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 Continuous gantry motion, continuous beam modulation, and variable dose rate are 

used in volumetric modulated arc therapy (VMAT) to obtain highly conformal 

radiation therapy dose distributions. Several errors during daily radiation therapy 

treatment can be sources of uncertainties in dose delivery. These errors include 

monitor unit calculation errors and other human mistakes. Due to the uncertainties in 

the excessively modulated VMAT plan, the intended dose distribution is not 

delivered perfectly, leading to a mismatch between the measured and planned dose 

distributions. This necessitates an extensive and effective quality assurance (QA) 

program for both machine and patient. In this study, VMAT QA plan verification of 

62 head and neck (H&N) and 19 prostate cases was done using Octavius 4D setup 

with its associating VeriSoft gamma analysis software. The plans showed a 

maximum 3D gamma passing rate with 4 mm/3 % gamma acceptance criteria, i.e., 

99.7 % for the H&N cancer cases and 99.5 % for the prostate cancer cases. Local 

gamma analysis was also performed for both regions. Furthermore, 2D and 

volumetric gamma analyses were also carried out. Gamma analysis with respect to 

different axis was also carried out. It was known that the transversal axis showed    

the highest gamma passing rate in both H&N and prostate cases, i.e., 99.17 %       

and 98.3 %, respectively. The transverse axis came to be a better fit for the planned 

dose distribution. 
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INTRODUCTION 

Cancer is a leading global disease. Cancer 

type, location, and progression status are the main 

factors that are considered in selecting an 

appropriate treatment. One such treatment is 

radiotherapy, in which high-energy ionizing 

radiations are used to treat the cancer. Nowadays 

fractionated schemes like external beam 

radiotherapy (EBRT) or brachytherapy (BT) which 

makes advantageous use of the radiobiological 

difference between a cancer cell and normal cells are 

employed. One of the arc-based EBRT techniques is 

referred to as volumetric modulated arc therapy 

(VMAT). This has twofold motivations. First, all 

gantry angles are used for patient irradiation instead 

of a few discrete angles. Second, VMAT has shorter 

treatment times as the treatment beam is ON during 
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rotation [1]. VMAT is an extension of traditional 

intensity modulated radiation therapy (IMRT). 

Continuous gantry motion, continuous beam 

modulation, and variable dose rate are used in 

VMAT to obtain highly conformal dose distribution 

[1]. The lack of technological advances has been a 

major hindrance to the clinical implementation of 

VMAT. Rotational delivery with variable dose rate 

options was introduced by both Elekta and Varian in 

their linear accelerators in the late 2000s [2]. 

Optimal dose distributions in VMAT are due to 

modulation of the photon beam, but excessively 

modulating a VMAT plan can create discrepancies 

between planned and delivered dose distributions 

[3]. Such excessively modulated VMAT plans have 

more mechanical and dose calculation uncertainties 

[3,4]. The accuracy of dose calculation using 

irregularly-shaped photon beams or small field 

beams with current dose calculation algorithms is 

limited; therefore, the intended dose distribution 
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may not be delivered accurately [4]. Mechanical 

uncertainties increase with an increase of VMAT 

plan modulation due to increase of complications in 

the beam delivery system and mechanical 

movements, i.e., gantry rotation and MLC 

positioning [5]. 

Several errors during daily treatment 

contribute to dose delivery uncertainties, such as 

monitor unit calculation in the treatment planning 

system (TPS) and other human errors. The human 

error will possibly only affect one treatment session, 

but the TPS calculation will affect the whole 

treatment course and most likely many patients. 

TPS-related errors are systematic errors that include 

algorithm limitations, model settings, and alignment 

and modeling of QA phantoms in the TPS. Most 

human errors, i.e., patient adjustment, positioning 

and fixation devices, and patient movement are 

easily corrected after detection, and uncorrectable 

ones provide information about system limitations. 

