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Abstract

Purpose: The goal of this study was to evaluate the use of EBT-XD film for SRS/SBRT 

commissioning in a 1.5T hybrid MR-Linac (MRL).

Method: The output factors (St), from 1x1, 2x2, 3x3 cm2, were measured with film in solid 

water. The results were compared with (1) the measurements by a PTW diamond detector (CVD) 

and an Exradin® A26MR ion chamber in 3D water phantom; (2) Monte Carlo calculation by 

Monaco TPS (MTPS) in water. The inline (IN) and crossline (CR) profiles, measured by films 

and the CVD, were also compared. An SRS plan with two targets was created in MTPS and was 

measured with EBT-XD film in a StereoPHAN™ phantom serving as an end-to-end test. The 3x3 

cm2 was used for film calibration with doses ranging from 0 to 28 Gy. Water was added to the 

phantom-film-phantom interface to reduce the electron-return-effect (ERE). Films were calibrated 

with One-scan-dosimetry protocol.

Results: The film St were within 1.2% and 2.2% compared to other detectors and MTPS 

respectively. At the central B-field induced asymmetric region, films were within 0.6% between 

the CVD and the MTPS, but 5–8% differences were observed in the 40%-5% gradient region in 

CR due to ERE. The differences in localization and dose were found to be 0.6 mm and 3.3%. The 

γ(3%/2mm), γ (5%/2mm), γ (5%/1mm) were 97.7%, 99.3%, 94.6%.

Conclusions: Films can provide accurate dosimetric results under ERE and are valuable 

for commissioning MRL. Using the One-scan-dosimetry protocol with EBT-XD film for MRL 

increases accuracy and efficiency in commissioning and QA of SRS/SBRT.
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1. Introduction

The 1.5 Tesla (T) magnetic (B) field of Unity (Elekta, Stockholm, Sweden) MR-Linac 

(MRL) creates a high-intensity Lorentz force on ferrous materials rendering many 

conventional quality assurance (QA) detectors inoperable and poses significant challenges 

for clinical physicists. B-field induced Lorentz force changes the trajectories of scattering 

electrons in phantom resulting in additional dose deposition at the interface, asymmetric 

beam profiles and shifts from the central axis [1]. The effect called electron return effect or 

ERE is more pronounced at the tissue-air interfaces [2], and can cause significant dosimetric 

impact, such as higher dose in the air-water interface, in magnetic field >0.75 T. Even with 

MR-compatible equipment, the B-field, which still interacts with the scattered electrons 

inside the detectors, increases the measurement uncertainties during the commissioning 

of the treatment planning system (TPS) and adds an additional layer of complexity to 

the work of clinical physicists. A recent quality assurance (QA) report by the MRL 

Consortium provides useful guidelines for many testing methods and detector limitations 

[3]. In particular, the radiochromic film, which has been used extensively for conventional 

[4–7] and small field dosimetry [8,9] in non-MRI radiation therapy, is recommended for 

dosimetric measurements and verification in the presence of B-field because of its nonactive 

property [3]. The B-field, nevertheless, still has some impacts on polymerization of the film 

[10–12] rendering certain conventional film techniques, such as film calibration without 

B-field, invalid, and non-negligible effects were found to be present in 0.35 T B-field 

[13,14]. Gafchromic EBT3 film (Ashland Specialty Ingredients, Bridgewater, NJ, USA), 

with a recommended dose range of less than 10 Gy, has been investigated extensively in 

the presence of B-field [3,10–14]. Film with a higher dose range, such as Gafchromic 

EBT-XD film (Ashland Specialty Ingredients, Bridgewater, NJ, USA), is more appropriate 

for high dose (>10 Gy) delivery and has not been investigated yet. The goal of our study 

was to evaluate the use of Gafchromic EBT-XD film for the commissioning of stereotactic 

radiosurgery (SRS) and stereotactic body radiation therapy (SBRT) in MRL. To the best 

of our knowledge, this is the first investigation of small field dosimetry with Gafchromic 

EBT-XD film on a 1.5T MRL.

