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1. Introduction 
 

This report is based on the state-of-the-art document on research and clinical 
activities (Deliverable 3.1) and will describe the medical and research plans for the 
future SEE accelerator facility.  

The actual decision on the activities to be performed at SEEIIST will depend on 
political choices that go beyond the scope of this document but will largely impact the 
program. For instance, whether SEEIIST will be a national center or a truly international 
hub, which legislation applies, which physicians will be employed and how patients will 
be recruited from different countries are issues that go beyond any scientific 
consideration. 

Here we will strictly confine our analysis to scientific arguments. The only political 
assumption we will make is that the center has a mission for research, and therefore the 
beamtime will be split at 50% between clinical and research activities. This gives a weight 
to pre-clinical and non-clinical research that is unique among the current treatment 
centers, and also indicate that the clinical activity will be strongly oriented toward clinical 
research i.e. all patients will be enrolled in clinical trials and unconventional but promising 
tumor sites can be explored. For the research topics, we try to design a program that is 
linked to the innovations offered by the SEEIIST accelerator, and is complementary to 
the research programs in clinical centers (the INSPIRE consortium for proton therapy, 
see section; HIT and CNAO for multi-ion research – see Section 2.5 in Deliverable 3.1) 
and research institutions (GSI, GANIL, and others – see Section 2.6 in Deliverable 3.1). 
Even if many centers offer research beamtime in Europe, the main stakeholders of 
SEEIIST will be scientists from the South-Eastern Europe region, currently excluded from 
access to clinical and research facilities (see Figure 11 in Deliverable 3.1). Among the 
research activities, we will also include industrial research. The business plan for 
sustaining the cost of academic and industrial research activities goes beyond the scope 
of this report. 

The report is organized into three sections: 

1)     Proposed programme of clinical activities  

2)     Pre-clinical research programme in the new facility 

3)     Programme of activities for non-medical research using the new accelerator, 
including industrial research. 

following the description in the contract. 
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2. Proposed programme of clinical activities 
 

The SEEIIST facility will be a multi-ion particle therapy facility, with the possibility 
to deliver light ions (from H to O, or maybe up to Ne) at therapeutic energies (ranges in 
tissue up to 25 cm) and intensity substantially higher than those available in the current 
clinical centers. The flexibility of the accelerator allows to go beyond the current main 
tumors that are treated nowadays in proton and C-ion centers [1]. This notwithstanding, 
we will start with those pathologies more commonly treated [2]. Different centers 
worldwide have substantially different fractions of tumor sites treated with protons. In 
proton therapy, many centers dedicate over 50% of the beamtime to pediatric treatments 
[3,4], eye tumors [5,6] and re-irradiations [7,8] (Figure 1). Among adult tumors, Figure 2 
shows the distribution at PSI in Switzerland. 

 

Figure 1. Distribution of patients treated with protons in the proton therapy centers within 
the INSPIRE project. 
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Figure 2. Distribution of adult patients treated with protons at PSI in Switzerland, 
excluding the eye melanoma cancers. 

 

 The situation is rather different for the centers using heavy ions. In Europe, the 
number of patients treated is rather limited (less than 6,000), and most centers starts with 
base of the skull and brain tumors, and only gradually approach abdominal or thoracic 
malignancies, that are complicated by the problem of interplay using raster scanning [9]. 
For heavy ions, pediatric patients are rarely treated because of the concern for late 
effects, and eye melanoma is also rarely considered, because protons is very effective 
for these rare tumors. Therefore, treatments are limited to primary adult cancers, or re-
irradiations. The biological rationale would suggest using heavy ions for radioresistant, 
large, hypoxic cancers [10]. However, many different tumor sites have been tested, 
especially in Asia [11]. The largest statistics about C-ion treatments come from Japan, 
and especially from NIRS in Chiba, the first center to perform heavy ion center after the 
pilot project in Berkeley. NIRS used a research approach, essentially treating all kind of 
patients in phase I/II trials,  searching for those cancers with the best results [12,13]. 
Figure 3 shows the statistics of NIR patients 1994-2018. The majority of the tumors is 
represented by prostate cancer, and this prevalence is common in conventional 
radiotherapy centers as well, considering that treatment of breast cancer has only recently 
started [14]. The second largest group is represented by bone and soft tissue sarcomas, 
a radioresistant caner where C-ions achieved excellent results, especially for large, 
inoperable tumors [15].  

 In a comprehensive external review of the clinical results at NIRS at 20 years from 
the start of the operation, the committee pointed to very exciting results in locally 
advanced pancreas cancer [16] and local recurrence of rectal cancer [17]. Excellent 
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results have also been reported for hepatocellular carcinoma in several different centers 
[18]. Treatment of abdominal malignancies with raster scanning is complicated by organ 
motion, so maybe not the first target for the SEEIIST center, but they have to be 
considered a priority, in view of the excellent results and the high number of patients that 
can benefit from the treatment.  

 
 

Figure 3. Distribution of adult patients treated with carbon ions at NIRS, Chiba, Japan. 

  



 
9 

 

2.1 Pathologies to be treated at SEEIIST 
 
In this section we will summarize the main malignancies to be treated with carbon ion 
radiotherapy (CIRT) at SEEIIST [19]. All patients should be enrolled in phase I/II clinical 
trials. In a second phase, it is recommended to switch to phase III clinical trials, that can 
also stay within the facility by comparing protons to heavier ions.  

 
2.1.1 Gastrointestinal Malignancies 

Pancreas Cancer 

Pancreatic cancers are known to be hypoxic and radioresistant to photon radiotherapy 
[20]. Surgery is currently the only curative option but the majority of patients present with 
unresectable disease and locally advanced pancreatic cancers (LAPC) continue to have 
poor outcomes with photon radiotherapy and/or chemotherapy. Two reasons justify a 
dose-escalation and heavy ion approach for pancreas cancer: the high rates of local 
recurrence with a significant burden of severe local symptoms and the possibility of 
converting unresectable cases to resection with all the survival benefits of resected 
pancreatic cancer. For such reasons, CIRT, with its advantageous dose distribution and 
OER, has been investigated as definitive treatment (with concurrent gemcitabine) in 
patients with LAPC with excellent outcomes and a remarkable overall survival (OS) of 
48% at 2 years [16]. More recent data on patients with LAPC who received CIRT with 
concurrent chemotherapy showed an impressive 2-year OS of 60% (Figure 4). A 
prospective trial from Germany is currently investigating CIRT for LAPC with concurrent 
and adjuvant gemcitabine. Further dose-escalation is being planned in Japan for patients 
with LAPC. Interestingly, a randomized phase III clinical trial, an international 
collaboration between the United States, Japan, Italy and South Korea, will start accruing 
patients with LAPC comparing CIRT to photon intensity modulated radiotherapy (IMRT), 
both with concurrent Gemcitabine.  

 

Figure 4. Preliminary results of the multicentric J-CROS trial for treatment of LAPC with 
C-ions in Japanese patients. 

• J-CROS 1403-CROS (Japan Carbon-ion Radiation 
Oncology Study Group) 

• 55.2 GyE/12fr (n=52) and Gemcitabine 
• Median follow-up time 13.6 (2.8–37.9) months 
• Median survival 26.2 months 
• 1 year OS 81% 
• 2 year OS 60% 
• GI ulcer ≥3 is 4% 
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CIRT has been also tested as a pre-operative treatment for pancreatic cancer to reduce 
the risk of post-operative local recurrence. Preliminary results show excellent safety 
profile and local control (LC) for all patients and encouraging OS for patients who received 
surgery but not for the unresectable cases. Neoadjuvant CIRT for resectable or borderline 
resectable pancreatic cancer is promising but solid evidence for its efficacy or superiority 
to other RT modalities is still lacking. 

