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INTRODUCTION

Malignant tumors can be treated using External Beam Radiotherapy 
(EBRT), which utilizes increasingly complex technologies like 
three-dimensional conformal radiotherapy, intensity modulated 
radiotherapy or volumetric arc therapy. All three types of therapy 
require both geometric precision and dosimetric accuracy 
throughout the treatment process so that healthy tissue is not 
damaged by radiation regardless of where it is located in relation 
to the tumor [1,2].

The medical Linear Accelerator (LINAC) is the primary treatment 
delivery device used in EBRT (External Beam Radiation Therapy). 
The LINAC is an extremely advanced delivery system, and it is a 
system that is ultimately a safety critical system made up of many 
mechanical, electronic, and software components. When a LINAC 
deviates in its dosimetric accuracy, it can create a significant 
clinical outcome such as inaccuracy in dose delivery, decrease in 
tumor control probability, or increase in normal tissue damage. 
For this reason, it is essential that the LINAC system operates with 
reliability and consistency before any modern radiotherapy system 
can be successfully delivered to the patient.

Quality Assurance (QA) programs have therefore become an 
essential part of the radiotherapy department all over the world. 
A thorough QA program has been developed with the purpose of 
systematically checking whether the LINAC is operating within 
established tolerance limits, and is compliant with both national 
regulations and international guidelines (ASRT, 2000) [3]. QA 
programs not only aim to identify machine failures, but also to 
try and prevent machine failures before they occur. QA is a 
multidisciplinary process involving medical physicists, radiation 
oncologists, and radiation therapists [4].

A comprehensive quality assurance program for a medical linear 
accelerator usually includes three major areas are where controls 
related to electrical and operational safety take place to ensure 
that patients, employees, and the public are protected. This area 
of concern falls within the operational area, and includes various 
components that provide safety; these components include 
verification of interlock systems, emergency stop controls, beam-
on indicators, collision detection, and audio-visual monitors for 
patient safety [5]. Secondly, the importance of mechanical accuracy 
in the maintenance of the geometric integrity of the treatment 
delivery process cannot be overstated. Mechanical quality assurance 
is primarily focused on parameters that include the accuracy of the 
gantry, collimator, and couch position, as well as isocenter stability, 
optical distance indicators, lasers, and field size. Any inaccuracy in 
the mechanical aspects of the equipment has the potential to result 
in geometric inaccuracy in the treatment delivery process, especially 
in cases of highly conformal treatments [6]. Third, dosimetric 
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stability ensures the accurate and repeatable administration of the 
prescribed dose. The dosimetric quality assurance process involves 
the verification of the constancy of the beam output, beam quality, 
symmetry, flatness, and uniformity of the photon and electron 
beams [7].

Various organizations including the IAEA, AAPM, ESTRO, 
IEC, and ICRU have produced international recommendations 
for linear accelerator quality assurance. Clinical environments, 
available resources, and regulations in your area will determine how 
international guidelines are implemented. Local single-center QA 
implementation experiences are therefore valuable because they 
provide practical examples of implementing recommendations in 
practice [8-12].

This study describes the process of implementing a comprehensive 
quality assurance program for a medical linear accelerator at a public 
oncology center in Morocco. In addition to routine operational 
safety tests, verification of mechanical accuracy, and dosimetric 
testing at predetermined intervals, this study provides a summary 
of the results of routine QA procedures, with particular emphasis 
on conformance to established tolerance limits, thereby illustrating 
the efficacy of the QA process.

Although international guidelines define recommended QA 
procedures, limited data are available describing the practical 
implementation of a fully integrated QA program in public 
oncology centers within resource-constrained environments.