This paper focuses on evaluating the feasibility of using EBT-XD film in the commissioning 

of small fields in MRL in order to improve efficiency and ensure the safe delivery of SRS/

SBRT in MRL. Following the introduction, film calibration under B-field is described, and 

the comparison of the film along with MR-compatible detectors and Monte-Carlo based 

dose calculations in phantom is presented. Finally, the dosimetry and localization accuracy 

of an end-to-end test (E2E) with film are discussed.

2. Materials and methods

2.1. System description

The Unity MRL is a combined 1.5T MR scanner and 7X-FFF Linac. The source-to-axis 

distance (SAD) is 143.5 cm (see Fig. 1). The TPS used in this study was Monaco 

TPS (MTPS) v.5.40.01 (Elekta, Stockholm, Sweden) which is a Monte Carlo-based dose 

calculation system. All dose calculations were performed using an isotropic dose grid of 1.0 

mm and a statistical uncertainty of 0.5%.
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2.2. Study design

An E2E test, an evaluation process of a complete clinical workflow, including CT scanning, 

treatment planning, pre-treatment imaging, online adaptation, and delivery, was performed 

with films and a StereoPHAN™ (Sun Nuclear Corp, Melbourne, FL, USA). Films were 

placed inside an MR-compatible film insert. The exposed films were scanned and calibrated 

using the One-scan protocol and film dosimetry for SRS/SBRT [4,5,7,9] to improve 

calibration accuracy by minimizing the scan-to-scan variation and using a small field for 

calibration. The output factors (St), measured from the calibrated films, were compared 

with those measured with microDiamond (CVD) (PTW, Freiburg, Germany) and Exradin® 

A26MR ion chamber (Standard Imaging, Middleton, WI, USA). The profiles measured with 

CVD and Semiflex 3D (PTW, Freiburg, Germany) were also compared to those measured 

with film. The recorded doses on the calibrated E2E films were registered and compared 

with the Monaco plan using a gamma (γ) index [15] of 3%/2mm, 5%/2mm, and 5%/1mm.

2.3. Dosimetric measurements tools

The dosimetry tools used in this study include Gafchromic EBT-XD film (lot # 04282002) 

(Ashland Specialty Ingredients, Bridgewater, NJ, USA), CVD, and A26MR micropoint ion 

chamber. Solid Water® for the film calibration and irradiation; a BeamScan® MR 3D water 

tank (PTW, Freiburg, Germany) was also used for the CVD and A26MR measurements. The 

E2E test was conducted using a StereoPHAN system.

2.4. Film calibration with B-field on

2.4.1. Feasibility—First, to test the validity of Gafchromic EBT-XD film in measuring 

small fields in the B-field, a set of EBT-XD film strips (10×13 cm2) were exposed on the 

Unity MRL at open field sizes of 1x1, 2x2, 3x3, and 10x10 cm2 with a fixed monitor unit 

(MU) of 1774 using 7MV flattening-filter-free (FFF) beam. 1774 MU, which is 16.1 Gy 

for 3x3 cm2, was chosen to represent the mid-range of the calibration curve (see 2.4.2) 

and to produce sufficient optical density for the smallest field (1x1 cm2) exposure with 

EBT-XD film. For each delivery, a film was placed inside a Solid Water® phantom stack 

(Sun Nuclear Corp, Melbourne, FL, USA) at a depth of 5 cm with 10 cm back-up phantom 

at a source-axis distance (SAD) of 143.5 cm.

2.4.2. Calibration—A triple-channel film calibration up to 28 Gy was generated based 

on a machine-specific reference of 0.908 cGy/MU with 7XFFF for Elekta Unity, at 143.5 

cm SAD, d = 5 cm, 3×3 cm2 MLC/jaw setting instead of open 10×10 cm2 field. The 3x3 

cm2 field size was used for film calibration with doses ranging from 0 to 28 Gy to minimize 

the impact of field size [4,9]. Using the built-in dose sequence calculator in FilmQA™ Pro 

(Ashland Specialty Ingredients, Bridgewater, NJ, USA), a pre-determined maximum dose 

of 28 Gy, the subsequence calibration doses were given as 21.38, 16.11, 11.78, 8.14, 5.04, 

2.35, and 0 Gy, respectively covering the typical dose range of an SRS/SBRT delivery. The 

corresponding MU were 3084, 2355, 1774, 1297, 896, 555, 259, and 0, respectively. The 

calibration curve was saved as a master calibration curve for the same film lot with the 