Machine malfunctions also become a major source 

of error in dose delivery and the cause of extra dose 

to the patient if it remains undetected. VMAT plans 

are highly optimized so even a slight deviation of 

gantry angle/position, MLC shape/position, and 

couch parameters from the optimized parameters 

lead to unexpected clinical outcomes. Wang et al. 

[6] investigated the consequences of MLC positional 

errors in VMAT and concluded that a cautious MLC 

calibration procedure is highly recommended for 

accurate dose delivery. Their results showed that 

positional error of MLC beyond ±0.3 mm influenced 

modulated dose distributions significantly. Milan     

et al. [7] evaluated the impact of MLC and gantry 

sag in VMAT their results showed a decrease in 

dose uniformity to PTV and overall degradation of 

plan quality. Raghavendra et al. [8] have discussed 

the effects of collimator and gantry positional    

errors on VMAT and concluded that a one-degree 

error in collimator angle affects OAR doses       

more significantly compared to a one-degree error    

in gantry angle. 

Due to uncertainties in the excessively 

modulated VMAT plan, the intended dose 

distribution is not perfectly delivered, which causes 

a discrepancy between the actual measured and 

planned dose distribution. This necessitates an 

extensive and effective quality assurance (QA) 

program for both the machine and the patient. In 

clinical settings, patient-specific and pretreatment 

quality assurance for each VMAT plan is highly 

recommended [9,10]. Patient quality assurance 

procedures are usually end-to-end tests that are 

commonly expected to trace errors, which are 

clinically relevant and can occur at any point in the 

treatment chain. The QA protocol related to the 

patient is a crucial step that requires a careful 

pretreatment check. For treatment techniques such as 

VMAT or helical tomo-therapy, a reliable method 

for routine pretreatment verification is highly 

desirable. For pretreatment verification, a phantom 

approach is generally used; dose is recalculated in a 

phantom setup after transferring the treatment plan 

to the phantom. The phantom approach involves the 

verification plan’s preparation using the same beam 

parameters as that of the patient plan and delivering 

it to the phantom. TPS-calculated and phantom 

measured doses are then compared with the help of 

the gamma index [11]. 

Treatment plans are usually evaluated using 

dosimetric metrics, i.e., by comparing dose-volume 

histograms (DVH), dose profiles, isodose curves, 

monitor units (MU), homogeneity index (HI), 

gradient index (GI), and conformity index (CI). 

Some treatment plans are also evaluated 

radiologically by comparing equivalent uniform 

doses (EUD). For quantization of the complexity of 

a treatment plan, metrics such as modulation 

complexity scores, the edge metric and leaf motion 

(average) per degree of gantry rotation are used [12]. 

The gamma index is the most common tool used      

to evaluate treatment plan deliverability [13].          

A comprehensive study on treatment plan 

verification metrics has been done by 

Diamantopoulos et al. [14]. It represents a general 

description of each dose comparison technique  

along with its advantages and rationale for              

its development. Various researchers have used 

different methods and QA tools to collect dose data of 

different VMAT plans and then evaluated them with the 

help of the gamma index. A comparison study between 

different IMRT/VMAT QA systems was conducted     

by Hussein et al. [10] using the gamma index.             

The reliability of the gamma index was investigated 

along with the impact of low-resolution detector arrays. 

It was concluded that it is very essential to understand 

the responses and limitations of the gamma index 

combined with the tools/equipment used. 

Several researchers have used the PTW 2D 

detector arrays such as seven29, 1000 (SRS),        

and 1500 in the PTW OCTAVIUS 4D setup and     

its accompanying VeriSoft software for gamma 

analysis. This setup and associated software are    

used to compare the planned and delivered          

dose distributions [15]. The main features of the 

Octavius 4D system, as concluded by many authors, 

are its directional independence with respect to the 

gantry angle and 3D dose reconstruction in its 

rotational unit [16-20].  