Hepatocellular Carcinoma (HCC) 

HCC is a major cause of morbidity and mortality and liver transplantation is the only 
curative treatment currently. Advanced photon-based stereotactic radiation (SBRT) has 
demonstrated excellent LC [21]. However, dosimetric studies have shown an advantage 
for CIRT in terms of target conformity and normal liver sparing compared to SBRT [22–
24]. Moreover, HCC is believed to manifest enhanced radiosensitivity with CIRT. Similar 
to SBRT, proton RT have shown excellent LC with HCC [25] and given the improved 
biological effectiveness and dose distribution, CIRT has been theorized to further improve 
outcomes. A few clinical trials and retrospective studies evaluated CIRT for HCC patients 
with excellent LC [26]. With appropriate patient selection, current CIRT treatments can be 
completed in 4 fractions and ongoing trials are investigating 1 or 2 fraction treatments for 
selected patients. While LC is equivalent to SBRT (Figure 5), CIRT demonstrated lower 
high-grade acute and late toxicity (Figure 6), and it is believed that LC after CIRT will be 
improved compared to SBRT in larger tumors [18]. To the best of our knowledge, no 
current trials are investigating this comparison. Nor are trials comparing CIRT to other 
HCC treatment modalities such as radio-frequency ablation or chemo-embolization.   

Locally Recurrent Rectal Cancer 

Recurrent cancers are usually associated with increased hypoxia and are resistant to 
photon RT. Recurrent rectal cancer specifically is associated with significant symptoms, 
low quality of life scores and poor overall outcomes [27]. In addition, achieving acceptable 
treatment plans is extremely difficult in patients previously treated with RT. Thus, CIRT 
represents an attractive treatment modality for patients with recurrent rectal cancers. 
Indeed, initial results of clinical trials for patients with recurrent rectal cancer are 
encouraging with excellent LC and OS whether patients have received surgical resection 
only for their primary tumors or whether they have been previously irradiated [17]. Acute 
and late toxicities are minimal and not exceeding grade 3. At the optimal dose, the recent 
multicenter J-CROS study [28] reports LC and OS at 5 years are 88% and 51%, 
respectively (Figure 7) which are remarkable compared to photon RT for similar 
indications. Similarly, CIRT has shown promising results in patients with isolated para-
aortic lymph node recurrence after surgical resection of primary colorectal cancer. 
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Figure 5. Comparison of 3DCRT, SBRT and CPT (including protons and CIRT) for 1-year 
overall survival (OS), progression-free survival (PFS) and local control (LC) in HCC. 
Review of published data in ref. [18] 

 

 

Figure 6. Comparison of 3DCRT, SBRT and CPT (including protons and CIRT) for liver 
toxicity following treatment for HCC. Review of published data in ref. [18] 
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Figure 7. J-CROS multi-center trial for C-ion treatment of locally recurrent rectal cancer 
[28]. Left panel: overall survival: right panel: local or regional control. 

Esophageal Cancer 

The current standard of care for advanced esophageal cancer is neoadjuvant 
chemoradiation with photons followed by surgery [29]. Proton therapy has been proposed 
for esophageal cancer thanks to the favorable physical dose distribution (Figure 8) [30–
32].Despite the large volumes treated and respiratory motion, CIRT is technically feasible 
for esophageal cancers. However, the experience so far has been modest, at best. Only 
one study reported pre-operative CIRT for early and advanced esophageal cancer 
without any significant toxicity and with encouraging pathological complete response [33]. 
Further clinical trials are underway in Japan to further investigate the utility of CIRT in 
esophageal cancer.  

  

2.1.2 Head and Neck (H&N) Malignancies  

Many of the head and neck cancers have sub-optimal outcomes and poor adverse events 
profile with conventional photon RT [34]. Proton therapy leads to substantially sparing of 
the normal tissue, which is full of OAR in the head and neck region (Figure 9). This 
translate in a reduced toxicity, as recently shown in the UPenn clinical study [35,36]. 
Given the radioresistance/hypoxia of H&N malignancies, and the intricate anatomy of the 
H&N, CIRT seems to be an ideal modality for such tumors given the high RBE and the 
ability to reduce normal tissue complications [37]. Very promising initial results were 
reported for a heterogeneous mix of H&N cancers. These initial results were succeeded 
by a multitude of reports for different indications which will be reviewed here. Notably, 
squamous cell carcinomas (SCC) of the oropharynx, oral cavity and larynx, which 
represent the majority of H&N malignancies, are not commonly treated with CIRT.  
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Figure 8. Dosimetric advantages of proton therapy in the management of esophageal 
cancer. Image courtesy of MD Anderson Cancer Center, Houston, TX. 

 

Adenoid Cystic Carcinoma (ACC) 

ACC tumors are rare and only account for about 2% of all H&N cancers and a minor 
fraction of all salivary gland tumors [38]. Given the slow growing nature of these tumors, 
a large percentage of patients usually present in the advanced stage. Moreover, given 
their propensity for peri-neural invasion, target volumes are usually enlarged to include 
possible routes of spread along nerves. While surgery with or without post-operative RT 
is mainstay treatment for early stage cases, high-LET RT (including carbon and neutron 
beams) [39] is reserved for incompletely resected and inoperable patients whose 
outcomes with surgery and/or conventional RT are poor. Clinical studies have shown 
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significant radiosensitivity and good outcomes after proton or neutron therapy. 
Prospective trials using intensity IMRT with CIRT boost for inoperable or incompletely 
resected ACC (Germany) showed improved LC and OS with acceptable toxicity 
compared to IMRT alone [37]. Likewise, CIRT alone without photon beams (Japan) has 
shown excellent LC and OS with relatively mild toxicities for locally advanced  and 
recurrent ACC [40]. The prospective ACCEPT phase I/II trial is currently testing the 
combination of Cetuximab and IMRT/carbon boost in incompletely resected or inoperable 
ACC cases. 

 
Figure 9. Dosimetric advantages of proton therapy in the management of H&N cancers. 
Image courtesy of Seattle Cancer care Alliance, WA, USA. 

 

Other Non-Squamous Cell Carcinomas of the H&N 

Most of the H&N non-squamous cell carcinoma cases treated with CIRT have been ACC. 
However, many studies have reported the outcomes of advanced and recurrent H&N 
adenocarcinoma, mucoepidermoid carcinoma, and olfactory neuroblastoma, among 
others [41]. CIRT has shown reproducible and equivalent outcomes for these cancers 
similar to ACC. Locally advanced H&N adenocarcinoma also showed promising results 
with CIRT with acceptable toxicity. Patients who developed visual loss had tumors close 



 
15 

 

to the optic nerve. CIRT was also considered safe and efficacious for patients with 
mucoepidermoid carcinoma.  

While SCCs are not typically treated with CIRT, carbon beams have showed promising 
results in patients with locally advanced SCC of the external auditory canal and middle 
ear. A clinical trial is currently investigating induction chemotherapy followed by 
IMRT/CIRT boost with concurrent Cetuximab for locally advanced H&N SCC. 

Uveal and Mucosal Melanoma 

Uveal melanoma is classically treated with surgery, proton therapy or brachytherapy [6]. 
The long-term results from the LBNL pilot project show that helium ions are better than 
X-rays in treatment of choroidal melanoma, the only positive phase-III clinical trial as yet 
showing superiority of CPT vs. plaque therapy [42] (Figure 10). CIRT has shown excellent 
outcomes for choroidal melanoma. A meta-analysis comparing brachytherapy to charged 
particle therapy showed that local recurrence and adverse events (retinopathy and 
cataract formation) are lower the particle therapy group despite similar enucleation rate 
and OS [43]. Regarding mucosal melanoma, CIRT has shown good LC but progression-
free and overall survival are still poor reflecting the need for systemic therapy to reduce 
the rate of distant metastases. Indeed, a multi-center retrospective study of CIRT in 
patients with mucosal melanoma showed that concurrent chemotherapy (DTIC: dimethyl 
triazeno imidazole carboxamide) was a significant prognostic factor for OS [44]. Currently, 
concurrent chemotherapy is standard for patients receiving CIRT for mucosal melanoma 
at the NIRS. Small retrospective series showed comparable results between carbon and 
proton therapies for this malignancy but it is difficult to make conclusions given the small 
number of cases.  

