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INTRODUCTION

Radiation therapy is currently the principal treatment for solid 
cancers [1]. This technique uses the X-ray dose distribution 
calculated from the patient anatomy provided by Computed 
Tomography (CT) images acquired before treatment. After all 
volumes of interest have been contoured, including the main tumor 
volume with additional clinical margins (i.e., GTV, CTV, and PTV), 
which is the principal target volume to be eradicated, in addition 
to surrounding Organs-at-Risk (OAR) that must be protected 
as much as possible [2]. Medical physics determines the optimal 
dose distribution based on the counter volumes by optimizing the 
contribution of each planning parameter. This includes gantry and 
beam angles, gantry rotation speed, collimator rotation angles, 
beam apertures, dose rate, beam weight etc. This process was 
completely manual, referring to 3D-Conformal Radiation Therapy 
(3D-CRT), which uses predefined, specific parameters and is 
called forward planning [3]. Today, with technological advances in 
Treatment Planning Systems (TPS) and dose calculation algorithms, 
and software capabilities. The treatment planning became more 
efficient, in terms of dose escalation and OAR sparing, through 
the integration of inverse planning, in which the medical physicist 
lists dosimetric goals and the TPS finds the optimal combination 
of all aforementioned parameters. This novel approach makes all 
parameters variable, meaning a variable dose rate at each control 
point, full gantry rotation in the form of an arc rather than a single 
angle, and variable beam apertures rather than predefined shapes 
[4].

The Multi-Leaf Collimator (MLC) is one of the most complex 
components of a medical Linear Accelerator (LINAC), consisting 
of two opposed banks of independent leaves. Each leaf is connected 
to its own motor, making it move synchronously with gantry 
rotation around the patient. The main role of the MLC is to 
produce X-ray beams with the same shape as the target while 
protecting healthy tissues, as shown in Figure 1 below [5,6]. The 
mechanical and technological evolution in MLC manufacturing 
enables the adoption of advanced treatment planning techniques, 
such as intensity-modulated radiotherapy, Volumetric Modulated 
Arc Therapy (VMAT), and Stereotactic Body Radiotherapy (SBRT) 
[7].

These treatment techniques, especially SBRT, require greater 
accuracy in the delivered treatment plan compared to the planned 
plan, which necessitates superior quality control protocols for 
clinical implementation [8]. These Quality Assurance (QA) tests 
can be split into two main categories, plan and machine QA. Plan 
quality assurance, also known as Patient-Specific Quality Assurance 
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radiotherapy treatment planning. Numerous errors and uncertainties in leaf 
position can impact the delivered dose distribution. Our work aims to implement 
an objective, user-experience-independent approach to efficient MLC quality 
control. A picket fence test with 9 sweeping gaps was planned in the treatment 
planning system and delivered on the aS1000 electronic portal imaging device. 
The output was compared to the TPS calculations using 3%/2 mm gamma passing 
rate acceptance criterion. The effects of dose rate, collimator rotation angle, and 
gantry rotation angle on leaf alignment accuracy, beam output, and reproducibility 
were investigated. We first notice that GPR increases for 400 MU/min compared 
to 200 and 600 MU/min, because it is the nominal dose rate of our accelerator. 
Second, the GPR decreased significantly with collimator rotation from 0° to 270°, 
highlighting the impact of rotation on leaf position accuracy. In addition, the 
global GPR decreased markedly with gantry rotation, demonstrating the effect 
of gravity on the entire mechanical system. The procedure we proposed can be 
easily implemented with no additional equipment and could provide an objective 
approach to help medical physicists track the mechanical performance of the MLC 
over time by comparing daily measurements to a pre-established baseline.
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(PSQA), consists of measuring the delivered treatment plan and 
comparing it to the TPS calculation using the Gamma-Passing 
Rate (GPR) approach by calculating the γ-index [9,10]. Machine 
QA refers to periodic controls that must be conducted for each 
component separately to ensure long-term, robust performance 
of the entire process [11]. The American Association of Physicist 
in Medicine by the Task-Group reports 142 [12] and 198 [13] 
established an end-to-end process for mechanical test to be 
performed for each component with tolerances to be respected. 
Examples of the possible tests to be periodically implemented, 
includes Spock Shot [14] test that aims to verify the MLC rotation 
angle, Picket Fence [15] that aims to verify MLC leaves alignment.