The gamma analysis evaluates dose 

distributions quantitively by calculating the gamma 

index value of each point in the dose distribution. 
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Then, it uses two acceptance criteria to evaluate the 

difference between the dose distributions. The first 

criterion is distance-to-agreement (DTA) in mm,   

and the second is the dose difference in %.           

This study aims to find acceptance criteria for head 

and neck (H&N) and prostate VMAT plans in our 

clinical setting using the Octavius 4D system. Due   

to the elevated incidence of H&N and prostate 

cancers, these areas were selected for the study. 

 

 

METHODOLOGY 

Patient selection 

A total of 81 patients, consisting of 62 H&N 

cancer patients and 19 prostate cancer patients at the 

Institute of Nuclear Medicine and Oncology 

(INMOL), Lahore, Pakistan, were selected for      

this study. Patients with gross tumor sizes between 

3-7 cm
3
 were selected. Each patient underwent CT 

simulation using the Toshiba Aquilion 16 CT 

scanner. Multiple transverse CT slices of 5 mm 

thickness were obtained for each patient. 

 

 

Treatment and verification planning 

All cases were planned with the objective     

in mind so as not to miss the target from any angle. 

Each VMAT plan was optimized using the photon 

optimizer algorithm (version 15.6.04) and the 

subsequent dose calculation was carried out       

using the Anisotropic Analytical Algorithm (AAA) 

(version 15.6.04). After optimizing the VMAT      

plan for each patient, a verification plan on    

Octavius phantom CT was also generated as     

shown in Fig. 1.  

 

 
 

Fig. 1. H&N VMAT on patient anatomy (left), and verification 

plan on Octavious 4D phantom CT (right). 

 
The Octavius 4D phantom CT is provided by 

the vendor (PTW Freiburg, Germany), including the 

setup. However, CT slices of the phantom generated 

in the clinic can also be used. The only difference 

between the verification plan and the actual plan is 

the patient anatomy which is absent in the 

verification plan. The rest of the parameters, such as 

the number arcs and the monitor units are the same. 

Octavius 4D setup 

The Octavius 4D setup is a motorized   

rotation platform used for VMAT and IMRT QA 

and plans verification developed by PTW of 

Freiburg, Germany. Octavius 4D setup consists of: 

(1) a cylindrical phantom; (2) a 2D detector array; 

(3) an inclinometer; and (4) a control and detector 

interface. The cylindrical phantom is also called the 

Octavius phantom or Octavius rotational unit. It is 

composed of polystyrene having a physical     

density of 1.05 g/cm
3
 and a relative electron density 

of 1.016 g/cm
3
. It has a reported accuracy of ±1° and 

can reach a maximum rotation speed of 18°/s. 

For dose data collection, a 2D detector array is 

used with the Octavius phantom. The Octavius 

phantom and its 2D detector arrays have been 

widely investigated by many researchers [16-20]. 

The choice of the 2D detector array depends on the 

user's preferences and clinical requirements. In this 

study, an Octavius 729 2D detector array was used. 

The detector array was inserted into the middle 

cavity of the phantom such that the middle of        

the detector array, i.e., the central chamber, is in     

the center of the phantom as shown in Fig. 2.        

The inclinometer is a wireless device that is   

attached to the gantry, and it sends gantry angle 

information to the Octavius phantom control unit via 

Bluetooth signals.  

 

 
 

Fig. 2. The Octavius 4D rotational unit and Octavius 729 2D 

detector array. 

 

 

Dose calculation 

The charge data (later converted to dose data 

by software using appropriate factors) collected 

using a 2D detector array (Octavius 4D system) was 

used to generate a 3D dose distribution using 

VeriSoft software. Measured depth dose curves 

(PDDs) and Octavius phantom CT scans are used by 

Verisoft for 3D dose reconstruction. Contrary to 

ArcCHECK and Delta-4, VeriSoft software 

reconstructs a 3D dose grid (26 cm × 26 cm for the 

729 detector array) without using TPS dose 

information [16]. This 3D dosimetric data grid 
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allows qualitative comparison of both plans along 

with the quantitative gamma analysis evaluation. 