Figure 10. Long term survival of patients treated with He-ions or 125I-plaque for choroidal 
melanoma in Berkeley [42]. 
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Skull Base Chordoma and Chondrosarcoma 

Because dose escalation is difficult in the skull base region, LC of skull base chordomas 
has been suboptimal with X-rays. However, results have improved with proton therapy. 
Chondrosarcomas, on the other hand, had better outcomes. That being said, skull base 
chordomas and chondrosarcomas are a classical example of good indications for CIRT, 
and were the first tumors treated in Europe during the pilot project at GSI [45–47] (Figure 
11). Multiple studies have investigated the safety and efficacy of CIRT for skull base 
chordomas and chondrosarcomas and long-term outcomes have been reported. Results 
have been reproducible from both Germany and Japan and showed excellent LC and OS 
compared to historical reports using photons. CIRT has also shown good outcomes in re-
irradiating locally recurrent skull base chordomas and chondrosarcomas. A phase III 
clinical trial is currently randomizing patients with skull base chordomas to proton vs. 
carbon radiation. 

 

Figure 11. 5-years TCP of skull-base chordoma as a function of the median isoeffective 
doe to the target using X-rays, protons, or C-ions [1]. The possibility of dose escalation 
with CPT provides the best results. 

 

2.1.3 Extra-cranial Bone and Soft Tissue Sarcoma 

Bone and soft-tissue sarcomas represent a major indication and probably the best 
candidates for CIRT. Indeed, this is the only tumor type where CIRT is currently covered 
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under the National Healthcare Insurance in Japan. Many inoperable large soft tissue 
sarcomas can only be treated with CIRT (Figure 12). An initial report using CIRT for a 
heterogeneous group of sarcoma patients showed promising results with acceptable 
toxicity. Since then, multiple studies have reported excellent LC and functional outcomes 
using CIRT for unresectable retroperitoneal sarcomas, unresectable sacral chordomas, 
unresectable non-skull base chondrosarcoma, unresectable osteosarcoma of the trunk, 
unresectable spinal sarcomas, primary sarcomas of the extremities, unresectable 
malignant peripheral nerve sheath tumor, and unresectable Ewing’s sarcoma [15,48]. 
When compared to surgical resection in small retrospective series, CIRT had improved 
LC and preservation of urinary-anorectal function in patients with sacral chordomas and 
improved functionality in patients with pelvic chondrosarcoma. Unresectable or 
incompletely resected pelvic bone or soft tissue sarcomas are in general considered good 
candidates for CIRT, as well. A study is currently testing particle therapy (proton RT with 
carbon boost) for patients with unresectable osteosarcoma. 

 

2.1.4 Lung  

Non-small Cell Lung Cancer (NSCLC) 

Lung cancer is among the most common malignancies and usually the most common 
cause of cancer-related mortality globally [49]. The gold standard treatment of early stage 
NSCLC is surgical resection [50]. However, many patients are not able to undergo 
surgery due to old age, or simultaneous cardiac or pulmonary disease. In these situations, 
RT provides an alternative treatment especially SBRT [51–53]. Despite the high 
conformality of SBRT, CIRT still has better dose distribution in early and advanced stage 
lung cancer which makes it more suitable for patients with underlying cardiac or interstitial 
lung disease. Clinical trials investigating CIRT for early stage lung cancer have shown 
excellent LC and acceptable OS even when single fraction CIRT is used or when CIRT 
is used in the setting of in-field recurrence of previously irradiated NSCLC [41]. 
Interestingly, CIRT has demonstrated a lower risk of radiation-induced pneumonitis which 
makes it more useful for patients with interstitial lung disease. Retrospective studies 
comparing proton and CIRT for T2a-T2b or stage I NSCLC showed equivalent outcomes 
and toxicities between the two groups (Figure 13). CIRT for locally advanced NSCLC is 
less established but early clinical data is very promising [54]. Many clinical trials in all 
centers globally are currently accruing patients to further evaluate CIRT for NSCLC. The 
main technical problem remain the motion management [55]. 

2.1.5 Prostate Cancer 

High-risk Prostate Cancer 

High-risk prostate cancer has suboptimal outcomes with conventional photon irradiation 
[56,57]. Dose-escalation with low-dose-rate prostate brachytherapy achieved excellent 
rates of freedom from biochemical failure compared to an external beam boost (and 
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compared to historical data of external beam radiation only studies) at the expense of 
increased genitourinary (GU) and gastrointestinal (GI) adverse events and reduced 
health-related quality of life scores [58,59]. While there are no clinical trials comparing 
photon to carbon ion RT for high-risk prostate cancer, current studies have shown 
excellent biochemical freedom from progression, excellent toxicity profile with no grade 
≥3 adverse events and good health-related quality of life outcomes.  

 
Figure 12. Inoperable large soft tissue sarcoma (A) treated with C-ions (treatment 
planning in panel B). The CT at the end of the treatment is shown in panel C [15]. 
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Figure 13. A comparison of progression-free survival rates and overall survival according 
to the T Stage of patients with advanced non-small cell lung carcinoma treated with CIRT 
before (a, b) and after (c, d) 2005. This study illustrates that patients staged T1-2 
demonstrated significant differences in survival compared to patients in T3-4 stages 
treated before 2005, but not since 2005. This is probably because recent imaging 
techniques have excluded patients who have minimal distant metastases, especially 
patients with T1-2N2-3 disease. 
 

In a large multi-institutional retrospective analysis with 1215 patients with high-risk 
prostate cancer, CIRT demonstrated a remarkable 5-year biochemical recurrence-free 
survival and cancer-specific survival of 92% and 99%, respectively without any grade ≥ 3 
adverse event [60]. Prostate cancer-specific mortality was 4.3% in high-risk patients 
treated with CIRT and long-term hormone therapy (Figure 14). While CIRT has been used 
for low- and intermediate-risk prostate cancer, it is unlikely that CIRT becomes indicated 
for these cancer types given the excellent outcomes and adverse events profile with 
photon RT especially SBRT.  
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Figure 14. Outcome of about 1,100 patients who received CIRT for prostate cancer 
between November 2003 through July 2011. At the last follow up, 11 patients had died of 
recurrent prostate cancer and 36 of intercurrent diseases with no evidence of recurrence. 
The 5-year overall and cause-specific survival rates were 95.3% and 98.8%, respectively 
(Fig. 14a). Biochemical relapses were observed in 63 (6.8%) of 927 patients, but local 
tumor control was achieved in all but 8 (0.8%) patients. Consequently, the 5-year 
biochemical elapse-free and local control rates were 90.6 and 98.3%, respectively (Fig. 
14b). 
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A recently completed phase II clinical trials compared acute toxicity between CIRT and 
proton RT for patients with prostate cancer with equivalent results. At least in the Hospital 
of Charged Particles at the NIRS in Chiba, Japan, prostate is the most treated cancer site 
with CIRT.   

2.1.6 Gynecological Malignancies 

Cervical Cancer 

Cervical cancer is a good example of candidates for CIRT. It is deep-seated, surrounded 
by radiosensitive organs (rectum, bladder, and bowel), hypoxic and radioresistant [61]. 
Several phase I and II clinical trials evaluated the use of CIRT for locally advanced 
cervical cancer (squamous cell carcinoma and adenocarcinoma). After initial dose-
escalation and adjustment for field design and dose constraints, oncologic outcomes and 
adverse events are very encouraging (Figure 15). The rate of distant metastasis is still 
relatively high and concurrent chemotherapy regimens are to be explored. A very limited 
number of patients received concurrent Cisplatin without major adverse events [62]. More 
work is needed to define the exact indications for CIRT in patients with cervical and other 
gynecologic cancers.  

