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Evolution of RT Technology
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The Use of Image Guidance in RT

Image-Guided Radiotherapy (IGRT)

• Volumetric imaging via on-board 3D system  before each radiation fraction

• Baseline (initial CT simulation) → Daily Verification → Alignment

• Daily anatomical variations (e.g., movement of the stomach), 
ensuring accuracy in targeting while sparing surrounding healthy tissue.
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Limitations of IGRT

• Restricted to setup adjustments 
(positional shifts); 

• No dose adaptation.
Anatomical Uncertainty: Vulnerable 
to physiological motion (peristalsis) 
and changes in organ shape/size.

• Inability to account for real-time 
volume changes or deformation 
of tumors and OARs.



Adaptive Radiation Therapy (ART): Background

• Definition : Modifying RT dose delivery to account for temporal changes in tumor or OARs during 
treatment.

• Key point for Adaptation
Anatomic: Organ motion, size variation, weight flux, and daily setup variations.
Biologic: Progressive biological changes (e.g., PET-based treatment adjustment).

• Clinical Benefits
Personalization: Real-time correction of dose distributions.
Optimization: Dose escalation for tumor response vs. sparing normal organs.

• Current Status
Accelerated adoption driven by MR-guidance and technological innovations.



Adaptive Radiation Therapy (ART)

Cancers (Basel). 2025 Jun 13;17(12):1980



ART Imaging Modalities: CBCT vs. MRI

• CBCT Limitations: Poor soft tissue contrast and motion artifacts hinder precise boundary 
identification.

• CT-on-rails: Offers better contrast than CBCT but is rare, complicated, and time-consuming.

• MRI Superiority
: Provides exceptional soft tissue contrast for high-confidence daily adaptation.
: Clearer visualization of moving targets (e.g., pancreas) compared to blurry CBCT images.

CA Cancer J Clin. 2021 Nov 18;72(1):34–56



Advantages of MR-Guided Radiation Therapy

Advantages of MR-Guided Radiation Therapy

• Superior soft tissue contrast improves assessment of tumor invasion and target delineation.

• MR-linac provides tools to manage inter- and intra-fraction motion of lung targets and 
OARs.

• Smaller PTV margins, or even margin omission, may be possible, reducing normal tissue 
dose and enabling dose escalation and hypofractionation.

• Functional MRI may be integrated for disease assessment and post-treatment response 
evaluation, with correlation to FDG PET.

• MRI-only planning reduces the need for additional CT simulation, lowering cost, 
inconvenience, radiation exposure, and time.



Considerations of MR-Guided Radiation Therapy

Unique Physics and Dosimetric
Considerations

• electron-return effect : complex 
dose calculations

• Lack of Advanced Capabilities: : 
VMAT / Arc Therapy, Non-
coplanar Beams

CA Cancer J Clin. 2021 Nov 18;72(1):34–5



Practical Considerations in MR Guidance

1. Patient Selection (The Critical First Step):
No contraindicated metallic implants or electronic devices.
No significant claustrophobia.
Must meet body habitus and size requirements.

2. Clinical Expertise : familiar with MR-based imaging used in the treatment delivery process.

3. Artificial Intelligence and MR Guidance : Key Areas for AI Partnership:
Plan Quality Assurance (QA) review.
Dosimetric tasks.
Normal organ contouring.



Challenges of MRgRT in Lung Cancer 

• Lung MR image quality is limited by respiratory motion, causing artifacts and blurring.

• Electron return effect at air–tissue interfaces can increase dose, especially at higher field 
strengths.

• MR tracking has difficulty identifying small tumors, particularly those 1 cm or less in size.

• VMAT is not currently available on MR-linacs, limiting rapid and highly conformal 
treatments.

• CT-based workup, restaging, and RT planning remain the cornerstone of lung cancer 
management.
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Comparison of CT and MR Images in lung cancer

Bones and lung tissue are better recognizable on the CT image, 
Soft-tissue contrast of the MR image is superior, especially with respect to the mediastinum



SBRT Toxicity, Timmerman et al., 2006

2-year freedom from severe toxicity 
 83% (perihilar) vs 54% (central)

Grade 5: Fatal Complications
  Bacterial Pneumonia (4 pts), Pericardial effusion (1 pt) and massive hemoptysis (1 pt)



Stereotactic MR-Guided Adaptive Radiation

Local control rate at 12 mo (95.6%) 
OS rates at 12 mo (88.0%)

Grade 2 toxicity (30%), Grade 3 (8%)
No Grade 4 or 5 Toxicity

Int J Radiat Oncol Biol Phys. 2020 Jun 1;107(2):270-278



ART in the Era of Immunotherapy

Adv Radiat Oncol. 2023 Jul 10;9(1):101315



MRI-guided Radiotherapy

CB Crockett, 2021 Front Oncol. 
PJ Keall, 2022 Nat Rev Clin Oncol. 





