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Figure 1 Evolutionary framework of radiotherapy quality control principles and practices
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)i ) 7R} (stereotactic radiosurgery, SRS), HZEF AN 5
o R AW 1R G R K T 10%/mm), - HEFERFH 1 mm 371 31
SRR, AR 220 T A DX 30 A R 3 fE X #% E (organ at risks,
OARs)HFIF A YEATY, 3 fo DR XA KA S B0 39 2 L.
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EHAAMET95%. TG ZEHR: IR ZHOE T
(volumetric modulated arc therapy ,VMAT)31-%1| &35/ 3 ik
JEITRI, B = 4R A AT A R R TR,
ZEIT R R Ay A M AR vE N 3%/2 mm, 1 R A UK T
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AERE. ORI A% By - bR (B an2%/1 mm), i i
REEBEE N AMET90%. W FP LT 4% 4 2 &
PEIRECE NS, T LA S TR TR i B s SR ARG
HERE, B IIR B, (R AA O o AU TR AR ST A i, 78
RTT AR B IA R T, RIS R R A T
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Quality control (QC) is the cornerstone of modern radiotherapy, playing a vital role in ensuring both the precision and
safety of therapeutic delivery. It encompasses a wide array of critical processes, including equipment calibration, patient
positioning, treatment plan verification, and in vivo or phantom-based dose monitoring. Traditionally, QC has relied on
standardized protocols, such as American Association of Physicists in Medicine Task Group No. 142 (AAPM TG-142),
with a primary focus on verifying physical parameters and minimizing deviations in dose delivery. Advanced technologies
such as image-guided radiotherapy (IGRT), Monte Carlo-based dose calculation, and 3D dosimetric verification form the
backbone of modern radiotherapy QC, enabling submillimeter accuracy, minimizing treatment errors, and improving
reproducibility. However, with the rapid evolution of radiotherapy technology, QC strategies are undergoing a paradigm
shift. The integration of artificial intelligence (AI) now enables real-time monitoring of radiation dose distributions,
automated anomaly detection, and adaptive plan optimization based on daily anatomical variations. Machine learning
models can predict potential deviations before they occur, improving safety and treatment precision. In the context of
IGRT, magnetic resonance-guided radiotherapy systems such as MR-Linac offer superior soft tissue contrast compared to
conventional imaging systems, allowing for more accurate tumor localization and continuous intrafraction tracking.
Functional imaging techniques such as diffusion-weighted MRI and PET provide dynamic biological information that can
be used to assess tumor hypoxia, proliferation, and response to treatment, enabling personalized and adaptive radiotherapy.
Furthermore, the implementation of federated learning and blockchain technology into QC systems addresses key
challenges in data security, interoperability, and multicenter collaboration. Federated learning allows decentralized
institutions to collaboratively train Al models without sharing raw patient data, thereby protecting privacy while enhancing
model robustness. Blockchain ensures transparency, traceability, and data integrity across institutions, laying the
foundation for trustworthy quality control frameworks at scale. In the future, radiotherapy QC is expected to become
increasingly automated, intelligent, and patient-centric. Supported by high-throughput data from treatment logs, imaging,
genomic, and clinical sources, big data analytics will uncover hidden risks and guide the development of individualized QC
protocols tailored to specific patient biology and treatment context. The integration of radiobiology and systems science
will enable QC systems to shift from reactive error detection to proactive efficacy prediction, aligning quality assurance
processes with personalized medicine goals. As a result, QC will no longer be viewed as a purely technical or regulatory
checkpoint, but will evolve into a dynamic, intelligent intermediary that bridges physical precision with clinical outcomes.
It will assist in clinical decision-making, support real-time adjustments, and ensure that each treatment session is optimized
not just for accuracy but also for biological effectiveness and therapeutic value. This transformation will ultimately
enhance the safety, efficiency, and effectiveness of radiotherapy and redefine the role of QC in the era of precision
oncology.
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