The VeriSoft software allows 2D, 3D, and 

volumetric gamma analysis. and therefore, the QA 

results of this test tool are completely independent   

of the treatment plan.  
 

 

Verification setup and plan verification 

Figure 3 depicts the standard verification 

setup that was used in the verification of all the 

VMAT plans reported in this study. The Octavius 

4D phantom was always placed on the couch with 

the table tolerance limits in mind (i.e., maximum      

8 cm couch shift from the normal position (0,0,0)).  

 

 
 

Fig. 3. Standard verification setup, Octavius 4D phantom           

in facing away from the gantry. 

 

As it was reported that detector warm-up and      

cool-down affect the detector stability and 

resultantly the dose data [17,18,21], so a warm-up 

dose of 500 MU and 200 MU using 20 cm × 20 cm 

field size was delivered to the Octavius 4D phantom 

in the standard setup to minimize the uncertainty in 

the dose data collection. 

 

 

Gamma analysis 

The VeriSoft software performs 3D gamma 

analysis by comparing volumes, and 2D gamma 

analysis by comparing planes of the phantom 

measured and TPS calculated plans, respectively. 

Furthermore, it performs gamma analysis in all three 

major axes (sagittal, axial, and coronal) and the 

whole volume (volumetric) both locally and 

globally. Usually, local and global gamma passing 

rates are calculated as both have their pros and cons. 

The gamma analysis was performed using VeriSoft 

software package. Gamma index was calculated for 

reconstructed dose distribution in all three axes,    

2D, and 3D. The gamma analysis was also 

performed using different acceptance criteria, i.e.,      

3 mm/3 %, 2 mm/2 %, 1 mm/1 %, and 2 mm/3 %. 

Both the local and the global gamma analysis was 

performed using these criteria. 

RESULTS AND DISCUSSION 

Table 1 presents percentages of 3D and 2D 

global gamma passing rates calculated using 

different acceptance criteria for H&N and      

prostate cases. The highest 3D gamma passing rate 

was 99.7 % and 99.5 % in H&N and prostate cases 

respectively with 4 mm/3 % acceptance criteria.  

The 2D gamma passing rate was also highest with 

the 4 mm/3 % acceptance criteria, i.e., 98.7 % for 

H&N and 97.8 % for prostate cases. 
 

Table 1. Gamma analysis (global) of H&N and prostate cases 

(mean ± standard deviation). 
 

H&N Prostate 

N
=

6
2
 

 3D 2D 

N
=

1
9
 

3D 2D 

4
m

m
/3

 %
 

99.7±0.34 

 

98.7±1.56 

 

 

99.5±0.66 

 

97.8±2.11 

 

3
m

m
/3

 %
 

99.17±0.9
3 

 

97.59± .38 
 

98.3±1.86 
 

95.95±3.24 
 

2
m

m
/2

 %
 

93.35±4.8

1 
88.55±7.86 91.38±6.49 84.7±7.88 

1
m

m
/1

 %
 

65.2±4.36 58.4±14.9 

 

62.5±16.4 

 

54.95±19.4 

 

The lowest gamma passing rate was observed 

with an acceptance criterion of 1 mm/1 % in the 2D 

gamma analysis, i.e., 58.4 % for H&N and 54.9 % 

for prostate cases. The 3D gamma passing rate with 

the same acceptance criterion was also lower, i.e., 

65.2 % for H&N and 62.5 % for prostate cases. 

Table 2 shows the 2D and the 3D local gamma 

passing rates in percentages for the H&N and 

prostate cases against different acceptance criteria.  

 
Table 2. Gamma analysis(local) of H&N & Prostate cases 

(mean ± standard deviation). 
 