As shown in the Figure 1, the MLC is the main beam shaping device 
used in actual LINACs. Mechanical uncertainties in each leaf can 
modify the beam shape, leading to a delivered dose that differs 
from the prescription [16]. For this reason, efficient MLC QA 
programs have to be clinically implemented. Previous studies used 

2D radiochromic and gafchromic films to verify the performance 
of the MLC due to their higher resolution [15]. In our previous 
study, we used the OCTAVIUS-4D phantom to perform a user-
independent assessment of the Elekta Agility MLC [17]. I. Sumida 
et al. [18] published one of the first works on the use of EPID 
for MLC QA purpose. They used EPID to assess the robustness 
of MLC performance as a function of 4 gantry rotation angles, 
repeated 4 times over 1 month, to investigate reproducibility. J. 
Richart et al. [19] published the first work on the use of EPID 
system for dynamic MLC QA. They performed 4 main tests, 
namely the EPID signal, the Garden fence test, the Sweeping slit 
test, and the Leaf speed test, on 80 leaves of Millennium MLC 
using a Varian aS500 EPID system. In our recent work, we aim to 
conduct a picket fence test using EPID system to establish a user-
independent analysis. We also investigated the impact of gantry 
angle, dose rate, and collimator angle on the accuracy of MLC 
leaves positions.

Fig. 1. Real-world examples demonstrating the clinical utility of the multi-leaf collimator, by focusing the X-ray beam only on the tumor volume and protecting 
as much as possible the surrounding organs-at-risk, thanks to independent moving leaves.

Fig. 2. Real-world demonstration of the Varian Clinac 2300IX linear accelerator, dotted with Millennium MLC with 120 independent leaves. In addition to the 
aS1000 EPID system.

MATERIALS AND METHODS 

Millennium MLC characterization

The High Definition Linac (HDL) Varian Clinac 2300IX linear 
accelerator in our radiotherapy department is equipped with a 
Millennium multi-leaf collimator, with 60 thin, 6.5 cm-high 
leaves per bank [20]. Leaves have widths of 0.5 cm and 0.25, 

distributed as 14-32-14, with widths 0.5-0.25-0.5 cm, respectively, 
with a maximum field of 40 cm × 40 cm [21]. This geometry is 
dedicated to delivering advanced, high-quality treatment plans 
such as VMAT and SBRT. Millennium MLC is characterized by 
a rounded leaf end of 8.0cm radius and 2.5 cm/s velocity and 50 
cm/s/s acceleration [20]. One of the main characteristics of our 
accelerator is the nominal dose rate of 400 MU/min (Figure 2).

aS1000 EPID system

Traditional MegaVoltage (MV) on-board imagers, such as the 
Elekta iViewGT panel, are used to provide 2D images of internal 
and bony structures for positioning purposes before the start of the 
treatment session [22]. Recently, these imagers became not only 
used for positioning purpure but also for dose delivery tracking 
and control in Patient-Specific Quality Assurance (PSQA) context 
[23] and can also be used for in vivo dosimetry, that requires a
prior calibration between the EPID system and a known absorbed
dose [24,25]. The Clinac 2300IX LINAC in the radiotherapy
department of our institute is equipped with an aS1000 Electronic
Portal Imaging Device (EPID), mainly used for dose delivery
control. The aS1000 EPID system, studied in our work, is made

amorphous silicon and has a 40 × 30 cm2 active detector area with 
1024 × 768 pixels (spatial resolution 0.039 cm) [26].