 

Figure 15. The 5-year overall survival rate of patients with locally advanced stage IIB-
IVA AC of the uterine cervix who underwent CIRT alone or combined with chemotherapy 
was significantly better in the chemo plus CIRT group (72%) than in the C-ion RT alone 
group (46%, p=0.041). The 5-year distant metastatic-free rate was also significantly better 
in the chemo plus CIRT group (66%) than in the CIRT alone group (41%; p=0.048) [62]. 
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2.1.7 Pediatric tumors  

Several other malignancies have been treated with CIRT over the past 24 years. 
However, clear indications have not been established for a multitude of reasons. CIRT, 
for example, has been reluctantly used for the treatment of pediatric tumors due to the 
fear of severe adverse events and/or the concern of increased risk of second 
malignancies. The few available reports with short follow up did not show any second 
malignancies so far [63,64]. Proton therapy remains the technique of choice for pediatric 
tumors, due to the obvious reduction of the integral dose to normal tissues [3,4,65]. 
However, the results about second cancers in carbon ion therapy in adult patients (Figure 
16) [66] seems to indicate that CIRT can be safely applied to pediatric malignancies, too. 
Moreover, He-ions can be an excellent option for pediatric tumors due to the sharp fallout 
and reduced penumbra. 

 

Figure 16. Cumulative incidence of second cancer in patients treated for prostate cancer 
with surgery, X-rays, or CIRT [66]. 

 

Likewise, very few publications are available for high-grade brain tumors. Notably 
though, the Japanese data of CIRT for glioblastoma compares favorably with the standard 
of care (maximal surgical resection followed by chemoradiation with Temozolomide). 
Despite the infiltrative nature of high-grade brain tumors, a current phase II trial is 
investigating CIRT in patients with recurrent or progressive high-grade gliomas compared 
to photon RT. Other brain tumors have been treated with CIRT including low-grade 
gliomas and high-risk meningiomas but such experiences are still in the maturation 
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process. Similarly, despite the increased radiosensitivity of typically radioresistant triple-
negative breast cancer cell lines to carbon ions, the experience of using CIRT for breast 
cancer has been limited mostly due to difficulties with set up reproducibility and inter-
fractional variations. Interestingly, the reported cases used CIRT to definitively treat early 
stage T1N0M0 estrogen receptor-positive invasive ductal carcinomas. CIRT is unlikely to 
become indicated for the more common breast cancers but some cancer sub-types (triple 
negative or inflammatory) may respond better compared to photon RT. More efforts are 
needed to investigate these questions.  
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2.2 Comparative randomized trials at SEEIIST 
 

 Randomized phase-III clinical trials are easy to design for drugs, when the 
effectiveness of a new molecule is compared to a previous treatment or placebo. It is 
however, much more complicated if we want to compare charged particles to X-rays, or 
protons to carbon ions, because the number of degrees of freedom is much higher: 
fractionation, overall treatment duration, RBE, physical dose distribution. The trial design 
is therefore complicated by the many parameters to be compared (Figure 17). The 
implementation of CPT randomized trials is hampered by many other problems, such as: 

- patient preference. It is obviously difficult to randomize patients when the 
dosimetric evidence points to superiority of CPT compared to X-rays, and for 
pediatric patients this can be unethical. 

- Insurance coverage[67]. This is a major problem in US and in most of the 
European countries. Many eligible participants to trials have restrictive insurance 
policies that deny coverage for trial participation.  

- Limited number of centers. The relative small number of CPT centers compared 
to X-rays requires patients to travel significant distances to join the trials. 

- Different beam delivery technologies. Many proton therapy centers still use the 
scattering method, which is less conformal than PBS, even if more practical for 
treating moving organs. Many patients treated in past and currently open trials 
were treated with passive scattering, while the new patients will all be treated with 
PBS.  

Whether randomized trials are really needed to justify CPT has been questioned many 
times[68,69]. Apart from the many problems summarized above, it has been noted long 
ago that for health technology assessment randomized trials are not necessarily 
adequate and operational characteristics can be used as a direct measure of 
quality[70,71], as it happens for instance for image-guidance in radiotherapy (IGRT)[72]. 
Especially when the superiority of a treatment results in reduced morbidity, as it is 
postulated for CPT, the outcome assessment often requires long time and continuous 
surveillance, and would require something similar to phase IV trials for drugs[73]. 
Notwithstanding these limitations, the medical community feels that CPT can only be 
justified by level 1 evidence, and consequently a number of comparative phase II/III trials 
are ongoing and are summarized in Table 1. Eight trials are designed for C-ions, the 
others are for protons vs. X-rays. The trials address some of the most promising tumor 
sites, based on phase II dose-escalation studies, as summarized below. 
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Figure 17. General procedure in CPT trials: patients in the control arm generally receive 
X-rays, unless the aim of the trial is to compare different charged particles (for example, 
protons versus carbon ions). Trials of X-rays versus protons or carbon ions compare 
different physical dose-distributions and the end point can be decreased toxicity (if the 
same dose to tumour is prescribed), or increased local disease control (if trials prescribe 
isotoxic doses). Trials comparing protons to carbon ions will have similar physical dose-
distribution, and the main end point will be the effect of biological effectiveness. 

 

2.2.1 Breast 

Breast cancer, the malignancy with the highest incidence in women worldwide[74], is 
normally cured by surgery followed by radiotherapy. Cardiovascular diseases are a major 
late complication of breast cancer radiotherapy[75], with recent epidemiological studies 
showing that the risk of major coronary events is proportional to the mean heart dose[76]. 
Sparing the heart using protons should translate in reduced late morbidity, and proton 
therapy can be cost-effective for patients with 1 or more cardiac risk factors[77]. Protons 
are increasingly being employed in the postmastectomy chest wall radiation for women 
with node positive left sided lesions. One problem noted in the phase II trials is skin 
toxicity, but a recent analysis shows that, even if it is a frequent treatment-related toxicity, 
protons are no worst than conventional X-ray treatments[30]. The National Institute for 
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Radiological Sciences (NIRS) in Japan is testing C-ions for radical stage-I breast cancer 
treatment, without surgery[78]. 

 

2.2.2 Prostate 

The majority of the patients treated with CPT worldwide are prostate cancer patients[79].  
At an international level, there are heated discussions about the use of protons, but for 
prostate there is a general debate about the use of modern technologies, alternative to 
surgery[80]. Recent systematic reviews of surgery vs. radiotherapy for localized prostate 
cancer reached opposite results: one study found higher survival with surgery[81], a 
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second one found no significant difference[82]. A Swedish randomized trial support the 
conclusions of the US meta-analysis, i.e that survival is identical after radiotherapy or 
radical prostatectomy[56]. Sparing bowel and bladder using charged particles should 
further reduce toxicity (figure 2), and for this reason many prostate cancer patients have 
been treated with protons. Two retrospective analyses did not find significant reduction in 
toxicity with protons compared to photons[83],[84], but these studies have several biases 
and cannot be considered conclusive. Other studies report excellent results with protons, 
including a recent study on 1,327 patients with a follow up of 5.5 years[57]. Prospective 
trials for prostate are generally considered necessary[85]. The PARTIQoL trial in USA 
can provide important answers on the potential of protons for prostate. The IPI trial in 
Germany is instead comparing protons to C-ions in hypofractionation, and preliminary 
results indicate similar acute toxicity[86]. 