One-scan protocol [5] in this study.
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To minimize the magnetic field effect on the film polymerization, all the calibration films 

were exposed on the MRL [10–12]. All films were scanned with a resolution of 150 dpi 

with Epson 10000XL (Epson, Los Alamitos, CA, USA) using the One-scan method [5] with 

FilmQA Pro (see screenshot in Fig. 2). Two additional reference films, with known doses 

(20 Gy and 0 Gy), were scanned, together with each of the small open fields (3×3 cm2) 

and the clinical SRS films to eliminate the scanner and temperature effects [4,5,7,9]. The 

reference films were used to rescale the calibration function for the same scan conditions. 

Note that the One-scan protocol [5] was not developed for small fields but the methodology 

can be applied to small field dosimetry except for the different requirements on calibration 

field size [4,9].

2.5. Output factors and profiles of small open fields

For the small field verification, output factors (St) and profiles for penumbra assessment 

were measured at the depth of 5 cm for field sizes of 1x1, 2x2, 3x3 cm2. The average dose 

of an area of 5x5 mm2 around the central axis of each field size was measured. The dose 

ratios, relative to 3x3 cm2, were first calculated and daisy-chain to MTPS calculated St of 

3x3 cm2 to determine the film-based St. The MTPS calculated St for 3x3 cm2 used is 0.914. 

During the placement of each film in the Solid Water stack, a few drops of water were added 

to the film (see Fig. 3(a)) to minimize the air gap between the film and the phantom slabs 

to reduce the potential uncertainties from the ERE. Films were also submerged in water for 

the same measurement setup to evaluate the efficacy of the water droplet technique (see Fig. 

3(b)). Measurements were repeated using CVD and A26MR in the 3D water tank (see Fig. 

3(c)). Recommended small field detector output corrections [8] were applied to the readouts.

2.6. E2E test of SRS/SBRT

SRS/SBRT multi-met lesions (2 targets ranged 10–20 mm) were planned with a single 

isocenter using MTPS based on the planning CT imaging of the StereoPHAN. Fig. 4 (Left) 

shows an image of the StereoPHAN phantom. A piece of film was placed in the phantom 

cube and an adaptive plan was delivered to the phantom and measured (Fig. 4 Right).

In addition to the 2-target E2E case, three more SRS/SBRT cases were planned and 

delivered to examine the reproducibility. Table 1 summarizes all 4 cases. Fig. 5 shows 

the sagittal view of the CT of the StereoPHAN with the planning targets in Case 1. All 

prescriptions were normalized to 100% isodose line.

3. Results and discussion

3.1. Efficacy of water droplet technique in B-field

Fig 6a and b show the effect of profiles measured with film under water droplets and no 

water condition. Relative to MTPS, dosimetric uncertainties of order 2.2 % and 3.8% were 

observed in film measurements in the radial and transverse directions. With water, however, 

the measured profiles agreement to MTPS improved to within 0.7% and 1.3% in the radial 

and transverse directions. No significant differences, on average within 0.3%, were found 

between the profile measured on film when the film was placed in solid water using the 

water droplet technique and when the solid water stack along with the film was placed in 
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water. Fig. 6c and d show an example of the profile comparison measured with the two 

techniques. All the profiles were registered to the TPS profile and normalized to the center 

of the beam. Within the in-field region, films measured in both techniques show similar 

noise levels. In the penumbra region, differences were not significant and were within 

film measurement uncertainty. The results indicate the water droplet technique was able to 

eliminate the air gap around the film in the phantom without the need for submerging the 

solid water stack in a water tank.

3.2. Output factors and profiles of small open fields

The measured St, measured by films, were found to be 0.676 and 0.848 for 1x1 and 2x2 

cm2. Comparing to CVD and A12MR, the St were within 1.2% and 1.1% for 1x1 and 2x2 

cm2 respectively. The corresponding St for 1x1 and 2x2 cm2 from MTPS were found to be 

0.693 and 0.862 which were within 1.6% and 2.3% of the St measured with films (see Fig. 

