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Abstract. The purpose of this study was to develop Electronic Portal Imaging Devices (EPID)-

based dosimetry for Flattening-Filter-Free (FFF) beam verification. All radiation 

measurements were performed with source to imager distances (SID) of 150 cm to reduce 

saturation effect. EPID images were converted to radiation absorbed dose with our algorithm 

including four parameters: linearity of dose response with Monitor Unit (MU), beam profile 

correction, collimator scatter, and scatter kernel. The Calibration Units (CU) of image were 

scaled to dose (Gy) by using linearity of dose response with MU. Off-axis response differences 

between EPID and water were reduced with beam profile correction. Scatter kernel was 

applied to EPID images to reduce the residual error. The algorithm accuracy was validated 

with 12 arcs of Volumetric Modulated Arc Therapy (VMAT) plans by using gamma analysis 

comparing between EPID-based dosimetry and a plane dose distribution of Treatment Planning 

Systems (TPS). Gamma Passing Rates (GPR) were used to determine the dose agreements with 

criteria of 2%, 2 mm and 3%, 3 mm. The mean of GPR was 97.91%, and 99.62% for criteria of 

2%,2 mm and, 3%, 3 mm, respectively. Our EPID-based dosimetry showed good agreement 

with plane dose distribution in water. These results indicated that our EPID-based dosimetry 

can perform FFF-beam verification. 

1.  Introduction 

Patient-specific quality assurance (QA) is a process to verify the radiation dose agreement between a 

beam delivery and calculation using a treatment planning systems (TPS) [1, 2]. Many devices have 

been developed for patient-specific QA with different characteristics such as ionization chamber 

arrays, diode arrays, film dosimetry, and gel dosimetry. Electronic portal imaging devices (EPIDs) are 

the radiation imager detector attached to the linear accelerators (LINACs) which are used for patient 

position verification [3]. With the benefit of spatial resolution, immediate signal readout, and 

sensitivity, EPIDs have been developed to perform a radiation dose measurement in patient-specific 

QA process with different methods [4-6]. However, the reading saturation effect can be occurred when 

a measurement was performed with high dose rate in flattening-filter-free (FFF) beams [7-10]. FFF 

beams were developed to increase a dose rate by removing flattening filter in a head of LINACs 

machine, which were used for the advance radiation technique (Stereotactic Radiation Surgery: SRS 

and Stereotactic Body Radiotherapy: SBRT) to reduce treatment time [11-13]. Many studies presented 

the method to reduce saturation effect such as placing a plastic on EPID surface, increasing source-to-

imager distance (SID). For flattening filter (FF) beam verification, the regular SID of 100 to 105 cm 
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was used to perform patient-specific QA. Tyner et al. [14] found 1 cm of water-equivalent plastic 

placed on EPID surface can reduce saturation effect for dose rate less than 1,000 Monitor Unit 

(MU)/min. Nicoli et al. [15] found the suitable distance could be more than 150 cm to reduce 

saturation effect for FFF beams. Chuter et al. [16] found SID of 160 cm can be used to remove 

saturation effect for dose rate less than 800 MU/min. Several studies have developed EPID-based 

dosimetry for FFF-beam verification with various methods. Miri et al. [7] developed a method to 

convert EPID images to 2D dose in virtual phantom with two steps as follows: (1) incident fluence 

modeling, and (2) fluence to dose in water phantom modeling. Podesta et al. [9] developed EPID-

based dosimetry model for FFF beams with time-resolved assessment. Wendling et al. [17] developed 

a back-projection EPID dosimetry method to reconstruct the dose within the patient or phantom using 

a dose-response matrix, scatter corrections, inverse square law factor, and transmission factor of the 

phantom. This study, we emphasized on the simple method to develop EPID-based dosimetry for FFF-

beam verification. EPID images were converted to absorbed dose in water at depth of 10 cm including 

four parameters: linearity of dose response with MU, beam profile correction, collimator scatter, and 

scatter kernel. In addition, the extended SID was applied during measurement to reduce signal 

saturation.  

