics could enable the development of 
machine learning based predictive models that use plan complexity metrics such 
as modulation index, monitor units, or segment shape variability to forecast QA 
outcomes. By identifying patterns associated with lower gamma pass rates, these 
models could proactively flag high-risk treatment plans before delivery, allowing 
physicists to optimize planning parameters or perform targeted QA, ultimately 
improving treatment safety and efficiency. 

5. Long Term Capability Index 

To evaluate the current capabilities in our department, the following survey has 
been established for Capability index scoring. The results above show a signifi-
cant clinical acceptable accuracy for the quality control and quality assurance 
programs either for patient specific QA or for the equipment as shown in a pre-
vious work. Maintaining this level of quality requires a minimum level of infra-
structure in a particular department, this includes equipment, staff level, staff 
training and up-skills. To evaluate the current capabilities in our department 
and to what extent that department is able to maintain this level of accuracy, the 
department has to have a minimum score, the following survey, as shown in 
Table 4 and Table 5 have been established for this long-term consistency of the 
Capability index. A minimum score of 20 is introduced as a minimum score to 
maintain that level of quality, while the maximum score is 40 points. 
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Table 4. Suggested assessment checklist for IMRT & VMAT dose verification capability. 

Section 1: QA Hardware Availability 

What QA tools are available in your  
department? 

(Select all that apply) 

☒ Ion chamber-based phantom 
☒ 2D diode/ion chamber array (e.g., MapCHECK) 
☒ 3D QA system (e.g., Delta4, ArcCheck) 
☐ Film dosimetry 
☒ Electronic portal imaging device (EPID) for QA 

Scoring: 
1 point per item, max 5 

points 

Section 2: Software Tools 

Which dose verification software  
features are regularly used? 

(Select all that apply) 

☒ Gamma index (2D or 3D analysis) 
☐ DVH-based plan QA 
☐ Log file-based QA (e.g., Dynalog/TrajectoryLog) 
☐ Monte Carlo or advanced dose engine comparison 
☐ AI-based QA or error prediction 

Scoring: 1 point per item, 
max 5 

Section 3: Verification Coverage 

For which plans is patient-specific  
QA performed? 

☒ All IMRT/VMAT plans  
☐ Only complex or high-risk plans 
☐ Random audits 
☐ Only when issues are suspected  

(5 pts) 
(3 pts) 
(2 pts) 
(1 pt) 

Section 4: Automation Integration 

To what extent is your QA workflow  
automated? 

☐ Fully automated with scripts and reporting tools  
☐ Partially automated 
☐ Mostly manual  
☐ No automation used (0 pts) 

(5 pts) 
(3 pts) 
(1 pt) 
(0 pts) 

Section 5: Staff Training & Expertise 

How many staff members are trained  
in IMRT/VMAT QA protocols? 

☐ 5+ 
☐ 3 - 4  
☒ 1 - 2  
☐ None 

(5 pts) 
(3 pts) 
(2 pts) 
(0 pts) 

Section 6: Dose Calculation Verification 

Which secondary dose verification 
methods are in use? 

(Select all that apply) 

☐ Independent monitor unit check (hand calc or software) 
☐ Second dose engine calculation (e.g., AAA vs Acuros)  
or (Monte Carlo vs Collapsed cone) 
☐ Monte Carlo validation 
☐ Log file-based dose reconstruction 
☒ Third-party verification service or tool 

Scoring: 1 point per 
method, max 5 

Section 7: Imaging & Motion QA 

What motion/imaging QA methods are 
routinely used? (Select all that apply) 

☐ MLC log review 
☒ Image guidance verification QA 
☐ 4D QA for motion (e.g., 4D film/phantoms) 
☒ CBCT/IGRT alignment QA 
☐ Respiratory gating QA 

Scoring: 1 point per item, 
max 5 

Section 8: Continuous Improvement 

How frequently are QA protocols  
reviewed and updated? 

☐ Every 6 months 
☐ Annually 
☒ Occasionally 
☐ Rarely/never 

(5 pts) 
(3 pts) 
(1 pt) 
(0 pts) 
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Table 5. Survey score calculation. 

Total Score Calculation: 

Score Range Capability Level 
Current Department  

Setup score 

35 - 40 Leading-edge verification system  

28 - 34 Strong and compliant  

20 - 27 Adequate, with room for optimization  

<20 Needs strategic investment in QA systems 16 

(Max = 40 points)  

 

The above form helps departments to evaluate their current practice perfor-
mance and points of weakness. It gives a clear view of the overall process and staff 
requirements. Although our current IMRT/VMAT verification capability index is 
higher than 1, the departmental index is lower than 20, that means that this 
IMRT/VMAT verification can’t be maintained for long using the same equip-
ment/staff level. One of the ongoing projects in the department is the Lung SABR, 
or (Stereotactic Ablative Body Radiotherapy, is a highly focused type of radiation 
therapy used to treat lung tumors, including both primary lung cancers and sec-
ondary (metastatic) tumors that have spread to the lung) [34]. 

The introduction of this technique will require 4D motion quality assurance and 
verification. The Thorax dynamic phantom is an example of the required phantom. 
The use of this phantom will add one more point to the capability score to become 
17 points. Furthermore, we will consider reviewing QA protocols annually to in-
crease our capability index to 20 points. That gives us a better position regarding the 
capability level and gives us more room for further improvements and optimiza-
tions for our QA clinical workflow. The use of capability index measures helps us 
identify our weaknesses and recognize improvement approaches. 

Future work includes distributing a further detailed capability index calculation 
form to relative professional communities and societies to collect more infor-
mation. Big data analysis could play a crucial role in giving valuable insight into 
the improvement and upgrade plans for radiotherapy departments. 
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Abbreviations 

IMRT Intensity-modulated radiotherapy 

VMAT Volumetric modulated arc therapy 

SPC Statistical Process Control 

Cpml capability index 

QA Quality Assurance 

Linac linear accelerator 

TPS treatment planning system 

aSi-1000 EPID amorphous silicon electronic portal imaging device 

Exact-Arm robotic support arm 

CU calibration units 

MUs monitor units 

6MV 6 megavoltage 

cGy centigray 

PTV planning target volume 

OAR organ-at-risk 

2D-RT two-dimensional radiotherapy 

3D-CRT three-dimensional conformal radiotherapy 

MLC multi-leaf collimator 

(γ) gamma index 

(γmax) maximum gamma index 

(γavg) average gamma index 

DTA distance-to-agreement 

DD dose difference 

AAPM TG114 American Association of Physicists in Medicine Task Group 114 

DVH Dose Volume Histogram 

CW clockwise 

CCW counterclockwise 

AAA Algorithm of Anisotropic Analysis 

UCL Upper Control Limit 

CL centerline 

LCL Lower Control Limit 

x  average of percentage gamma pass 

(σ) Standard Deviation of % gamma pass 

mR  average percentage of gamma pass 

7-fields IMRT seven-field intensity-modulated radiotherapy (IMRT) 
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