7 Left). The St by CVD and A12MR were found to be within 1.3% and 3.4% from MTPS 

within the same field sizes. Within the central B-field induced asymmetric region, films were 

within 0.6% on average from the CVD and the MTPS. Radial profiles, for field sizes 1x1 to 

3x3 cm2, agree with CVD and MTPS to within <1 mm. The center of the beam was found 

to be shifted to the right by 2–3 mm in the transverse direction (see Fig. 7 Right and Fig. 8). 

Larger differences, in the order of 5–8%, were also observed between films and CVD in the 

40%-5% gradient region in crossline profiles (see Fig. 8 Right).

Similar dose differences in the penumbra region were observed in the transverse profiles 

in the 1x1 and 2x2 cm2 apertures. These discrepancies were only observed in the direction 

perpendicular to the B-field (transverse) where the ERE has the strongest influence.

Investigating the ERE impacts under the full lateral electron equilibrium condition, three 

detectors, an ion chamber, the CVD, and the film, were irradiated with a larger 10x10 cm2 

field and compared (Fig. 9). In the inline direction, the CVD and film showed sharper 

penumbra similar to a previous study [1]. In the transverse direction, where a significant 

ERE is present, film showed a different profile from the CVD in the lower dose portion 

(40–5%) of the penumbra consistent with the small field measurements.

Scattered electrons, under the influence of B-field, were bent in a circular trajectory 

resulting in hitting the detector (both CVD and film) at angles that could be significantly 

different from the incident primary beam. CVD, under the influence of high B-field, has 

been shown to have significant angular dependence in the order of 10% at 60° [1]. In the 

penumbra region, where the scattered electrons can be the dominant component of the beam, 

the CVD can show a different behavior from the films where no angular dependence was 

found [16]. As the MTPS was modeled using the CVD data, the angular dependence of 

CVD likely affected the calculation beam modeling. In addition, we have eliminated the 

film scanning orientation as a contributing factor for the discrepancy in the low dose region 

of the crossline profiles by comparing the 3x3 cm2 profiles with the film scanned in both 

portrait and landscape directions. Thus, the profiles extracted from films could be closer 

to reality under the B-field influence. Therefore, films should be considered for the MTPS 

commissioning or at the very least a verification tool.
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E2E test of SRS/SBRT—Fig. 10 shows an example of an overlay of the film and 

the Monaco treatment planning system calculation and the corresponding dose differences 

analysis. The differences in localization and dose were found to be 0.6 mm and 3.3%. The 

γ (3%/2mm), γ (5%/2mm), and γ (5%/1mm) within 50% target dose region were 97.7%, 

99.3%, and 94.6%. Within 10% target dose region, the γ (3%/2mm), γ (5%/2mm), and γ 
(5%/1mm) were 95.6%, 100.0%, and 96.3%.

Similar to the static apertures, differences in the penumbra regions were observed, and the 

MTPS under-estimated in the lower dose portion of the penumbra which can also be better 

visualized in Fig. 11. Although the results satisfy the dosimetric and localization criteria of 

5% and 1 mm respectively from the AAPM-RSS MPPG 9a guideline [17], differences in the 

penumbra region should be carefully assessed for potential clinical impacts.

The range of γ analysis of all the cases with 3%/2mm, 5%/2mm, and 5%/1mm with a 

threshold of 10% were found to be [94.9, 100.0], [99.5, 100.0], and [96.3, 99.9] respectively 

(Table 2). The lower γ (5%/1mm) results of case 1 were attributed to the failure at the 

penumbra regions.

During the MRL SRS/SBRT commissioning, we found the One-scan protocol [5], a well-

established technique for Gafchromic films in conventional radiotherapy, gave high spatial 

resolution and efficiency gains by calibrating and irradiating under the same magnetic field 

influence. In the 1.5T Unity MRL system, crossline beam profiles have been reported to be 

asymmetric and shifted from the central axis because of the strong Lorentz force [1]. Both 

profile measurements, film in phantom and CVD in water, were within 2% agreement and 

showed asymmetrically and shifted crossline beam profiles. Deviations between film and 

CVD occurred on the right side of the crossline profiles at the 40% – 5% gradient region. 