H&N Prostate 

N
=

6
2
 

 3D 2D 

N
=

1
9
 

3D 2D 

4
m

m
/3

 %
 

97.3±2.32 86.5±11.47 96.7±3.80 79.4±18.4 

3
m

m
/3

 %
 

92.9±4.84 79.7±12.62 91.7±7.04 70.1±18.2 

2
m

m
/2

 %
 

78.4±10.2 61.17±12.7 77.9±13.2 51.7±16.03 
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The highest 3D local gamma passing rates 

were 97.3 % and 96.7 in H&N and prostate cases, 

respectively, with 4 mm/3 % acceptance criteria. 

The 2D local gamma passing rate was also highest 

with the 4 mm/3 % acceptance criteria, i.e., 86.5 % 

for H&N and 79.4 % for prostate cases. 

The lowest gamma passing rate was observed 

with an acceptance criterion of 2 mm/2 % in the 2D 

gamma analysis, i.e., 61.1 % for H&N and 51.7 % 

for prostate cases. The 3D gamma passing rate with 

the same acceptance criterion was also lower, i.e., 

78.4 % for H&N and 77.9 % for prostate cases.  

Figure 4 shows the 3D and 2D gamma   

passing rates in different axes which were obtained 

by comparing different axes of TPS-calculated    

dose distribution and phantom-measured dose 

distribution. The global 3D and 2D gamma     

analysis with an acceptance criterion of 3 mm/3 % 

was used for this evaluation. The highest 3D and 2D 

gamma passing rates for both H&N and prostate 

cases were observed for the transverse axis       

mainly. In the H&N cases, the highest gamma 

passing rate was 99.17 % and 97.5 % for global and 

local gamma analysis, respectively, in the transverse 

axis. For the prostate cancer, the 3D gamma's 

highest passing percentage was 98.3 %. The 2D 

gamma analysis results in prostate cases showed the 

maximum passing percentage of 96.25 % in the 

sagittal axis. 
 

 
 

Fig. 4. Gamma passing rates in different axes 

(Transverse, Sagittal, Coronal). 

 
All the calculated results showed that the 

gamma passing rate depends on several factors, i.e., 

the degree of fluence modulation in VMAT plans 

and the acceptance criterion used. The same result is 

reported by Jong Min Park et al. who describe that 

gamma analysis depends upon several factors, i.e., 

dosemeters, acceptance criteria, LINAC type, and 

VMAT plan modulation degree [22]. A greater 

fluence modulation between two detectors results in 

a lower recorded dose than the calculated which 

leads to dose disagreement [23].  

The resolution of the detector array has a vital 

role in the gamma passing rate. The higher the 

number of detectors, the higher the resolution, and 

the higher the gamma passing rates even with strict 

acceptance criteria [18]. The strict criteria, i.e.,         

1 mm/1 %, can be ruled out as it is arguable on the 

following reasons. First, statistical fluctuations and 

dosimetric errors are very dominant for these 

criteria. Second, the acceptable level of gamma 

passing rate should be different for this criterion 

concerning the other, lenient acceptance criteria, i.e., 

2 mm/2 % and 3 mm/3 % [24]. Furthermore, our 

results for the acceptance criterion of 1 mm/1 % 

denotes the maximum standard deviation, indicating 

its statistical randomness. 

Tables 1 and 2 show that the 2D gamma 

analysis results are always lower than the 3D gamma 

analysis results because in the 3D gamma analysis 

neighboring slices are also taken into account while 

performing slice-by-slice evaluation. The extra 

dimension increases the search radius leading to a 

lower gamma index and higher passing rates even if 

the same acceptance criteria are used for QA [25]. 

On the contrary, in the 2D gamma analysis, each 

slice is completely independent of its surrounding 

volume, which results in a higher gamma index and 

therefore in a lower passing rate. The 2D gamma 

analysis results thus strongly depend on the plane 

chosen for evaluation [25]. 

Figure 4 shows that the gamma passing rate 

for the transverse axes are always higher compared 

to the other axes. The results are in agreement with 

those reported by the vendor. The transverse CT 

slice of the patient are used for a treatment plan, so 

the transversal view relates to them easily. The two 

other axes are digitally reconstructed so they are 

prone to errors. 