NRG-RTOG1106, Phase 2

NRG-RTOG1106 J Clin Oncol. 2024 Nov 20;42(33):3935-3946



NRG-RTOG1106

NRG-RTOG1106 J Clin Oncol. 2024 Nov 20;42(33):3935-3946



RTEP7–IFCT-1402, Phase 2

Lancet Oncol. 2024 Sep;25(9):1176-1187

Durvalumab use was allowed.



RTEP7–IFCT-1402, Phase 2

Grade 3–4 AEs: A (29%) vs B (45%)
Serious AEs (SAEs): A (7%) vs B (14%)
Late G3+ AEs: A (7%) vs B (5%)

15-month LC 77.6 vs 71.2% (Boost vs Std dose)
• No durvalumab subgroup: 71.4 vs 61.1%
• Durvalumab subgroup: 82.1 vs 81.1%

Lancet Oncol. 2024 Sep;25(9):1176-1187

Boost Std

mPFS 22.3 mo 12.3 mo

mOS NR 43.3 mo



NARLAL2 trial, randomized phase III trial

• Age>18, IIB-IIIB
• 66Gy/33 fx vs. 95/33 GTVp and 74/33 GTVn to PET+
• Primary : Loco-regional control rate
• Secondary : Toxicity, OS, DFS, dose-response effect
• OS (standard : 35.8m, escalated : 56.1m, p=0.36).. 2024 ASCO Annual Meeting

Slide from ESTRO 2024



ART: Challenges and Future Outlook

Current Status
Routine implementation remains limited despite established concepts.
Requires more prospective trials to become "Standard of Care."

Main Barriers
High Workload: Extremely labor-intensive and time-consuming (daily re-contouring).
Economic Issues: Limited reimbursement for the high clinical effort required.
Accessibility: Technical complexity restricts use mostly to large centers.

The Path Forward
New Platforms: Improving accessibility.
MR-Guidance: Offers a highly feasible and precise platform for adaptation.
Value: High technical complexity is balanced by significant clinical benefits.



Charged Particle Radiotherapy

Bragg peaks
https://radiologykey.com/history-of-charged-particle-radiotherapy-2/



Charged Particle Radiotherapy

# Receiving durvalumab within 42 days
IMPT (72%) vs. IMRT (51%) p=0.015

Ribeiro, 2021 Radiother Oncol.
F Cortiula, 2024, Radiother Oncol.
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Proton Versus Photon Radiotherapy for NSCLC

70 Gy (RBE), at 2 Gy once daily plus platinum 
based doublet chemotherapy

Read-out of the primary endpoint in December 2026



Flash radiation therapy

More than 400-fold

The FLASH Effect is a biological phenomenon 
that consists in a remarkable sparing of 
normal tissues while the killing effect on 
tumors is maintained

Front Oncol. 2021 May 25;11:644400. doi: 10.3389/fonc.2021.644400. eCollection 2021.



Flash radiation therapy

Sci Transl Med. 2014 Jul 16;6(245):245ra93

Fibrosis



Flash radiation therapy

Clin Cancer Res. 2019 Jan 1;25(1):35-42.

Control 34 Gy FLASH 34 Gy Conv

• No erythema or moist desquamation
• No fibronecrosis
• No dermal remodeling



Radiother Oncol. 2019 Oct;139:18-22

• 75y, multiresistant CD30+ T-cell cutaneous 
lymphoma

• Previously localized skin RT over 110 times

• 15 Gy, 5.6-MeV, in 90 ms

• Healthy tissues : no decrease of the thickness of 
the epidermis, no disruption at the basal 
membrane, limited increase of the vascularization

• Tumor : rapid, complete, durable



FLASH-RT biological mechanism

FLASH-RT biological mechanism

• Oxygen consumption hypothesis

• Immune and inflammatory hypothesis

• DNA damage, senescence and fibrosis - remains unclear



Oxygen Depletion Hypothesis

Oncol Lett. 2022 Dec; 24(6): 419
Biomolecules. 2022 Sep 26;12(10):1376



Immune and inflammatory hypothesis

Annu. Rev. Cancer Biol. 2023. 7:1–21



Flash radiation therapy

• First-in-human clinical trial of proton FLASH therapy

JAMA Oncol. 2023 Jan 1;9(1):62-69



Take home massage

• MRgART
: Clinical Advantages: biologic targeting and response-mediated dosing, potentially reducing 

toxicity and improving survival outcomes.
: Future Requirements: To justify the high cost and resource-intensive nature of MRgART, 

high-quality prospective data from randomized trials are essential.

• Particle therapy minimizes severe radiation-induced lymphopenia and ILD-related 
pneumonitis, enhancing treatment tolerability and offering major synergistic potential for 
subsequent immunotherapy

• FLASH radiotherapy is a promising modality that spares normal tissue while effectively 
treating tumors, though its clinical adoption is currently limited by unclear biological 
mechanisms
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