As penumbra contribution is significantly higher in smaller fields, the dosimetric uncertainty 

likely increases with decreasing field size. The film-based output factor measurements were 

also validated with two independent small detectors recommended by IAEA TRS-483 [8]. 

A clinical multiple-Mets SRS plan with a prescribed dose of 18 Gy to targets was delivered 

to the StereoPHAN phantom with a film insert. In this study, we did not apply the lateral 

response artifact (LRA) correction [18] to the SRS films’ scanning due to the small field 

sizes used in this study and the less LRA of EBT-XD film at higher doses (i.e., > 10 Gy) 

[19]. Further investigation of using other small field detectors, such as plastic scintillator, 

and an independent Monte Carlo verification [20] will be beneficial as only a limited 

number of MR compatible detectors are currently available for clinical use.

4. Conclusions

Our investigation showed that the output factors and in-field profiles agree within 2.2% in 

the high dose region among film, and PTW diamond detector (CVD) as well as micropoint 

ion chamber (A26MR) measured in water. However, the ERE was found to be a contributing 

factor (in both CVD and film or just CVD) to the uncertainty in the penumbra region 

perpendicular to the B-field for both the square and SRS fields. With appropriate care, films 

can provide accurate dosimetric results under ERE and is a valuable commissioning tool for 
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MRL. The use of the One-scan dosimetry protocol with EBT-XD film for MRL increases 

accuracy and efficiency in commissioning and QA of SRS/SBRT and small field dosimetry.
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Fig. 1. 
Left: Picture of the MRL room; Right: Structure of the MRL.
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Fig. 2. 
Screenshot of FilmQA Pro displaying EBT-XD using 3×3 cm2 MLC/jaw in Unity MRL 

with 0–28 Gy. Shown in the middle is the SRS field along with 2 known doses (20 Gy and 0 

Gy).
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Fig. 3. 
(a) Adding drops of water to the film before adding the phantom slabs on the top; (b) &(c) 

PTW BeamScan MR 3D water tank set up on the MRL couch.
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Fig. 4. 
Left: StereoPHAN with film in the water cubes; Right: The StereoPHAN in the MR coil to 

be imaged to register with the treatment plan before SRS delivery.
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Fig. 5. 
The sagittal view of the StereoPHAN CT scan with the planning targets in Case 1.
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Fig. 6. 
(a): Radial profile of film in phantom using droplet technique (film), film in phantom 

without water (film no water), and calculation by MTPS; (b): Transverse profile of film in 

phantom using droplet technique (film), film in phantom without water (film no water), and 

calculation by MTPS; (c): Inline profile of film in phantom using droplet technique (film) 

and water (film in water); (d): Crossline profile of film in phantom using droplet technique 

(film) and water (film in water).
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Fig. 7. 
Left: St field size output factors (TPS, CVD, Film); Right: Crossline profiles comparison 

(TPS, CVD, Film).
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Fig. 8. 
Left: 2x2 cm2 Crossline profiles comparison (TPS, CVD, Film); Right: 1x1 cm2 Crossline 

profiles comparison (TPS, CVD, Film).
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Fig. 9. 
Penumbrae of a 10x10 field measured with Semiflex 3D, CVD, and film; Left: Inline 

profiles comparison; Right: Crossline profiles comparison.
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Fig. 10. 
Left: TPS and Film Overlay (ROI – black 50% isodose line); Right: Dose difference 

between film and TPS.
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Fig. 11. 
Left: TPS and Film Overlay (ROI – black 50% isodose line); Right: Dose difference 

between film and TPS.
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Table 1

A summary of the clinical cases used in this study.

Case Type Target Size (cm3) Target Prescription Dose (Gy)

1 Two Targets SRS Target 1: 1.6
Target 2: 7.4

18 Gy

2 Single Target SRS 21.8 15 Gy

3 SBRT 100.9 15 Gy

4 SBRT 101.1 15 Gy
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Table 2

The table summarizes the results of the γ analysis of four cases of SRS/SBRT delivery.

γ (threshold = 10%)

Case 3%/2mm 5%/2mm 5%/1mm

1*   95.6 100.0 96.3

2 100.0   99.9 99.9

3   96.0   99.5 99.4

4   94.9 100.0 99.0

*
Case 1 is a single-iso SRS plan with 2 targets.
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