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Introduction
• Evolution of radiotherapy (RT)
 Increased complexity of treatments 
 Increased need for treatment verification

• Treatment verification: process of ensuring that the therapy is delivered as 
planned
• Critical to prevent errors and ensure that patients receive the intended radiation dose to the 

correct location

• However, accurate and thorough treatment verification poses a considerable time 
and labor burden on healthcare professionals

Vanneste et al., 
Biomed Res Int, 2016



Artificial intelligence (AI)
• Crucial innovation with the potential to substantially reshape the RT workflow

• AI's capability to process and analyze complex datasets rapidly and with high 
precision offers a promising solution to streamline treatment verification 
processes 

• Mitigates the risk of human error but also contributes to a reduction in the time 
and labor involved, ultimately leading to improvement in the quality of RT

Huynh et al., Nat Rev 
Clin Oncol, 2020



AI for treatment verification
• Literature review to explore the impact of AI 

for RT treatment verification

• Literature search on PubMed:
• external beam radiotherapy/artificial 

intelligence/error detection/treatment 
verification/quality assurance/patient 
monitoring



Clustering



Treatment verification categories
• Quality assurance

• Ensuring correct dose delivery by the linac, i.e. linac QA, dosimetry, plan QA and patient-
specific QA (PSQA)

• Patient positioning
• Positioning the patient before delivering the treatment

• Intra-fraction tracking
• Monitoring changes during delivery of treatment using kV imaging or other external devices

• In vivo verification
• Monitoring changes during delivery of treatment using the MV treatment beam itself (e.g. 

using the electronic portal imaging device (EPID))

• Adaptive radiotherapy (ART)
• Monitoring inter-fractional changes based on imaging and assessing these changes with the 

purpose of adapting the treatment plan



Reading aided by ChatGPT-4
• Asked ChatGPT-4 to extract for each paper:

• Goal 
• AI task performed (e.g. classification, regression, image-to-image translation)
• AI model used (incl. if it was a machine learning (ML) or deep learning (DL) model)
• Data used as AI input and output 
• Treatment site
• Dataset size
• Metrics used for evaluating model performance
• Performance of the model 
• Conclusion

• Sped up reading tremendously, although checking ChatGPT output is crucial!



Overall results



AI tasks per RT category
• “Traditional” AI tasks of classification and 

regression are most prevalent for QA, patient 
positioning and in vivo verification

• More complex AI tasks such as object 
detection and image-to-image translation are 
popular for intra-fraction tracking and ART



Quality assurance
• Ensuring correct dose delivery by the linac, i.e. 

linac QA, dosimetry, plan QA and patient-
specific QA (PSQA)

• Largest category
• Labor- and time-intensive workflows with 

many manual checks and substantial amounts 
of measurements

• Patient-specific QA (PSQA) most researched 
sub-category



Linac QA
• Maintenance and monitoring of the linac’s performance to ensure consistent and 

precise delivery of RT
• AI for linac QA:

• Prediction: predicting linac output behavior, identifying potential deviations and enabling 
preemptive corrections

• Automation: automating analysis of measured data and generating data to simplify 
commissioning procedures

Ample Medical Physics Services



Linac QA - Prediction
• Time-series modeling with artificial neural 

networks (ANNs) and autoregressive 
integrated moving average (ARIMA) models
• Predict linac output behavior based on previous 

daily linac QA measurements 

• Clustering-based machine learning methods
• Group daily QA parameters
• Set linac-specific limits and identify deviations
• Automated detection of operational anomalies in 

linacs

• Facilitate data-driven decisions, allowing for 
timely interventions and maintenance 
responses that enhance treatment reliability 
and safety



Linac QA - Automation
• Regression and implicit neural 

representation models
• Predict beam data to alleviate the 

amount of measurements that 
need to be performed during 
commissioning

• Machine and deep learning 
models
• To automate analysis of Winston-

Lutz tests, detection of dead 
detector elements, identify 
phantom types

• Streamline QA processes and 
contribute to the overall safety 
and stability of RT



Dosimetry
• AI for conversion of 

measured signals by a 
dosimeter or other 
measurement device into 
dose values
• Image-to-image translation

• Conversion of EPID images 
to planar dose distributions

• Similar approach for other 
dosimetry systems

• Improve accuracy of 
measured doses, thereby 
enhancing accuracy of RT



Plan QA
• Reviewing and verifying the 

accuracy and completeness 
of a patient’s RT treatment 
plan 

• Clustering and supervised 
ML models 
• To distinguish between 

acceptable and erroneous 
treatment plans

• Bayesian networks to 
indicate the likelihood of 
errors in RT plans



Explainable AI (XAI) for Plan QA
• XAI: methods and 

techniques that provide 
human-understandable 
explanations for the 
decisions and actions taken 
by AI systems

• Shapley additive explanation 
(SHAP)

• Local interpretable model-
agnostic explanations (LIME) 