In order to provide effective radiotherapy treatment for patients 
with gynecological tumours, in addition to ensuring equipment is 
functioning correctly, the patient must also be a focus of attention 
for ongoing quality assurance throughout the entire patient care 
process. Because of the wide variety of pelvic anatomy and degree 
of motion that occur between daily treatments (due to variability in 
the filling of the bladder and distension of the rectum), it is vital that 
quality control is maintained throughout all steps involved with 
obtaining the treatment (simulation, planning and delivery). This 
includes having the patient positioned in a reproducible manner; 

employing standardised patient preparation protocols; delineating 
tumour and organ at risk accurately; and performing systematic 
verification of the treatment plan, as these issues can contribute 
to geometric uncertainty and lead to dose delivery errors. The 
implementation of Image-Guided Radiotherapy (IGRT) allows the 
daily verification and correction of setup errors, thus ensuring that 
the prescribed dose is delivered precisely to all designated target 
volumes. Integration of quality assurance for the patient with 
existing machine quality assurance programmes is fundamental to 
achieving accurate implementation of the treatment, compliance 
with international dose delivery standards, and optimised clinical 
outcomes for patients receiving external beam radiotherapy for 
gynecological cancers [13-15].

MATERIALS AND METHODS 

QA program and test frequency

QA activities were categorized by frequency: Daily (Q), Weekly 
(W), Monthly (M), Semiannual (SA), and Annual (A). Tolerance 
limits were based primarily on AAPM TG-142 recommendations 
[3] and the IAEA TRS-398 dosimetry protocol [16].

The evaluated LINAC delivered photon beams (6 MV and 18 MV) 
and electron beams (9–18 MeV).

Electrical and functional safety controls: Electrical and functional 
safety QA comprised daily safety testing of all electrical equipment. 
This included radiation warning sign verification, door interlock 
verification with immediate beam termination upon door opening, 
emergency stop button verification to ensure beam interruption 
within one second, beam-off console verification, anticollision 
system verification, audiovisual patient monitoring, and response 
to power failure (Figure 1). All safety interlocks were systematically 
tested under simulated fault conditions to confirm reliable and 
immediate beam interruption, ensuring full compliance with 
operational safety requirements.

Fig. 1. Treatment-room safety and monitoring systems for an Elekta linear accelerator: (A) Warning indicator light; (B) Treatment-room  door interlock; (C) 
In-room emergency stop button; (D) Emergency stop button at the treatment console; (E) Anti-collision detector; (F) Handheld control pendant for an Elekta 

medical linear accelerator; (G–H) Audiovisual monitoring system.
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Mechanical quality assurance: Mechanical QA included 
verification of the mechanical isocenter (tolerance ≤ 1 mm), gantry 
and collimator angle accuracy (tolerance ≤ 0.5°), Optical Distance 
Indicator (ODI) accuracy (± 1 mm), field size accuracy and jaw 
positioning (± 2 mm), light–radiation field coincidence (≤ 2 mm), 
treatment couch translational and rotational accuracy (± 2 mm/≤ 
0.5°), laser alignment (≤ 2 mm), and assessment of Multileaf 

Collimator (MLC) positioning and leakage. Measurements were 
performed using calibrated mechanical tools, Gafchromic films 
with PMMA buildup, graph paper verification, and alignment 
phantoms to ensure reliable geometric accuracy and reproducibility 
(Figures 2 and 3). Tolerances were based on AAPM TG-142 
recommendations [13].

Fig. 2. Alignment and leveling quality assurance of the Elekta medical linear accelerator, showing (I–J) Gantry and collimator alignment reference lines, (K) 
Treatment head and beam exit window inspection, (L) Spirit-level–based verification of vertical and lateral alignment, (M) Treatment couch flatness and 

longitudinal leveling check, and (N) Digital inclinometer and precision level used for angular and couch alignment measurements.

Dosimetric quality assurance: Dosimetric reference conditions: 
Dosimetric QA included annual absolute dose calibration under 
standard reference conditions (SAD=100 cm, 10 × 10 cm² field 
size, and 200 monitor units) using a water phantom, calibrated 
ionization chamber(s), and an electrometer, with appropriate 
temperature–pressure corrections (Figure 4). Absolute calibration 
was performed according to the IAEA TRS-398 absorbed-dose-to-
water protocol, with a target tolerance of ± 1% to ensure accurate 
and traceable dose delivery (Figure 3). Routine dosimetric QA 

comprised daily output constancy checks (± 3%), weekly trend 
monitoring, and monthly output verification (± 2%), together 
with evaluation of beam symmetry and flatness (± 2%), photon 
beam quality index (TPR20/10), and electron beam depth 
parameters (R80/R50). Routine measurements were performed 
using dedicated QA devices and software, and all results were 
systematically compared against commissioning reference values 
to confirm long-term dosimetric stability and consistent beam 
performance.

