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Technical innovations in radiation oncology



Ion beam therapy – particle therapy – protons

• Large construction, gantries 
weighing 100+ tons

• Heavy upfront investment, 
€100-200M

• The most expensive piece of 
equipment in health care?

Aarhus University Hospital, 2020





Advantageous dose distribution

Efstathiou JA et al, BJC, 2013 Aarhus University Hospital, 2013



Indications for proton therapy 

• Reduce risk of serious complications, 
incl. risk of RT induced cancer
• central nervous system 

• children and younger adults 

• all other situations where radiotherapy 
leads to significant morbidity

• Increase tumor control 
• Improved target coverage

• Tumor dose escalation



Advantageous dose distribution

Grau et. al. Mol Oncol. 2020

• The dosimetric advantages 
of ion beam therapy have 
been well documented 

• More than 300.000 patients 
have been treated with ion 
beam therapy since 1954

• Despite this long history, a 
superior clinical efficacy has 
not yet been clearly 
documented by high level 
evidence, i.e.  randomized 
trials



Why are so few patients enrolled in 
randomized trials of novel 

technology?



The CATCH-22 of expensive equipment

Clinical evidence must be generated by 
the professional community. This requires 
access to the new technology

Clinical evidence is required to get funding 
of the heavy investments

New technology is approved and marketed without 
any requirement of proof of clinical efficiency

Even if trials are performed, the technology is often 
outdated when the results are mature 



2017

Only six ongoing randomized 
trials comparing protons and 
photons



Durante et al. Nature Reviews, 2017



J Clin Oncol 38, 2020. https://doi.org/10.1200/JCO.19.02503

Lin et al 2020Esophageal cancer 
Steven Lin et al, JCO 2020
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INSURANCE BIAS – a problem in US trials: 
• Patients randomized to IMRT are allowed protons by 

their insurance, and wants to be treated with IMPT
• Patients randomized to IMPT are denied insurance 

and will instead receive IMRT 

Head and neck cancer 
Steven Frank et al, ASCO 2024
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The number of European proton therapy 
clinical centres doubled from 2017 to 2020

• 2017: 15 operational facilities
• 2018: Six new facilities
• 2019: Eight new facilities
• 2020: 31 proton therapy facilities in 

clinical operation
• New facilities underway in Norway, 

Spain, Italy..

Source: PTCOG website. Accessed May 2023

Proton therapy is becoming a reality in European 
countries



European Particle Therapy Network (EPTN) 

• Established in 2015 as a Task Force of ESTRO

• All European centres involved in particle therapy

• Mission to promote collaboration, and to ensure that 
particle therapy becomes integrated in the overall 
radiation oncology community

• Clinical Evidence
• Quality Assurance
• Education
• Image Guidance
• Treatment Planning
• Radiobiology
• Health Economy



ClinicalTrials.gov 2024:
32 proton intervention trials recruiting in Europe

Per 2023

Total n=32

Phase II=20
Phase III=11

Randomized=18

DE 8
DK 11
SE 6
AU 3
NL 1
UK 2
FR 1

CNS ProtoChoice-Hirn II no 346 Comparison of Proton and Photon Radiotherapy of Brain Tumors Dresden, Heidelberg

CNS PRO-CNS II no 500 Proton Radiotherapy for Primary Central Nervous System Tumours in Adults Sweden

CNS PRO-GLIO II/III yes 225 PROton Versus Photon Therapy in IDH-mutated Diffuse Grade II and III GLIOmas Norway, Sweden

CNS GRIPS III yes 326 Glioblastoma Radiotherapy Using IMRT or Proton Beams Heidelberg

CNS CSI ProLong II no 50 Proton Cranio-spinal Irradiation for Leptomeningeal Metastasis (CSI ProLong) Denmark

CNS GBM Dose escalated I no 36 Escalated Dose Proton Therapy Within the Multimodality Treatment of Glioblastoma Patients Denmark

H&N DAHANCA 37 II no 20 Re-irradiation With Proton Radiotherapy Denmark

H&N ARTSCAN V II yes 100 Photon Therapy Versus Proton Therapy in Early Tonsil Cancer Sweden 

H&N DAHANCA 35 III yes 600 Proton Versus Photon Therapy for Head-neck Cancer Denmark

H&N TORPEdO III yes 183 A trial of proton beam radiotherapy for oropharyngeal cancer UK

Thymus PROTHYM II no 40 Study on Proton Radiotherapy of Thymic Malignancies Sweden

Esophagus PROTECT III yes 396 PROton Versus Photon Therapy for Esophageal Cancer - a Trimodality Strategy DK, Europe

Breast DBCG Proton (Skagen 2) III yes 1502 The DBCG Proton Trial: Photon Versus Proton Radiation Therapy for Early Breast Cancer Denmark

Breast PARABLE III yes 192 Proton beam therapy in patients with breast cancer: evaluating early and late effects UK

Lung HERAN2 II yes 182 HERAN2 Heterogeneously Hypofractionated Radiotherapy for Locally Advanced NSCLC Denmark

Lung PRONTOX II yes 98 Proton Therapy to Reduce Acute Normal Tissue Toxicity in Locally Advanced Non-small-cell Lung Cancer Dresden, Heidelberg

Liver HCC Proton II no 50 A National Phase II Study of Proton Therapy in Hepatocellular Carcinoma Denmark

Pancreas LAPC II no 30 Radiotherapy for Locally Advanced Pancreatic Carcinomas MedAustron