 

2.2.3 Liver 

Comparative analyses and reviews[18,24,25] of tumor control and toxicity indicate that 
protons are a very effective and well-tolerated therapy for hepatocellular carcinoma, even 
compared to the many other therapies available. In fact, not included in Table 1 are 
phase-III randomized studies comparing proton therapy to radiofrequency ablation (in 
Taiwan) or to transarterial chemoembolization (at Loma Linda University, USA) for 
hepatocellular carcinoma. The apparent reduction in radiation-induced liver disease 
reported from literature analysis has to be confirmed in randomized trials. The excellent 
results obtained of the recent multi-institutional phase-II trial of high-dose 
hypofractionated protons for unresectable hepatocellular carcinoma[87] encourages the 
design of randomized trials[88]. The first, led by the Massachusetts General Hospital 
(MGH) and funded by NCI, should start in 2017. In a recent independent review of the 
results obtained in the past 20 years in over 8,000 patients treated with C-ions at the 
National Institute for Radiological Sciences (NIRS; Chiba, Japan), the treatment of large 
tumors near the porta hepatis was considered particularly striking, because no 
alternatives are possible[13]. Phase-I trials with C-ions for hepatocellular carcinoma are 
ongoing at the Heidelberg Ion Therapy (HIT) center (Germany) and at the Shanghai 
Proton and Heavy Ion Center (SPHIC) in China. 

 

2.2.4 Brain 

Glioblastoma multiforme (GBM) grade IV has a dismal prognosis. Although the 
combination of surgery, radiotherapy (standard in 60 Gy/30 fraction), and chemotherapy 
(especially temozolomide) increase the survival of the patients, GBM almost invariably 
recurs near the original site or at more far satellite brain regions, whereas metastases 
beyond the central nervous system are very rare[89]. Results for GBM using charged 
particles have been generally disappointing: the problem for GBM is targeting, and 
therefore high-precision curative modalities such as protons or C-ions can hardly be 
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expected to produce better survival results than X-rays. The NCT01854554 trial at MD 
Anderson Cancer Center (MDACC) had cognitive failure as primary endpoint, and 
compared 30 fractions of either protons or X-rays.  The US NRG BN01 and the German 
CINDERELLA trials are dose escalation phase-II trials comparing protons to either X-rays 
(NRG) or C-ions (University of Heidelberg).  

 

2.2.5 Pancreas 

Pancreatic adenocarcinoma is the only tumor for which mortality is increasing in 
Europe[90]. For inoperable, locally advanced disease, survival at 5-years is only around 
6% with the current chemoradiotherapy standard (50.4 Gy in 28 fractions plus 
chemotherapy cocktails including gemcitabine and/or capecitabine). A recent phase-III 
trials did not find significant differences in the median overall survival for patients treated 
with chemoradiation or chemotherapy alone[91]. However, autopsies show that over 30% 
of the patients diagnosed with locally advanced disease die from complications caused 
by locoregional progression[92]. Moreover, about 30% of the patients unoperable at 
diagnosis can become surgically resectable after chemoradiation[93].  This justifies 
attempts of dose escalation, even if the number of OAR surrounding the pancreas and 
the organ motion makes this very difficult. For patients more than 1 cm from the closest 
gastrointestinal mucosa, a dose-escalation trial at MDACC using simultaneous integrated 
boost technique has demonstrated improved 2-years survival at high dose (36%) 
compared to conventional treatment (19%)[94]. Breath-hold was used as motion 
compensation technique. The new RTOG/NRG Oncology 1201 phase-II randomized trial 
is investigating 63 Gy in 28 fractions for selected locally advanced cases vs. conventional 
chemoradiation or chemotherapy alone.  

The results of combined treatments of chemotherapy and CPT for locally advanced 
disease seem to be significantly better than those with any X-rays treatment[95]. With a 
proton dose escalation up to 67.5 Gy(RBE) it was possible to reach a 50% survival at 2-
years in a dose-escalation trial at the Hyogo Ion Beam Medical Center (HIBMC) in 
Japan[96]. Similar results were obtained at NIRS with doses below 53 Gy(RBE) of C-
ions[97]. The improvement in survival for such a lethal cancer is remarkable, and has 
been noted as one of the most exciting results coming from NIRS[13]. US NCI is 
supporting an International phase-III trial where locally advanced pancreas cancer 
patients will be treated with C-ions at SPHIC and compared to patients receiving 
conventional chemoradiation protocols. The trial includes a phase-I study where the 
maximum tolerated C-ion dose will be evaluated with supplemental X-rays and 
chemotherapy. A second prospective multicenter phase-III trial (CIPHER) has been 
proposed by UT Southwestern in USA, where patients should be treated with IMRT, while 
treated with C-ion arm will be in Japan (NIRS) and Italy (CNAO). CIPHER has been 
designed with a statistical power able to detect an increase of the 2-years survival from 
22% in the control arm (IMRT) to 48% in the experimental arm (C-ions). A phase-I study 
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(PHOENIX-01) is also ongoing at HIT. Ten phase I/II trials are ongoing in USA for protons 
in resectable or unresectable pancreatic cancer. 

 

2.2.6 Head and neck 

Head and neck cancers are an ideal candidate for CPT because of the complex 
geometries and high incidence of side effects observed in dose-escalation[98]. In silico 
dose comparative studies show that the dose to several OARs can be significantly 
reduced[8]. Comparisons of current clinical outcomes from different centers support the 
hypothesis that CPT has the same local control compared to X-rays, but lower toxicity[99], 
and an improvement in survival is observed for paranasal sinus and nasal cavity cancer 
patients[100]. The NIRS experience in Japan shows that C-ions are effective for patients 
with clinical radioresistant head and neck tumors[101] treated with conventional 
fractionation. Results at GSI and HIT in Germany show that a boost of C-ions in adenoid 
cystic carcinoma patients treated with IMRT results in improved local control and 
survival[37]. Locoregional recurrence generally occurs in field[102], suggesting that dose 
escalation will further improve survival. Phase-III comparative trials are therefore useful 
for sites in the head and neck, and considering the relatively high toxicity this can be the 
best site to prove reduced morbidity with ions. 

 

2.2.7 Lung  

The use of CPT for lung cancer is becoming a topic of great relevance.  First, lung is still 
the leading cause of cancer death worldwide[74].  Second, radiotherapy for non-small cell 
lung cancer (NSCLC) has rapidly improved in the past few years, and stereotactic body 
radiation therapy (SBRT)[103] in hypofractionation is now considered as an alternative to 
surgery for early stage NSCLC[51,104]. Finally, many ongoing trials on CPT concentrate 
on lung cancer[105,106], including the only comparative trials finally closed at the present 
time.  

 Because it is known that locoregional failure in NSCLC is negatively correlated to 
survival, it is expected that survival will increase by increasing the tumor dose, and this 
hypothesis is supported by a meta-analysis of seven RTOG trials on locally advanced 
NSCLC[107]. However, the recent RTOG 0617 phase-III trial[108], designed to compare 
a standard dose (60 Gy) vs. high-dose (74 Gy) radiotherapy in 2 Gy/fraction with 
concurrent chemotherapy in stage III, inoperable patients, led to the paradoxical result of 
a reduced median overall survival in patients treated with a standard dose (28.7 months) 
than in those in the high-dose arm (20.3 months).  The results are surprising and 
counterintuitive, and stimulated thorough analysis of the data[109–111]. The authors did 
observe more treatment-related deaths and esophagitis in the high-dose arm. A 
significant increase of cardiovascular toxicity was not directly observed, yet heart V5 
(percentage of heart receiving more than 5 Gy) and V30, both higher in the high-dose 
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arm, correlated with patient deaths. The mean lung dose and V20 were also higher in the 
patients receiving more fractions. All these effect are reflected in an observed significant 
decline of the quality-of-life (QoL) in the high-dose arm at 3 months, while QoL was an 
independent prognostic factor for survival[112]. Taken together, RTOG 0617 simply 
proves that increasing the dose can eventually lead to toxicity: both TCP and NTCP 
should be considered in dose escalation.  