Fig. 3. Mechanical and geometric quality assurance tests of the medical linear accelerator, illustrating (O) Collimator and field aperture inspection, (P) Light 
field–radiation field coincidence test using graph paper, (Q) Gantry–collimator isocenter verification setup, (R) Laser alignment and isocenter check, (S) Optical 

Distance Indicator (ODI) verification, and (T) Gantry angle and mechanical accuracy assessment.
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RESULTS

All electrical safety systems of the medical linear accelerator operated 
correctly throughout daily quality control. Emergency stop buttons, 
door interlocks, beam-off systems, anticollision devices, and 

audiovisual patient monitoring functioned reliably, with immediate 
beam termination triggered by door opening, emergency stop 
activation, or power interruption. No electrical or safety-related 
faults were observed (Table 1).

Fig. 4. Experimental setup for beam data acquisition and dosimetric quality assurance of the medical linear accelerator, showing (U) The 3D water phantom 
system, (V) Ionization chamber and accessories, (W) Data acquisition and analysis software interface, and (X) The electrometer used for dose measurements.

Tab. 1. Electrical safety system 
quality control (Daily, Q). Test Conditions/Check Result (Yes/No)

Indicator lights (Q) Accelerator/Room door/Control console Yes 

Emergency stop (Q) Verify emergency stop during irradiation Yes 

Beam interrupt/irradiation stop (Q) Verify beam stops immediately Yes 

Anticollision system (Q) Collision limit → immediate stop of 
equipment Yes 

Surveillance system (Q) Audio and video verification Yes

Door interlock (Q) Open/close door during irradiation → 
beam stop Yes 

Radiation beams (Q) Select radiation type and energy Yes 

Status lights during irradiation (Q) Red=irradiation, Green=stop Yes 

Door test during irradiation (Q) Open/close door: Green=beam latency, 
Red=beam operation Yes 

Power cut (Q) Power off → beam stops Yes 

Accessories (Q) Accessories in good condition Yes 

Monitor energy (Q) Verification Yes 

As summarized in Table 2, mechanical quality control confirmed 
excellent geometric accuracy and stability. The mechanical 
isocenter deviation was 0 mm (tolerance ± 1 mm), and the optical 
distance indicator (ODI) remained within ± 1 mm across the 
clinical range. Gantry and collimator angle deviations were small 
(0.2° and 0.1°, respectively) and below the 0.5° tolerance. Field size 
constancy, jaw positioning, beam axis–collimator axis coincidence, 

and light field–radiation field agreement all met specifications (≤ 
1 mm). Treatment couch performance was highly consistent, with 
translational errors ≤ 0.2 mm and rotational error 0.3°, while laser 
alignment was maintained within 1 mm. Multileaf collimator 
checks showed reproducible leaf positioning with no clinically 
significant interleaf leakage.
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A complete dosimetric QA plan was developed to meet 
international guidelines (IAEA TRS-398 and AAPM TG-51/TG-
142). It included daily, monthly, and yearly check-ups to verify 
the stability of the beam, the output, and the energy of the beam. 
For daily QA includes photon and electron output constancy (± 
3%) measured using a calibrated ionization chamber and a solid 
phantom. Monthly QA included output verification with tighter 
limits (±2%), beam symmetry and flatness assessment (± 2%), 
energy constancy checks using TPR20/10 for photons and R50 for 
electrons (± 2%), and verification of output factors for clinically 
relevant field sizes. Annual QA involved absolute dose calibration 
in water under reference conditions (10 × 10 cm² field size, SAD 
100 cm) following IAEA TRS-398, along with full beam data 

verification (PDD curves, TPR measurements, beam profiles, and 
output factors), with an absolute calibration tolerance of ±1%.

Overall, dosimetric quality control demonstrated stable 
performance for both modalities: Tables 3 and 5 shows that electron 
beam quality indices (R80/R50) for 9–18 MeV matched acceptance 
values and profiles satisfied symmetry/uniformity requirements, 
while photon beam quality remained unchanged with D (10 cm) 
=67.34% (6 MV) and 77.99% (18 MV) and TPR20/10=0.683 
(6 MV) and 0.775 (18 MV) in Figure 5, the photon profiles also 
showed adequate uniformity and symmetry for standard and large 
fields, and weekly routine output checks confirmed no clinically 
relevant output drift (Table 4).