2.  Materials and methods 

TrueBeam LINACs (Varian Medical Systems, Palo Alto, CA) equipped with amorphous silicon (a-Si) 

1000 EPID was used to acquire images for patient-specific QA. The radiation was delivered with 6 X-

FFF energy and integrated mode. Dose calculation was performed using Eclipse TPS version 13.6 

(Varian Medical Systems, Palo Alto, CA).  

2.1 EPID-based dosimetry model 

The standard image calibration was performed prior use following the manufacturer’s 

recommendations [27] including dark field, flood field, and dose normalization. In this study, the 

extended SID of 150 cm was used to reduce saturation effect, and a simple model was used for EPID-

base dosimetry. EPID images (𝐸𝑃𝐼𝐷𝑥,𝑦) were converted to absorbed dose in water at depth of 10 cm 

(D) as follows: 

𝐷 = (𝐸𝑃𝐼𝐷𝑥,𝑦  ×  𝑀𝐹𝐹𝐹
2𝐷  × 𝑆𝑓𝑠  × 𝑓𝑑𝑜𝑠𝑒) ⨂

−1𝐾𝑤𝑎𝑡𝑒𝑟                                (1) 

First step, the calibration units (CU) of EPID image were scaled to dose by using linearity function 

(𝑓𝑑𝑜𝑠𝑒) between CU and absorbed dose in water at depth 10 cm. Linearity function (𝑓𝑑𝑜𝑠𝑒) can be 

written as follows: 

𝑦 = 𝐴𝑥 + 𝐵                                                                  (2) 

where y is linearity function (𝑓𝑑𝑜𝑠𝑒), A is the first constant parameter for linearity function, x is CU 

of EPID image, and B is the second constant parameter for linearity function. 

Second step, beam profile difference between EPID and water was corrected with ratio between 

diagonal profile of water and profile of EPID which was named beam profile correction (𝑀𝐹𝐹𝐹
2𝐷 ). 

Polynomial fourth order function was used for beam profile correction factor to improve accuracy of 

curve fitting. It can be written as follows: 

𝑦 = 𝐶𝑥4 +𝐷𝑥3 + 𝐸𝑥2 + 𝐹𝑥 + 𝐺                                                           (3) 

where y is beam profile correction factor (𝑀𝐹𝐹𝐹
2𝐷 ), x is distance from beam central-axis, C, D, E, F, 

G is the first, second, third, fourth, and fifth constant parameter, respectively. 

Third step, the collimator scatter difference between EPID and water was corrected with response 

ratio between EPID collimator scatter and water collimator scatter which was named collimator scatter 

correction (𝑆𝑓𝑠). Polynomial third order function was used for collimator scatter correction (𝑆𝑓𝑠) to 

improve accuracy of curve fitting. It can be written as follows: 
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𝑦 = 𝐻𝑥3 + 𝐼𝑥2 + 𝐽𝑥 + 𝐾                                                        (4) 

where y is collimator scatter correction (𝑆𝑓𝑠), x is the equivalent square radiation field size, H, I, J, 

K is the first, second, third, fourth, and fifth constant parameter, respectively. 

The fourth step, residual error between three previous steps and water distribution was corrected 

with water kernel (𝐾𝑤𝑎𝑡𝑒𝑟) using King et al. [18] method. Exponential function was used for water 

kernel (𝐾𝑤𝑎𝑡𝑒𝑟) to reduce residual error. It can be written as follows: 

𝑦 = 𝑒−(𝑎1𝑟) + 𝑎2𝑒
−(𝑎3𝑟) + 𝑎4𝑒

−(𝑎5𝑟)                                              (5) 

where y is water kernel (𝐾𝑤𝑎𝑡𝑒𝑟), r is the distance from beam central-axis, a1, a2, a3, a4, a5 is the 

first, second, third, fourth, and fifth constant parameter, respectively. 