γ-index for beam output analysis

Gamma-Passing Rate (GPR) is the worldwide-accepted approach 
for treatment Plan Quality Assurance (PSQA) for intensity-
modulated plans [9]. It consists of comparing the TPS-calculated 
dose distribution with the machine-delivered dose. It is conducted 
on a 2D detector array plugged into a phantom geometry to 
simulate patient anatomy, such as PTW Octavius-4D [27] and 
IBA MatriXX [28]. GPR is obtained by calculating the well-known 
γ-index first proposed by D. Low et al. in 1998 [29], given by the 
equation, based on two criteria: Distance-to-Agreement (DTA) Ξ 
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δd, and Dose Difference (DD) Ξ δD.

δd and δD are the numerical differences between pixels in terms 
of distance and dose, respectively. ∆d and ∆D distance and dose 
criteria (e.g. 3%/3 mm, 2%/2 mm).

In our present work, we adopt the same analysis process. We 
previously calculated all tests we would perform in the TPS as 
part of normal treatment plans. These plans will be delivered to 
the EPID and analyzed against TPS calculations. This approach 
reduces the dependency to user and medical physicist experience-
based analysis and make the process more objective.

Study design

Mainly, millennium MLC performance was evaluated using the 
famous picket fence test, which consists of numerous rectangular 

sweeping gaps that move from left to right or in reverse. These 
gaps should have specific widths and motion speeds to investigate 
the alignment accuracy of the collimator leaves. In this work, 
we planned the picket fence test in an Eclipse v15.5 Treatment 
Planning System (TPS) and compared it with the delivered plan, 
following the same PSQA procedure. The test we planned consists 
of 9 sweeping gaps, each 10 cm high and 3/5 mm wide. A total 
of 900 MU was assigned to the entire plan, with equal weighting 
across all gaps, each receiving 100 MU. The Figure 3 below gives a 
demonstration of the workflow we adopted. The effect of 3 main 
optimization parameters was investigated, including progressive 
dose rate (i.e., 200, 400, and 600 MU/min), collimator rotation 
angle (i.e., Colli°=0°, 90°, and 270°), and lastly the effect of gantry 
rotation with G°=0°, 90°, 180°, and 270°. This combination of 
optimization parameters, usually used for treatment planning, 
aims to investigate the effects of each component on leaf position 
accuracy at the hand and in the beam output, compared to TPS 
calculations.

Fig. 3. Demonstration of the proposed methodology that compares the calculated picket fence plan (left) to the delivered dose on the EPID system (right). 
Then, the resulting gamma-passing rate map (middle) identifies the failure leaves that did not achieve the programmed position.

Fig. 4. 3%/2 mm gamma passing rate variation as a function of dose rate under different collimator rotation angles for 3 mm picket fence gaps, from 4 gantry 
rotation angles.

Once the treatment plans were calculated and approved, they 
were exported to the Clinac 2300IX LINAC for irradiation using 
the ARIA v15.13 Record-and-Verify (R&V) system. Plans were 
delivered on the already calibrated aS1000 EPID for each cohort 
we programmed. 

The measured dose was exported to portal dosimetry software v15.1 
for analysis. This step compares the measured dose distribution to 
the TPS-calculated dose using specific GPR criteria. In our work, 
we chose 3%/2 mm as the GPR criteria, which provide information 
on the spatial accuracy of IMRT and VMAT plans (i.e., 2 mm) and 
the percentage difference between measurement and calculation 
(i.e., 3%). For other clinical implementations, the physicist can 
choose any criterion based on the test’s purpose.

RESULTS 
Effect of dose rate and collimator rotation on leaves 
positions

Figures 3 and 4 below show the Gamma Passing Rate (GPR) at 
3%/2 mm as a function of dose rate and collimator angle for 4 gantry 
angles. This aims to investigate variation in MLC leaf alignment 
accuracy across different clinical situations in which collimator and 
gantry rotation are required at variable dose rates. At gantry 0°, the 
GPR ranges from 73.9% for the collimator at 270° to 82.0% for 
the collimator 0°. The same pattern was observed for gantry angles 
(G°) 90°, 180°, and 270°. For G°=90°, GPR ranges from 66.3% for 
Colli°=270° to 79.5° at Colli° 0. For G°=180°, GPR ranges from 
50.1% for Colli°=270° to 61.3° at Colli° 0. And for G°=270°, GPR 
ranges from 60.8% for Colli°=270° to 73.8° at Colli°=0°.