• Feature selection



Patient-specific Quality Assurance (PSQA)
• Ensuring that each treatment is tailored to the individual patient's anatomy and 

tumor characteristics and that the treatment plan is deliverable by the linac

• AI for PSQA:
• Error prediction: verifying the machine delivery parameters by predicting potential deviations 

or errors in machine parameter values before they occur
• Error classification: analysis of measured dose distributions and/or dose comparison images 

with the aim of detecting and identifying errors
• Virtual QA: predicting dose deviations before performing PSQA measurements to facilitate 

selection of plans that need measurements



PSQA - Error prediction
• Regression machine learning models

• To predict discrepancies between planned 
and delivered parameter values based on log 
files

• Generative models
• To predict MLC aperture and MUs and verify 

the treatment plan



PSQA – Error classification
• ML and DL models

• To detect MLC and/or MU errors in 
pre-treatment measurements

• Various studies using different AI 
models and input data



PSQA – Virtual QA
• ML and DL models

• To predict gamma pass rates or other 
dose evaluation metrics

• To predict dose evaluation metrics and 
classify as pass or fail

• To directly classify as pass or fail
• To predict a measured dose or gamma 

distribution



PSQA – Virtual QA
• Due to large interest in virtual 

QA, research is emerging on:
• Multi-centric validation
• Implementation in clinical 

practice



Patient positioning
• Positioning the patient before 

delivering the treatment

• Smallest category
• AI is not often used yet to optimize 

and assist 

• Early application of AI in RT
• Artificial neural networks to 

evaluate portal set-up images



Patient positioning
• Different applications
• Object (positioning device) detection
• Detection of vertebral misalignment
• Surface guidance



Intra-fraction tracking
• Monitoring changes during delivery of 

treatment using kV imaging or other external 
devices

• Object detection tasks
• Monitoring of the tumor or an anatomical target 

during the delivery of radiation



Anatomical monitoring
• Tracking methods evolved over time

• External markers
• Fiducial (implanted) markers
• Markerless



Other tracking applications
• Surface guidance

• Selection of ROI, correlation between internal 
and external movement

• Image improvement
• kV image quality, volumetric imaging, image 

decomposition

• Patient movement
• Monitoring facial expressions



In vivo verification
• Monitoring changes during delivery of 

treatment using the MV treatment beam itself 
(e.g. using the electronic portal imaging device 
(EPID))

• Classification tasks:
• Error detection: aim is to detect whether or not any 

error is present 
• Error identification: aim is to detect which type of 

error is present

• Image-to-image translation
• Improve or convert (dose) measurements performed 

during treatment



• Detect whether or not 
an error is present

• Early applications in 
portal verification

• Hidden Markov models 
and clustering 
• To identify anatomical 

changes

• Recurrent neural 
networks
• To detect errors in real 

time during a treatment 
fraction

In vivo verification – Error detection



In vivo verification – Error identification
• Determine which error 

occurred
• Convolutional neural 

networks
• To classify error type and 

magnitude

• Autoencoder U-Net
• To distinguish between 

generic and plan-specific 
deviations 



In vivo verification – I2I
• Improve or convert (dose) 

measurements performed during 
treatment

• U-Net
• To predict 2D or 3D dose distributions from 

EPID measurements



Adaptive radiotherapy (ART)
• Monitoring inter-fractional changes based on imaging and assessing these 

changes with the purpose of adapting the treatment plan

• Image-to-image translation tasks
• CBCT to CT conversion

• Regression and classification tasks
• Prediction of anatomical changes



ART – I2I
• Improve image quality for 

improved assessment of changes
• CycleGAN

• To convert CBCT to CT

• Other applications
• CBCT correction, image registration



ART – Prediction of changes
• Predict changes so patients can be 

monitored more closely
• Feature extraction & ML models

• To predict volume changes

• DL models 
• To predict geometric or dosimetric changes 

based on full images



Purposes of AI for treatment verification
• Streamline workflows

• Automated analysis of (measured) data
• AI could mean a considerable leap forward in analyzing the complex multi-dimensional 

datasets common in RT treatment verification
• Save time and resources, reduce human error

• Enhance precision and reliability
• AI-based enhancement of imaging and dosimetry
• Improve precision and reliability of data used for treatment verification

• Preemptive verification
• Predictive models anticipate deviations and detect anomalies
• Precautionary adjustments to maintain consistency of treatment delivery



Challenges and future research
• Multi-center validation 

• Needed to ensure generalizability and robustness
• Not commonly taken into account in studies
• No conclusive results from the multi-center studies that have been performed

• Integration of AI tools in clinical workflows
• Complexities of regulatory approvals and clinical acceptance
• Understanding of and trust in AI decisions is paramount
• Need for XAI methods 

• XAI currently usually added as another layer on top of the AI model



Take-home messages
• AI has the potential to revolutionize RT treatment verification through improved 

efficiency, precision, and safety

• Continued development and integration of AI into RT treatment verification 
workflows hold great promise for enhancing RT treatment and thereby patient 
outcomes, underscoring the need for ongoing research, collaboration, and 
innovation 

• Crucial to address the challenges of validation, implementation and explanation to 
fully realize the potential of AI for treatment verification in a clinical setting
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