Tab. 2. Mechanical quality 
control of the linear 
accelerator (Monthly/
Semiannual/Annual).

Test (Frequency) Setup/Conditions Equipment Measured result Tolerance Validity

Mechanical 
isocenter (M)

Gantry 0°, 
Collimator 0°, SSD 

100 cm

Phantom + 
radiographic film 0 mm ≤ 1 mm Yes

ODI/Telemetric 
distance (M)

Gantry 0°, 
Collimator 0°, SSD 

80–120 cm
Graduated rod 0 mm ± 1 mm Yes

Gantry angle (M)
Gantry 0°–270°, 

Collimator 0°, SSD 
100 cm

Spirit level 0.2° <0.5° Yes

Collimator angle 
(M)

Gantry 90° or 
270°, Collimator 
0°, SSD 100 cm, 

max field

Spirit level 0.1° <0.5° Yes

Field size (M)

Gantry 0°, 
Collimator 0°, SSD 
100 cm; fields 5 × 

5/ 10 × 10/ 20 × 20

Graph paper 0.3 mm ± 2 mm Yes

Collimator jaws 
(M)

Gantry 0°, 
Collimator 0°, SSD 
100 cm; field 40 

× 40

Graph paper 1 mm ± 2 mm Yes

Collimator axis vs. 
beam axis (M)

Gantry 0°, SAD 
then SAD 40 Graph paper 0.2 mm ≤ 1 mm Yes

Light field vs. 
radiation field (M)

Gantry 0°, 
Collimator 0°, SSD 
100 cm; 10 × 10

Gafchromic film + 
PMMA 0.5 mm ≤ 2 mm Yes

Couch (M) Gantry 0°, SSD 
100 cm Spirit level

V: 0.2 mm; Lat/
Long: 0.2 mm; Rot: 

0.3°

V: ± 2 mm; Lat/
Long: ± 2 mm; Rot: 

≤ 0.5°
Yes

Lasers (M, S)
Gantry 0°, 

Collimator 0°, 10 
× 10

Dedicated 
phantom 1 mm ≤ 2 mm Yes

MLC leaves (S)
Gantry 0°, 

Collimator 0°, SSD 
100 cm

XOMAT-V film + 
densitometer + 

graph paper

0 mm (measured); 
0.1 mm 

(resolution)

Centering ≤ 1 
mm; Accuracy and 

repeatability ≤ 
1 mm

Yes

MLC leaves (A)
Gantry 0°, 

Collimator 0°, SSD 
100 cm

XOMAT-V film + 
densitometer + 

graph paper
0 Acceptance test

Interleaf leakage 
(acceptance); 
alignment and 

orthogonality ± 1°; 
bank sag ≤ 1 mm



©Oncology and Radiotherapy 20(1) 2026: 001-009

6  -

Tab. 3. Electron beam quality 
indices (R80) measured during 
acceptance and routine 
quality control (SSD=100 cm, 
applicator 10 × 10 cm²).

Modality Parameter Energy/Field Acceptance (The 
reception) Routine QC (Control)

Electrons R80 (mm)

E9 (10 × 10 applicator) 33.9 35.4

E12 (10 × 10 
applicator) 46.33 47.67

E15 (10 × 10 
applicator) 60.51 59.41

E18 (10 × 10 
applicator) 69.44 70.02

Photons

D (10 cm) (%) X6 (10 × 10 field) 67.34 67.34

TPR20/10 X6 (10 × 10 field) 0.683 0.683

D (10 cm) (%) X18 (10 × 10 field) 77.99 77.99

TPR20/10 X18 (10 × 10 field) 0.775 0.775

Tab. 4. Electron profile QA. Energy Applicator Direction Metric Acceptance Routine QC