In silico studies show that CPT reduces the integral dose to the lungs and 
significantly spares esophagus, heart, spinal cord and brachial plexus compared to X-
rays[113] (Figure 18).  This has attracted a strong interest for using CPT in NSCLC[114]. 
In Table 2 we show the ongoing trials, and the only randomized trial actually closed: the 
PO1 CA021239-29A1 trial comparing X-rays vs. proton chemoradiation for inoperable 
stage II-III NSCLC, performed by MDACC and MGH. The results show no statistically 
significant differences in the trial primary outcomes: local control and radiation 
pneumonitis. The trial enrolled stage II-IIIB NSCLC inoperable patients and randomized 
them between X-rays and protons, 74-66 Gy, in combination with platinum-based 
chemotherapy [115]. Patient characteristics were balanced in the two groups, but target 
volumes were larger in the proton arm. Because the tumor doses were essentially the 
same, the trial was designed to look for differences in radiation pneumonitis. However, 
fewer events were observed in both arms compared to what was expected based on 
statistical consideration in the trial design. Protons have a potential for dose escalation 
maintaining the toxicity as low as X-rays.  

 

The lung cancer case shows that the real advantage of charged particles can be 
evident in some patients, much less in others. Respiration movement is a major problem 
in treating lung tumors with CPT, especially using IMPT[116]. A common approach to 
address target motion is the internal target volume (ITV), which expands the CTV to  
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Figure 18. Treatment plans for SBRT (left) and CPT (right) for two patients treated for 
NSCLC. The patient in the top row might be better suited for CPT and the other (lower 
row) for SBRT. The second patient has a small lesion (1.6 cc) in a central lung region, 
resulting in large PTV(CPT) - up to 32 cc, compared to PTV (SBRT) 7.7 cc  The CTV 
contour is outlined in white. The image is part of an in silico trial for comparison of SBRT 
and C-ions, and is modified from [117]. 

include motion. However, while in X-ray therapy the ITV is simply the geometric union of 
all motion phases in a 4DCT, for CPT the sensitivity to water-equivalent path length 
(WEPL) makes this approach inadequate[118].  For instance, in lung cancer there is a 
large difference between the WEPL in the target tumor and in the normal tissue, mostly 
air, where the tumor is moving[55]. A range correction is needed. Three main approaches 
are used for motion management using PBS: gating, rescanning, and tracking[119]. At 
the moment, however, tracking is not clinically implemented, and the other techniques 
require planning target volumes (PTV) significantly larger than clinical target volumes 
(CTV). A full 4DCT optimization would be the best approach to account for motion 
management with high precision[120]. Dose homogeneity within the CTV increases with 
the fraction number, making the problem much more dramatic for hypofractionation[121]. 
It also depends significantly on the tumor motion amplitude, which means on the tumor 
location. Figure 4 shows two examples of treatment plans with SBRT or CPT with a single 
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fraction[117]. The first patient has two lesions, and the advantage of using C-ions is very 
significant. The second has a small central lesion, which forces the usage of a PTV of 32 
cc for CPT vs. 7.7. cc for SBRT. This second patients would not benefit from CPT.  

Randomized trials do not select patients, and therefore there is a risk that the 
subset of patients with a clear benefit from CPT will not be identified. The new RTOG 
1308 phase-III trial will employ the most advanced techniques for intensity-modulated 
delivery of protons and X-rays, and will compare the best possible options with the two 
radiations. Results can be very important to assess the role of CPT in lung cancer 
treatments. 

 

2.2.8 The “best” comparative trials 

Can these ongoing trials demonstrate the superiority of CPT over IMRT? Clearly, if trials 
aim at the same dose to the tumor, TCP will be the same, and only significant differences 
in NTCP will show an advance. To detect significant NTCP variations, the trial should 
address sites with high rate of complications, which are generally decreasing thanks to 
the modern facilities. In the PO1 NSCLC phase III trial, the rate of pneumonitis was low 
in both arms. Many of the other trials described in Table 1 have toxicity as primary 
endpoint, and paradoxically they will demonstrate superiority of protons only if the photon 
arm will produce a significant rate of complications. This is not necessarily the best way 
to demonstrate the potential of CPT. Trials looking at survival in tumors with high 
prevalence may be more helpful in providing definitive answers. Liver and pancreas trials 
are therefore particularly critical.  

 The design of the trial is complex because of the many variable involved. In general 
there is a tendency to have only one variable under comparison (e.g. same dose to the 
tumor, only difference in dose distribution), but this can again give distorted results. In the 
trials at HIT, generally the comparison is between the “best possible modalities” as 
established through the phase I/II trials. For instance, the HIT-1 trial on chordoma[122] 
compares 2 Gy(RBE) protons x 36 fractions to 3 Gy(RBE) C-ions x 21 fractions. Whatever 
the result can be, it can be argued that it depends on the different fractionation schedule 
employed. However, this seems to be the only possible approach to use directly the result 
of the trial for the benefit of the patients. 

 There is one comparative trial with positive results toward CPT using the “best 
approach” method: the UCSF-LBNL trial on choroidal and ciliary body melanoma. The 
trial compared 4He ions to125I plaque therapy. The long-term results of this trial started in 
Berkeley in the 80’s have been recently published[42], and show a local control of 98% 
with helium vs. 79% with iodine (Figure 10). Eye preservation and disease-free survival 
were also significantly improved, while overall survival was not significantly different in 
the two groups.  



 
33 

 

The other main problem in trial design is the patient selection. The simple selection of 
tumor location can change the results – e.g. whether the locally advanced pancreas 
cancer patients are selected only if the tumor is far away from the duodenum, thus making 
possible effective dose escalation. The selection can be done on a dosimetric basis (such 
as shown in figure 4 for lung cancer), or using NTCP models, are recently proposed in 
Europe. The Dutch proposed a model-based approach consisting of two phases: the first 
aiming at the selection of patients who may benefit from protons, and the second at the 
clinical validation by sequential prospective observational cohort studies[123]. The 
patients are selected using an NTCP model inside an in silico clinical trial[124]. Only 
patients with an estimated % reduction of the NTCP-value beyond a threshold are 
selected for proton therapy. The toxicity results obtained in these patients will be 
compared to those obtained in the historical control group. In principle, the best patient 
stratification should be done on the basis of the putative biological advantages that derive 
from the physical dose distribution or by the radiobiology itself. Charged particle 
radiobiology is indeed different from that of conventional X-rays [125].  Differences cannot 
always be simply scaled with a multiplicative factor (RBE): different radiation qualities 
behave as different drugs.  
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2.3 New ions 
 

Since the early days of radiation therapy, research efforts have always been directed 
toward obtaining improved dose distributions (i.e. high dose to target volume, dose as 
low as possible to healthy tissues), possibly increasing at the same time the selectivity in 
biological effectiveness, thus enhancing the therapeutic ratio. Nowadays it seems to 
observe a gradual shift in the radiation therapy community, from the pioneer questioning 
if CPT might produce actual clinical benefit, to the current discussing how and when it 
can be possible to best exploit the therapeutic potential offered by CPT (e.g. which 
particle species, dose and fractionation scheme; which cancer type, anatomical site, 
depth position, normal tissue radiosensitivity) [126].  