Pancreas PARC II no 10 Preoperative, Proton- Radiotherapy Combined With Chemotherapy for Borderline Resectable Pancreatic Cancer MedAustron

Rectal ReRad II II no 65 Pencil Beam Proton Therapy for Pelvic Recurrences in Rectal Cancer Patients Previously Treated With Radiotherapy Denmark

Rectal PRORECT III yes 254 Preoperative Short-Course Radiation Therapy With PROtons Compared to Photons In High-Risk RECTal Cancer Sweden

Cervix PROTECT II no 30 On-line Adaptive Proton Therapy for Cervical Cancer to Reduce the Impact on Morbidity and the Immune System HollandPTC

Anal DACG5, ReRad III II no 55 Pencil Beam Proton Therapy for Recurrences in Anal Cancer Patients Previously Treated With Radiotherapy Denmark

Anal SWANCA II yes 100 Proton Versus Photon Therapy in Anal Squamous Cell Carcinoma Swedish Anal Carcinoma Study Sweden 

Prostate ProtoChoice-P II no 146 Preference-based Comparative Study on Definitive Radiotherapy of Prostate Cancer With Protons Heidelberg

Prostate N/A II no 297 Spot-Scanning Based Hypofractionated Proton Therapy for Low and Intermediate Risk Prostate Cancer MedAustron

Prostate PRO-PROTON 1 III yes 400 Protons vs. Photons for High-risk Prostate Cancer Denmark

Prostate PAROS III yes 897 Prostate Cancer Patients Treated With Alternative Radiation Oncology Strategies Heidelberg

Sarcoma EXTREM-ION II yes 42 Neoadjuvant Irradiation of Extremity Soft Tissue Sarcoma With Ions Heidelberg

Sarcoma ISAC II yes 100 Ion Irradiation of Sacrococcygeal Chordoma (Proton vs Carbon) Heidelberg

Sarcoma RETRO ION II yes 64 Neoadjuvant Irradiation of Retroperitoneal Soft Tissue Sarcoma With (Proton vs Carbon) Heidelberg

Sarcoma ETOILE III yes 250 Randomized Carbon Ions vs Standard Radiotherapy (incl. protons) for Radioresistant Tumors France, C+ centres



Clinical proton intervention studies DCPT 2024
Tumor Site Protocol

Pha
se

Rand n Title

BREAST
DBCG Proton 
(Skagen 2)

III yes 1502 The DBCG Proton Trial: Photon Versus Proton Radiation Therapy for Early Breast Cancer

HEAD & NECK DAHANCA 37 II no 20 Re-irradiation With Proton Radiotherapy

HEAD & NECK DAHANCA 35 III yes 600 Proton Versus Photon Therapy for Head-neck Cancer

PROSTATE PRO-PROTON 1 III yes 400 Protons vs. Photons for High-risk Prostate Cancer

ANAL DACG5, ReRad III II no 55
Pencil Beam Proton Therapy for Recurrences in Anal Cancer Patients Previously Treated With 
Radiotherapy

LIVER HCC Proton II no 50 A National Phase II Study of Proton Therapy in Hepatocellular Carcinoma

RECTAL ReRad II II no 65
Pencil Beam Proton Therapy for Pelvic Recurrences in Rectal Cancer Patients Previously 
Treated With Radiotherapy

ESOPHAGUS PROTECT III yes 396 PROton Versus Photon Therapy for Esophageal Cancer - a Trimodality Strategy

LUNG HERAN2 II yes 182 Heterogeneously Hypofractionated Radiotherapy for Locally Advanced NSCLC

CNS CSI ProLong II no 99 Proton Cranio-spinal Irradiation for Leptomeningeal Metastasis (CSI ProLong)

CNS GBM Dose escalat I no 36 Escalated Dose Proton Therapy Within the Multimodality Treatment of Glioblastoma Patients

CSI  ProLong



Danish national model for collaboration

Danish Multidisciplinary 
Cancer Groups (DMCG’s)

Oncology 
departments

DCPT

National guidelines
Quality assurance

Clinical trials

Proton treatment 
Trial support

Patient accrual
Referral
Follow-up

Guidelines and 
trials

Selection & 
referral

Proton 
therapy



2019-2023: 693 patients in clinical trials (70%)



PI: Jeppe Friborg

Pilot phase (2019/2020))
63 patients

Randomised study (2021-)
175 patients randomized per 
June, 2024



PROton versus photon radiation Therapy for 
Esophageal Cancer in a Trimodality strategy 
(PROTECT) 

A multicentre international randomized phase III study of neoadjuvant proton based 
chemoradiotherapy in locally advanced esophageal cancer



Multicentre international randomized phase III study



Public-private partnership

23



Indications for proton therapy 

• Reduce risk of serious complications, 
incl. risk of RT induced cancer
• central nervous system 

• children and younger adults 

• all other situations where radiotherapy 
leads to significant morbidity

• Increase tumor control 
• Improved target coverage

• Tumor dose escalation

Prospective data registry

Phase II-III trials
(many trials ongoing)

Phase II-III trials 
(emerging)

Future trials



Conclusions

• With a few exceptions, the role of proton therapy in radiation 
oncology and cancer management remains unsettled 

• It is encouraging that we now have more than 30 European 
interventional trials underway, predominantly testing morbidity 
reduction 

• Future trials will focus on improved loco-regional control and survival  

• The results of these pivotal trials will be defining for the uptake of 
proton therapy in the future 
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