E9 10 × 10 A–B

Dmax (%) 100.99 100.99

Symmetry −(50–90%) 5.5 5.5

Symmetry +(50–90%) 5 5

E9 10 × 10 G–T

Dmax (%) 101.21 101.21

Symmetry −(50–90%) 5 5

Symmetry +(50–90%) 4.5 4.5

E15 10 × 10 A–B

Dmax (%) 100.45 100.45

Symmetry −(50–90%) 6.2 6.2

Symmetry +(50–90%) 6.2 6.2

E15 10 × 10 G–T

Dmax (%) 101.24 101.24

Symmetry −(50–90%) 5.7 5.7

Symmetry +(50–90%) 5.4 5.4

Tab. 5. Electron beam profile 
uniformity and symmetry 
results for different energies 
and applicators

Field (cm²) Direction Metric X6 Acceptance X6 Routine QC X18 
Acceptance

X18 Routine 
QC

10 × 10 G–T
Homogeneity (%) 104.67 104.72 105.46 105.42

Symmetry (%) 101.25 101.3 100.67 100.73

10 × 10 A–B
Homogeneity (%) 104.71 104.82 105.85 105.82

Symmetry (%) 100.33 100.25 100.84 100.79

30 × 30 G–T
Homogeneity (%) 104 104.12 102.45 102.41

Symmetry (%) 100.64 100.59 100.46 100.51

30 × 30 A–B
Homogeneity (%) 103.78 103.7 103.44 103.54

Symmetry (%) 100.53 100.48 100.67 100.68

20 × 20 G–T
Homogeneity (%) 105.78 105.9 103.32 103.38

Symmetry (%) 100.65 100.7 101.18 101.12

20 × 20 A–B
Homogeneity (%) 100.16 106.13 104.15 104.1

Symmetry (%) 101.28 101.34 101.79 101.87
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The findings show that the electrical, mechanical and dosimetric 
measurements all met their respective tolerance criteria with no 
deviations beyond action levels. The system’s safety interlocks, 
geometric accuracy and beam characteristics were shown to be 
consistent; thus providing assurance of the system’s robustness, 
stability and reliability of the beam characteristics being delivered. 
Through the combined test results, the operational integrity and 
clinical readiness of the accelerator for routine use in radiotherapy 
has been shown to be established.

DISCUSSION

The effective operation of all the electrical safety systems that were 
reviewed in this investigation provides evidence of the structural 
soundness of the accelerator's safety system and its conformity to 
internationally recognised QA procedures. The emergency stop 
buttons, door interlock devices, beam-off devices, anticollision 
devices and audio and video monitors are all considered safety 
barriers and are fundamental to preventing the accidental 
irradiation of individuals. As outlined in the International QA 
guidelines, the frequency and systematic verification of these 
devices is strongly emphasised due to the potential for major 
patient safety issues and radiation safety issues should any of these 
devices fail [13]. The immediate termination of the beam observed 
during testing during simulated fault conditions confirms that 
there is strong support from multicenter QA audits showing that 
strict compliance with interlocks testing will reduce the chance 
of accidental exposure incidents and improve the reliability of 
operations.

Excellent geometric stability of the method of mechanical quality 
control was demonstrated, because there was no measurable 
mechanical isocenter deviation and the optical distance indicator 
was accurate to within a sub-millimetric range. The very small 
angular deviations of the gantry and collimator further confirm 
that the structure and angularity of the entire treatment unit are 
structurally sound and rotationally stable. The results also compare 
well with previously published institutional QA series data, 
which report typical mechanical isocenter deviations of 0.5 to 1 
mm and angular deviations of 0.3 to 0.5° for machines that are 
in good working order [14]. This level of geometric precision has 
been proven to be crucial to the delivery of IMRT and VMAT 

techniques since various research studies have documented that 
exceeding tolerance levels for rotational and/or translational errors 
narrow margins for target coverage and/or increase doses to organs 
at risk.

The satisfactory agreement of the field size, jaw position, beam axis 
coincidence, and light-radiation field agreements evaluated in this 
assessment is consistent with previously reported performance data 
from clinics that have employed TG-142-based Quality Assurance 
(QA) programmes. Additionally, satisfactory MLC performance is 
corroborated by the literature for MLC position accuracy being 
consistently ≤ 1mm in order to decrease dose calculation-delivery 
errors associated with these modulated treatments [15].