2.2 Model validation 

The model accuracy was validated with 12 arcs of VMAT plans in brain case by comparing between 

our EPID-based dosimetry and TPS dose calculation in water. In addition, MapCHECK diode arrays 

(Sun Nuclear Corporation, Melbourne, FL) were used to confirm the result of model validation by 

comparing between diode array measurements and TPS dose calculation in water. Figure 1 shows 

flowchart of model validation. Plan data were transferred to water phantom and then dose was 

calculated using TPS algorithms. The plane dose at depth of 10 cm were exported as DICOM format 

to compare with EPID-based dosimetry. Gamma passing rates (GPR) were used to determine the 

agreement between EPID-based dosimetry and TPS dose calculation using criteria of 3%, 3mm, 2%, 

2mm, and cut-off threshold at 10%. 

TPS

Patient plan

Virtual phantom dose calculation

Verification plan

Plane dose

Standard image calibration

Verification plan

Image Acquisition

Plane dose

EPID

comparisonPlane dose Plane dose �𝑀  𝑒  Absolute plane dose
Absolute dose calibration

With our model

 

Figure 1. Flowchart of model validation. 

3.  Results 

3.1 EPID-based dosimetry model 

Linearity function (𝑓𝑑𝑜𝑠𝑒) between CU and absorbed dose was y = 0.008x+0.011 for 6X-FFF. Figure 2 

shows the linearity curve between CU and absorbed dose at depth of 10 cm. 

Polynomial function of beam profile correction (𝑀𝐹𝐹𝐹
2𝐷 ) was 𝑦 = 3.9 × 10−4𝑥4 + 1.7 × 10−2𝑥3 −

0.29𝑥2 + 0.42𝑥 + 100. Figure 3 demonstrates a beam profile correction curve for 6X-FFF. 
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Figure 2. Linear calibration curve for 6X-FFF. 

 

Figure 3. Beam profile correction curve for 6X-FFF. 

 

Figure 4. Collimator scatter correction (𝑆𝑓𝑠), EPID collimator scatter response (Sc,p 

EPID), and water collimator scatter response (Sc,pwater) for 6X-FFF. 
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Polynomial function of collimator scatter correction (𝑆𝑓𝑠) was 4 × 10−6𝑥3 − 5 × 10−3𝑥2 +

0.02𝑥 + 0.89  for 6X. Figure 4 demonstrates collimator scatter correction (𝑆𝑓𝑠), EPID collimator 

scatter response (Sc,p EPID), and water collimator scatter response (Sc,pwater) for 6X-FFF. 

Water kernel function (𝐾𝑤𝑎𝑡𝑒𝑟) was e
(-25*r)

+(8×10
-4

)e 
(-1.5*r)

+(1.7×10
-5

)e
(-0.22*r)

, where r is distance 

from centre
 
. Figure 5 shows water kernel (𝐾𝑤𝑎𝑡𝑒𝑟) for 6X-FFF. 

 

  
Figure 5. Water kernel (𝐾𝑤𝑎𝑡𝑒𝑟) for 6X-FFF. 

 
Table 1. Results of GPR for model validation by comparing between our EPID-based dosimetry and 

TPS dose calculation in water. 

Plans GPR 

 3%,3mm 2%,2mm 

Plan 1 

     Arc no.1 

     Arc no.2 

     Arc no.3 

     Arc no.4 

     Arc no.5 

Plan 2 

    Arc no.1 

    Arc no.2 

    Arc no.3 

    Arc no.4 

Plan 3 

    Arc no.1 

    Arc no.2 

    Arc no.3 

 

Mean (SD)                                                                                 

 

99.1 

99.9 

100 

100 

100 

 

100 

100 
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100 

 

99.62 (0.53) 
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Table 2. Results of comparison between MapCHECK measurements and TPS dose calculation in 

water. 
 