Protons are certainly the charged particle most largely used and for which the 
largest clinical experience has been acquired. Remarkably, this is somehow in contrast 
with the improved physical properties offered by heavier ions. This apparent contradiction 
is partially motivated with the observation that the biological effectiveness of other ions is 
still affected by large uncertainties, which do not fulfil clinical constraints. However, in 
addition to several centres in Japan and China, carbon ions are now available in Europe, 
and the first carbon ion therapy facility will likely start construction in the US in the next 
few years. Indeed, a quite intense discussion aroused again in the literature in the recent 
years concerning the possibility to optimize the clinical potential of CPT by extending the 
spectrum of therapeutic ions beyond protons and carbon ions. While this was hindered in 
the past by technical issues, recent progresses (e.g. the diffusion of raster scanning) 
make it possible to better exploit the peculiarities of different ion species. For instance, 
helium [127–130] and lithium [131] ions have been proposed, in light of their improved 
lateral dose distributions compared to protons, while having at the same time a RBE lower 
than carbon and thus easier to adopt for clinical use. Oxygen is also considered a good 
candidate, especially due to its high LET distribution, which makes it particularly attractive 
for the irradiation of hypoxic tumours [132–134]. 

Currently, beside innovative treatment planning studies, allowing even a 
simultaneous optimization of different particle beams at once [135], the practical 
implementation of multi-ion CPT treatments could still require additional technical efforts. 
At the same time, experimental data are needed in order to consistently describe the 
physical and biological properties of ions other than protons and carbon ions to a level of 
accuracy high enough to allow their clinical use. In other words, new interest arises in 
finding answer to the old question of identifying the scenario in which each particle 
species shows its maximum therapeutic potential. Extending the therapeutic spectrum of 
clinical ions appears as the new challenge in CPT, thus justifying the experimental and 
technical efforts asked by the community. In the era of bio-medical research devoted to 
find out strategies to personalize cancer treatments, this would contribute defining 
scientific criteria to select and deliver radiation quality-optimized treatments.  
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The same physical and biological aspects that are responsible for differentiating 
between photon radiotherapy and CPT (namely increased target conformity coupled with 
an enhanced biological effectiveness in inactivating tumour cells), can actually be 
adopted to discuss more in detail the properties of different particle species. Actually, a 
number of studies can be found in the literature investigating physical properties for a 
spectrum of charged particles, with focus on their clinical potential [136]. These studies 
are mainly based on radiation transport simulations through analytical or Monte Carlo 
(MC) methods, while experimental data are largely missing for particles other than 
protons and carbon ions. This represents a limit for the reliability of the beam models that 
are normally adopted for these particles.  

The LET is usually seen as a key parameter to explain the modulation of biological 
effects induced by heavy ions (high LET) compared to x- or g-rays (low LET), and 
therefore it has been largely investigated. In the classical picture, a strong advantage 
offered by the physics of charged particles is the increasing LET in the Bragg peak  (BP) 
region, allowing obtaining high RBE corresponding to the tumour. However, the LET 
variation along the depth-dose profile of different ions deserves a more accurate 
discussion. In fact, the portion of the depth-dose curve where high LET is released is 
strongly influenced by the particle type. From this point of view, while light particles like 
protons and helium produce high LET only at the very distal part of the BP, in the case of 
carbon ions the high LET region nicely shapes to the BP but at the same time 
considerably high LET is also released in the proximal part of the BP, and therefore in 
healthy tissues. Thus, intermediate ions from lithium to beryllium might represent a valid 
compromise. At the same time, very high LET radiation is interesting for its effectiveness 
in killing hypoxic cells that are normally radioresistant. The Oxygen Enhancement Ratio 
(OER), defined as the ratio of doses under hypoxia to normoxic conditions needed to 
obtain the same biological effect, becomes really close to one only at LET values that are 
accessible for ions heavier than carbon. From this point of view, oxygen and neon ions 
might be a promising tool. However, due to their increased charge, such heavy ions 
release a comparably high LET along the whole peak, thus increasing the risk of normal 
tissue damage. This suggests that they might be used as a boost treatment for the 
irradiation of a restricted volume where hypoxic cells are present. MC data also show that 
the number of fields delivered influences the actual LET distribution. Generally speaking, 
when multiple fields are considered, a decrease is observed in the maximum LET 
obtained in the target, but a larger fraction of target volume is interested by high 
LET[137,138]. Target conformity is strongly related also to lateral and longitudinal 
straggling. Lateral straggling, due to multiple Coulomb scattering, is roughly halved when 
moving from protons to helium [136]. Importantly, for deep targets the lateral penumbra 
obtained with protons can be worst compared to what achievable with modern photon 
techniques. However, even though lateral scattering is reduced for heavier ions, this 
effect can be mitigated when adopting active scanning instead of passive beam delivery 
systems. Similarly, range straggling is also maximal for protons and then reduced for 
increasing atomic mass. Despite of that, nuclear interactions also have to be considered, 
resulting in the production of projectile (for A>1) and target fragments that worsen the 
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quality of the depth-dose profile. For instance, fragmentation is responsible for the dose 
tail observed in the BP curves. Thus, for particles of increasing mass, fragmentation 
counterbalances the positive effect of a narrower beam. However, the dose tail 
contribution is dependent on the particle range, getting more pronounced for deep-seated 
targets. This suggests that at small penetration depths the dose profile of heavy ions are 
not largely affected by the dose tail, which on the contrary gets more pronounced for 
increasing beam energies.  

2.3.1 Physics 

Figure 19 summarizes what discussed up to now in terms of physical properties 
for protons, helium, carbon and oxygen ions, which are considered the most relevant 
candidates for advancing particle therapy. These ions are presently available at the HIT 
facility (Heidelberg, Germany), and will likely be considered soon in MedAustron and 
CNAO. Concerning the multiple scattering effect (Figure 19A), the latter two ions exhibit 
a quite similar lateral spreading of the beam, while the difference with helium and 
especially with proton is remarkable. Beside absolute differences in LET and dose 
delivered by a single particle (Figure 19B-19C), the relative contribution of the 
fragmentation tail is similar for oxygen and carbon, while in the entrance channel the 
differences obtained with the two ions are more pronounced. On the other hand helium 
and protons are substantially less impacting both the entrance and outgoing channel.  As 
mentioned, the above considerations are based essentially on simulations performed with 
different transport codes (analytical or MC), showing in general good agreement. 
Nevertheless, these studies should be complemented by measurements of dose profiles 
and fragmentation cross sections, since apart from protons and carbon ions not many 
data are available to support simulations.  

Moreover, this would help to benchmark and improve the beam models adopted 
in MC codes for the alternative ions. For example, low charge fragmentation cross 
sections models (e.g. for Helium and proton target fragments) are affected by several 
uncertainties and the scarcity of experimental data still does not allow a reliable 
assessment of the resulting fragmentation spectra. Considering the complexity and the 
many aspects involved in a thorough comparison, the community would clearly benefit 
from such efforts. 

 



 
37 

 
 



 
38 

 

Figure 19. Physical properties of different ion beams propagating in water; panel A: width 
of lateral dose falloff (σ) due to multiple scattering; panel B: absolute dose per unit 
fluence; panel C: profiles of dose-averaged LET for the irradiation of an extended target 
of 2.5x2.5x2.5 cm3 centred at 8 cm depth in water, with a field optimized on a uniform 
physical dose (2Gy). The horizontal line in C indicates an LET level that can be associated 
to a significant OER reduction. 