From a dosimetric perspective, the stability of photon and electron 
beam quality indices demonstrates long-term constancy of beam 
energy and penetration characteristics. Electron R80 and R50 
values remained unchanged across the tested energy range, while 
photon beam parameters, including D (10) and TPR20/10, were 
consistent with commissioning data. Comparable longitudinal 
studies have reported similar stability over multi-year periods 
when systematic QA protocols are applied, with output variations 
typically remaining within ± 1–2% under controlled conditions 
[16]. The absence of clinically significant output drift in the 
present study is therefore consistent with international experience 
and supports the reliability of the commissioned beam model 
used in the treatment planning system. Maintaining such stability 
is essential to ensure compliance with the overall ± 5% dose 
accuracy objective recommended by the ICRU for external beam 
radiotherapy [17], which requires combined control of calibration, 
beam quality, geometry, and patient setup.

Overall, the findings are consistent with published evidence 
demonstrating that structured, guideline-driven QA programs 
can maintain high levels of machine performance and dosimetric 
accuracy over time. Although limited to a single-center experience 
without independent external audit verification, the results 
are comparable to those reported in international QA audits 
and institutional performance studies. These data reinforce 
the importance of systematic implementation of international 
recommendations in ensuring long-term treatment quality and 
patient safety, as advocated by organizations such as the IAEA and 
professional medical physics bodies [18].

Fig. 5. Photon beam profile measurements acquired in a water phantom, illustrating lateral dose distributions for different field sizes and depths, analyzed using 
the beam data acquisition software during routine dosimetric quality control of the medical linear accelerator.
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Patient-focused QA procedures will also help ensure that gynecologic 
external beam radiotherapy can be safely and precisely delivered to 
patients, as our previously published works have shown. Specific 
patient-focused QA begins at the simulation stage by verifying 
that patients can reproduce their positions reproducibly and by 
providing them with the necessary immobilization devices. During 
simulation, it is important for patients to adhere strictly to the 
bladder and rectal preparation guidelines to minimize any pelvic 
organ motion that may occur between treatment fractions. Prior to 
the first fraction of treatment, laser alignment and reference marking 
will be checked for accuracy; these two procedures will include 
ensuring the accuracy of laser alignments and reference markings. 
Before planning approval, delineation of treatment targets and 
organs at risk will be peer-reviewed to minimize variability in 
delineation and avoid excessive normal tissue irradiation. The 
following parameters will be evaluated when evaluating a treatment 
plan to verify adherence to performance/directive criteria: The 
prescribed dose, planning target volume coverage, ability to 
contain hotspots, and compliance with the dose to the bladder, 
rectum, bowel and femoral heads. Prior to initiating treatment, an 
independent Monitor Unit calculation will be performed to aid in 
the verification of the accuracy of the dose delivered [19]. During 

treatment, Image-Guided Radiotherapy (IGRT), typically using 
daily or scheduled using Electronic Portal Imaging Device (EPID), 
or Cone Beam Computed Tomography (CBCT)is implemented to 
assess setup accuracy and apply necessary couch corrections, with 
systematic documentation and periodic review of setup shifts. 

Weekly on-treatment chart reviews further ensure protocol 
adherence, monitor anatomical changes, and identify cases 
requiring adaptive replanning [20]. Together, these clinical and 
workflow (Figure 6) quality assurance measures translate machine-
level dosimetric and geometric accuracy experimentally validated in 
cervical cancer pelvic treatments using a female anthropomorphic 
phantom and Optically Stimulated Luminescence Dosimeters 
(OSLDs) [21] into individualized, safe, and reproducible 
radiotherapy delivery for patients with gynecological malignancies.

As Figure 6 shows, the conceptual model showing the integration 
of technical, geometric, and dosimetric quality control measures 
across successive levels of the radiotherapy workflow. The approach 
ensures that validated machine performance is progressively 
translated into accurate treatment planning and safe delivery for 
cervical cancer pelvic radiotherapy.

Fig. 6. Multilevel quality assurance framework linking machine performance to clinical precision in pelvic radiotherapy for cervical cancer.

CONCLUSION

By systematically linking technical precision to patient positioning 
and dose verification, this approach enhances the reliability of 
high-precision techniques such as IMRT and VMAT in pelvic 
radiotherapy. Rigorous multilevel QA therefore directly supports 
treatment safety, optimizes tumor control, and reduces normal 
tissue toxicity, underscoring its essential role in modern cervical 
cancer radiotherapy.
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