On the other hand, for a 5mm-wide picket fence, gaps. At 
G°=0°, the GPR ranges from 69.9% for Colli°=270° to 82.9% at 
Colli°=0°. At G°=90°, GPR increases from 64.7% for Colli°=270° 
to 77.2% for Colli°=0°. For G°=180°, it ranges from 55.8% at 

Colli°=270° to 68.5% at Colli°=0°, and finally it increases from 
65.9% at Colli°=270° to 82.5% at Colli°=0° when gantry angle is 
270° (Figure 5).
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As a general pattern, we notice that GPR for Colli°=0° is always 
higher than GPR at Colli°=90°, Colli°=180°, or Colli°=270°, 
which indicates that GPR and then MLC leave the alignment 
accuracy decreases with collimator rotation. On the other hand, 
the EPID system measures the highest GPR at a 400 MU/min 
dose rate, compared with 200 MU/min and 600 MU/min. This is 
not explained by leaf accuracy but by accelerator delivery accuracy. 
Because 400 MU/min is the nominal dose rate of our accelerator. 
In addition, when comparing GPR variation at different gantry 
angles, we notice decreased accuracy from G°=0° to G°=180°, 
followed by an increase at G°=270°. This can be explained by the 
gravity effects on the entire gantry, which cause the mechanical 
components to move, resulting in lower position accuracy of the 
leaves. Furthermore, we notice a small improvement in GPR values 
comparing 3 mm gaps to 5 mm picket fence gaps. This is due to 
the delivered dose measurement: The higher the delivered dose, the 
higher the measurement accuracy.

Effect of gantry and collimator rotation on leaves 
positions

In this section, we investigate the effect of gantry rotation angle on 
GPR, which reflects MLC leaf position accuracy, under different 
collimator angles (i.e., 0°, 90°, and 270°) and 3 dose rates (i.e., 
200, 400, and 600 MU/min). Figures 5 and 6 below show GPR 
variation as a function of gantry rotation angle for both 3 mm and 
5 mm picket fence gaps, respectively. At collimator angle Colli°=0°, 
GPR decreases from 80.1% at G°=0° to 61.3% at G°=180° for 
400 MU/min dose rate, and from 81.8% for G°=0° to 58.6% for 
G°=180° at Colli°=90°. On the other hand, GPR values range from 
82.0% at Colli°=0° to 53.4% at Colli°=180°. Furthermore, these 
values were improved again for G°=270° compared to G°=180°. 
They were improved to 73.8%, 71.8%, and 70.8% for Colli°=0°, 
Colli°=90°, and Colli°=270° respectively for 3mm picket fence 
gaps.

Fig. 5. 3%/2 mm gamma passing rate variation as a function of dose rate under different collimator rotation angles for 5 mm picket fence gaps, from 4 gantry 
rotation angles.

Fig. 6. 3%/2 mm gamma passing rate variation as a function of gantry rotation angle with different beam dose rates, including the nominal 400 MU/min, from 
different collimator angles in 3 mm picket fence gaps width.

Fig. 7. 3%/2 mm gamma passing rate variation as a function of gantry rotation angle with different beam dose rates, including the nominal 400 MU/min, from 
different collimator angles in 5 mm picket fence gaps width.