The local gamma passing rates tend to 

highlight failure in low-dose regions and in high-

dose gradients [13]. Our evaluated VMAT plans 

have random passing rates when either local 2D or 

3D gamma analysis is performed, and the passing 

rates are lower with tight acceptance criteria as seen 

in Tables 1 and 2. No specific pattern is observed 

but the lower local gamma index is expected as 

VMAT plans have higher dose gradients and lower 

dose regions. The global gamma index masks the 

failures that are highlighted by the local gamma 

index instead it highlights errors in higher-dose 

regions [13]. Our results for the global 2D or 3D 

gamma index show higher gamma passing rates 

which means our plans have fewer errors in high-

dose regions. The 3D gamma index has a lower 

value than the 2D gamma index which is the result 

of the 3rd extra dimension and larger search radius. 

One of the main causes of lower 2D gamma results 

both locally and globally is due to setting up error 

that has the potential to cause impact on it. After all, 

in 2D gamma index analysis, no data from the plane 

Transverse  Sagittal  Coronal 

H&N(3D) H&N(2D) PROSTATE(3D) PROSTATE(3D) 

P
A

S
S

IN
G

 R
A

T
E

 %
 

9
9
.1

7
 

9
6
.4

 

9
6
.2

3
 

9
7
.5

 

9
6
.2

 

9
5
.4

 

9
8
.3

 

9
5
.6

 

9
3
.7

 

9
5
.9

5
 

9
6
.2

5
 

9
3
.2
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above or below the measuring plane is available to 

help DTA to compensate for these setup errors in 

that dimension [26]. 

The overall gamma passing rates were     

higher in H&N cases than that in the prostate cases.  

These results are in contrary to what was expected as 

in H&N treatment small targets require high beam 

modulation leading to lower gamma passing rates 

[25,27]. The few main reasons that could justify the 

lower gamma passing rates in prostate cases are the 

higher dose per fraction compared with H&N cases, 

and the larger number of MU compared to H&N 

cases leading to more MLC miscarriage or     

leakage, when in turn leads to significant extra dose 

[28,29]. Another reason is the more dose gradient in 

prostate cases compared to H&N cases [22].         

The 729 2D-detector array is unable to resolve      

the dose gradients in prostate cases because of its 

lower resolution [30,31]. 

 

 

CONCLUSION 

In this study, the PTW Octavius 4D setup was 

found to be a reliable QA tool for patient-specific 

VMAT plan analysis along with VeriSoft software 

that can be used for 2D, 3D, and volumetric gamma 

analysis. The global gamma analysis yielded better 

passing rates compared to the local gamma analysis 

due to larger low-dose regions in VMAT plans.      

An important finding was that the transverse axis 

showed to be a better fit for the planned dose 

distribution. The difference between 3D and 2D 

gamma results was elevated with the increase in 

DTA and dose difference criterion. All chosen 

VMAT plans showed more than 95 % gamma 

passing rate with a 3 mm/3 % acceptance criterion. 

H&N and prostate cases showed a gamma       

passing rate of 97 % and 98 % in the transversal 

axis, respectively. 

The use of stringent criteria is strongly 

suggested to point out the maximum 

errors/mismatch between the planned and delivered 

dose distributions. As the gamma analysis helps only 

in checking plan deliverability, a separate dosimetric 

check is always required so that the treated        

region receives the prescribed dose accurately. 

Furthermore, the acceptance criteria used to evaluate 

VMAT plans should be chosen according to the 

treated anatomical region and the resolution of the 

chosen detector. A higher resolution detector array is 

highly recommended for better gamma analysis with 

stringent acceptance criteria. A high-resolution 

detector array will be able to resolve steep dose 

gradients and will result in less mismatch between 

the planned and delivered dose distributions and will 

correctly point out delivery errors. 
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