Plans GPR 

 3%,3mm 2%,2mm 

Plan 1 

     Arc no.1 

     Arc no.2 

     Arc no.3 

     Arc no.4 

     Arc no.5 

Plan 2 

    Arc no.1 

    Arc no.2 

    Arc no.3 

    Arc no.4 

Plan 3 

    Arc no.1 

    Arc no.2 

    Arc no.3 

 

Mean (SD) 

 

97.1 

100 

100 

100 

100 

 

100 

98.6 

98.5 

100 

 

96 

100 

100 

 

99.18 (1.37) 

 

96.9 

100 

100 

100 

97.1 

 

98.6 

97 

95.6 

100 

 

91.3 

95.6 

100 

 

97.68 (2.67) 

3.2 Model validation 

Table 1 shows the results of model validation for 6X-FFF (brain plans) by comparing between our 

EPID-based dosimetry and TPS dose calculation in water. For gamma criteria of 3%, 3mm, mean of 

GPR was 99.62%, the lowest GPR was 98.6%, and the highest GPR was 100%. For gamma criteria of 

2%, 2mm, mean of GPR was 97.91%, the lowest GPR was 93.6%, and the highest GPR was 99.98%. 

Table 2 shows results of comparison between MapCHECK measurements and TPS dose 

calculation in water. For gamma criteria of 3%, 3mm, mean of GPR was 99.18%, the lowest GPR was 

96.0%, and the highest GPR was 100%. For gamma criteria of 2%, 2mm, mean of GPR was 97.68%, 

the lowest GPR was 95.6%, and the highest GPR was 100%. Figure 6 shows an example plane dose 

comparison between EPID-based dosimetry and TPS dose calculation. 

  

Figure 6. Example plane dose comparison between (a) EPID-based dosimetry and (b) TPS dose 

calculation. 

  
 

(a) EPID-based dosimetry 

dodosdosimetry 

(b) TPS dose calculation 
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4.  Discussions 

Our previous study [19] have evaluated EPID signal saturation with SID, and we found signal 

saturation was not occurred at 150 cm SID for 6 X-FFF; hence, 150 cm was applied during image 

acquisition in this study.  

There are two methods for EPID-based dosimetry. First, photon fluence was predicted to dose 

distribution at EPID using algorithm from Treatment Planning Systems (TPS) or independent 

algorithm, which is then compared with EPID measurement [20]. Second, EPID images were 

converted to absorbed dose at water, and then compared with dose calculation by TPS [21, 22].The 

benefit of second method is a potential to directly verify the accuracy of TPS algorithm [17, 23]. Our 

EPID-based model also performed as a second method by converting images to dose distribution in 

water at 10 cm depth.  

MapCHECK measurement represents a traditional method for patient-specific QA with low spatial 

resolution detectors (445 diodes) compared to EPIDs with high spatial resolution (1024x768 pixels). 

The results of patient-specific QA between EPID-based dosimetry (Table 1) and MapCHECK 

measurements (Table 2) indicated that EPID-based dosimetry has slightly better agreement than 

MapCHECK that could be the effect of spatial resolution detectors which was described by Benjamin 

et al. [24]. The result of EPID-based dosimetry compared to MapCHECK was similar to other 

publication [7]. 

There are two modes to acquire EPID images for dosimetry: integrated mode, and cine mode. For 

integrated mode, EPID captures a single image consisting of the average number of frames acquired 

during radiation delivery [25]. For cine mode, a sequence of multiple images are captured during 

radiation delivery instead of a single integrated image [5]. Cine mode is suitable for VMAT patient-

specific QA with a good potential to assess each control point. Since cine mode is synchronized to 

beam pulses, the frame acquisition rate depends on dose rate [26]. Our study, images were acquired 

with integrated mode to reduce dose rate effect from cine mode. Future study, we will focus on cine 

mode for FFF beams. 

5.  Conclusion 

Our EPID-based dosimetry showed good agreements with plane dose distribution in water. The study 

indicated that our EPID-based dosimetry with a simple method can perform FFF beam verification for 

patient-specific QA. 
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