On the other hand, for 5 mm picket fence gaps, 3%/2 mm GPR 
for 400 MU/min dose rate decreased from 82.9% at G°=0° to 
68.5% at G°=180° for Colli°=0°, and from 82.4% at G°= 0° to 
66.8% at G°=180° for Colli°=90°. Finally, it decreases from 79.5% 

at G°=0° to 62.7% at G°=180° for Colli°=270°. Similarly, to the 
first investigation on 3 mm gap width, GPR improved at G°=270°, 
increasing to 82.5%, 79.6%, and 75.4% for Colli°=0°, Colli°=90°, 
and Colli°=270°, respectively (Figure 7).
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In general, we observe higher accuracy with the 400 MU/min dose 
rate, followed by 600 MU/min and, lastly, 200 MU/min. It is clear 
from both Figures 5 and 6 that MLC accuracy decreases when the 
gantry rotates to G°=180° compared to G°=0° due to gravity. Then 
it increases again at G°=270°. In addition, leaf alignment accuracy 
deteriorates as the collimator rotates from Colli°=0° to Colli°=270°. 
Comparing 3 mm and 5 mm picket fence gap widths, we observe 
a small improvement in GPR measurements for the 5 mm width, 
likely due to the higher delivered dose. As we concluded before, 
the higher the delivered dose, the more accurate the measurement.

DISCUSSION

The current work implements a novel approach for efficient 
Millennium120 Multi-Leaf Collimator (MLC) Quality Control 
(QC). This approach consists of using the aS1000 EPID system 
to quantitatively assess the mechanical performance of the MLC 
using a 3%/2 mm gamma passing rate, by comparing a TPS 
calculation with the EPID-measured dose. Our work included 3 
main impacting optimization parameters, namely beam dose rate, 
sweeping gap width, and collimator and gantry rotation angles. 
This approach is beneficial for daily assessment and performance 
tracking of both MLC leaves and position accuracy, as well as beam 
output constancy.

C. Ceylan et al. [30] used the iViewGT as a portal imaging system
in the Elekta VersaHD accelerator. The approach has the same
objective as ours, but the analysis is performed based on grey-
level pixels rather than a GPR map. They compared a reference,
error-free plan with intentional-error picket-fence plans, then
investigated the effect of these errors on the quality assurance of
15 SRS and SBRT treatment plans. C. Kalavagunta et al. [31]
performed a global verification of t h e MLC systems of 11 Varian
linear accelerators. These tests include absolute MLC leaf position,
interdigitation MLC leaf position, picket-fence MLC leaf positions
at a static gantry angle, minimum leaf-gap setting, and volumetric-

modulated arc therapy delivery. In that work, they highlighted the 
benefit of using the EPID system for quantitative analysis of MLC 
performance over time and periodic checks. H. Zhang et al. [32] 
proposed an innovative approach based on EPID measurement. It 
consists of comparing the planned picket fence to the measured 
dose distribution using the	 famous Structural Similarity Index 
(SSIM), instead of GPR. The performance quantification was 
conducted synchronously with gantry rotation. Their work assesses 
sensitivity to MLC positioning errors across 3 Varian accelerators: 
Trilogy, TrueBeam, and Edge. In this work, they report the highest 
SSIM sensitivity for MLC error detection compared to the GPR 
approach. M. Rodr´ıguez and co-workers [33] conducted a similar 
work on aS1000 EPID system to efficiently analyze the performance 
of the 120-leaf Millennium MLC by comparing a set of calculated 
and delivered plans based on the GPR approach.

CONCLUSION

As the multi-leaf collimator is a key component of intensity-
modulation-based treatment plans. Efficient and powerful quality 
assurance programs must be clinically implemented to ensure good 
workflow. Our findings underscore the effects of collimator and 
gantry rotation on the spatial positions of MLC leaves. In addition 
to the effect of beam dose rate, it may be beneficial to investigate 
the beam output's consistency in a specific setup.

Based on our results, we strongly recommend paying close 
attention during plan optimization when it is necessary to rotate 
the collimator at multiple irradiation angles or to use an arc therapy 
scheme. Because leaves' position accuracy dramatically decreases 
with collimator and gantry rotation. Even if MLC rotation is 
clinically and dosimetrically recommended, furthermore, the 
optimal dose rate to be used should be carefully selected, due to 
variation in GPR as a function of dose rate within the same static 
beam.
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