 

2.3.2 Radiobiology 

Obviously, the differential clinical properties of charged particles cannot be 
explained based on LET and straggling aspects alone. This is also evident when 
considering that the RBE associated to charged particles is dependent on many 
parameters. A non-exhaustive list includes LET, dose and dose fractionation, 
oxygenation, cell cycle phase and end point considered. This is reflected by the large 
uncertainties usually affecting RBE measurements. Notwithstanding the limitations of 
RBE studies, RBE data for endpoints like cell inactivation and crypt cells regeneration still 
represent the basis for the consideration of biological effects in CPT. Survival of jejunal 
crypt cells was employed to study the RBE of different ions (namely helium, carbon, neon 
and argon) not only in the peak region but also in the entrance channel already in the 80’s 
in Berkeley [139]. This allowed estimating a positive therapeutic ratio for helium, carbon 
and neon, which were then used in CPT trials. Concerning argon ions, the inversion was 
observed of an RBE higher in the plateau than in the peak region, as a consequence of 
the high LET and of overkill effects. Thus, argon came out not to be a good candidate for 
CPT. The RBE was also evaluated and compared for normoxic and hypoxic cells, 
resulting in increased effectiveness of ions compared to photons under hypoxic 
conditions, due to the reduced OER. This is in line with the recent studies, suggesting the 
use of high charge particles for boost-treatments of hypoxic tumours [132,140,141]. This 
study thus presents an effective and intuitive comparison of the properties of different 
charged particles, highlighting the therapeutic potential as well as the relevance of 
damage in the normal tissue, being often a limiting factor in clinical practice.  

Concerning RBE data, Figure 20 shows RBE for 10% survival as function of LET 
for protons, helium, lithium, carbon, oxygen and neon. Calculations are based on 
experimental information (in vitro) extracted from the PIDE database [142]; data referring 
to both normal and tumour cell lines are pooled together, and monoenergetic beams only 
are considered. The data shown in the figure for different ion species are divided in two 
groups depending on the a/b ratio (Linear Quadratic model parameters). This suggests 
on the one hand that similar RBE values are obtained for both groups; on the other hand 
a dependence on particle species is observed, with the maximum RBE shifting toward 
higher LET for increasing particle charge.  
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Figure 20. Biological characteristics (RBE at 10% survival level) of different particles as 
a function of the LET, grouped in different sensitivity ranges. All data are extracted from 
PIDE (www.gsi.de/BIO-PIDE) database and refer to monoenergetic beam irradiation. 

This is mostly evident for high a/b ratios, since more data are available and the trend is 
better defined. In fact, the majority of data are measured with cell lines showing a high 
a/b ratio, which is generally a good representation for cancer cells. When looking at 
Figure 20 we recognize that the dataset is really extensive only for carbon ions. A 
reasonable amount of data is available also for protons, helium and neon ions. 
Remarkably, for these particle species a lack of data at high energies is observed, as well 
as only few data correspond to low a/b ratio. Despite the potential clinical interest, data 
are very poor for oxygen and lithium ions. Obtaining basic RBE data over a wide spectrum 
of energies and cell lines is an essential step for implementation of other ions in treatment 
planning software (TPS). Therefore, it is evident that further experimental effort is needed 
in order to fill the current gaps. Future experiments should include the investigation of 
RBE at high energies with helium, lithium and oxygen, due to the importance of an 
accurate evaluation of side effects in the entrance channel when comparing different ions.  

Having considered the dependence of the RBE on LET for different particle 
species, we can now more closely examine the clinical impact of this dependence in 
treatment planning. For this purpose, we refer to the irradiation of a box-shaped target 
having dimensions of 2.5x2.5x2.5 cm3, centred at 8 cm depth in water, as simulated with 
TRiP98 [143]. Active scanning was adopted as beam delivery method. Irradiation is 
performed with a single field of alternatively protons, helium, carbon or oxygen ions; the 
biological dose to the target is optimized to 2 Gy(RBE), assuming the Local Effect model 
for RBE description (LEM IV [144]). Two different tissue types were simulated, assuming 
a photon a/b ratio of 2 Gy and of 10 Gy. Two configurations are considered in Figure 21, 
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namely uniform sensitivity -a/b(target)= a/b(normal tissue)=2-(figure 21A), and sensitive 
target -a/b(target)=10, a/b(normal tissue)=2- (figure 21B). Target position is highlighted 
in the figures by the shadowed region. RBE is computed here as the ratio between 
biological (RBE-weighted) and physical (absorbed) dose. The results nicely show that 
despite the biological optimization, because of the variable LET profile, RBE in the target 
is not constant. This is mostly evident in the iso-sensitivity configuration (figure 21A), while 
the difference gets less pronounced when a higher a/b is assigned to the tumour (figure 
21B). In any case, the highest RBE is obtained with carbon and oxygen ions, while 
protons produce the lowest RBE and helium is in between.  

 

Figure 21. Single field extended target irradiation of an idealized geometry resembling a 
head and neck tumour (25x25x25 mm3) centred at 80 mm depth; the plan was calculated 
with an RBE-weighted dose optimization in the target. RBE profiles for 2 different 
sensitivity scenarios are shown (A and B). For the first configuration, the resulting 
biological dose profile (C) is also shown for a better understanding, and the dose average 
LET profiles (D), compared to those resulting from a physical dose optimization (dashed 
lines, from fig.19C).  

Similar behaviour, as expected, is obtained instead in both entrance and outgoing 
channels for the two configurations. Carbon and oxygen release higher RBE in the 
healthy tissues before the tumour, especially proximal to the target.  At the same time, all 
the ions show a peak in RBE at the distal fall-off. This is the result of combined high LET 
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and low doses released behind the tumour. This behaviour is pronounced especially for 
protons, and this can be explained with the very low local doses (as seen in figure 21C at 
the distal fall-off). Thus, despite the very high RBE, consequent biological effects are not 
obvious but might deserve consideration, for example in extending the effective range of 
the irradiation [145]. Finally, in figure 21D it is shown the corresponding dose averaged 
LET profile, compared to those ones arising from a physical dose optimization.  

A different analysis is shown in Figure 22. Still based on the same target described 
above, irradiation is now performed with two opposing fields. In figure 22A the physical 
dose released by the different charged particles is compared for the delivery of 2 Gy 
homogeneous dose to the target. In this case, we notice that for the same dose to the 
target, a higher dose to the surrounding normal tissues is released by carbon and oxygen 
compared to protons and helium. Biological optimization was also performed, for the two 
configurations of target and normal tissues described above. Results obtained for a/b 
ratio equal to 2 for both target and normal tissue are shown in figure 22B, while figure 
22C refers to a/b ratio equal to 10 Gy for the tumour and to 2 Gy for the healthy tissues. 
In the first case, we observe that the optimal sparing of normal tissues is obtained with 
helium ions. Protons release the highest biological dose in the entrance channel, while in 
the region proximal to the target we observe carbon and oxygen curves crossing with the 
protons’ profile and resulting in a higher biological dose. The situation changes quite 
drastically when considering the second configuration (Figure 22C). In this case, similar 
results are obtained with protons and helium, showing the highest peak to entrance ratio. 
On the contrary, clearly higher dose is released to normal tissues by carbon and oxygen. 
Our results suggest that not only the physics of the different ion beams but also biological 
aspects strongly influence the resulting dose profiles. Therefore, the choice of the optimal 
ion depends on the specific tumour configuration. Indeed, a thorough comparison should 
also consider the different physical aspects discussed above (e.g. straggling and 
fragmentation), that were shown to have a different impact according to target depth and 
extension. Remarkably, TRiP98 was recently shown to be suitable to perform 
simultaneous optimizations for different ion species, realizing a proof of principle plan 
combining    proton and carbon, exploiting the advantages of both particles for a specific 
target, but allowing in principle also the use of other ions namely helium, carbon and 
oxygen. This is a critical step toward possible future clinical implementations of multi-ion 
treatments. A large-scale study performed on realistic treatment plans rather than on 
simplified geometries would also be of great benefit. The discussion up to now was mostly 
based on in silico studies, which may now guide dedicated radiobiological experiments 
(possibly conducted in vivo) directly comparing the effects of different particles. 
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Figure 22. Double opposed field irradiation of an idealized geometry simulating a typical 
head and neck cancer case. The tumour (25x25x25 mm3) is centred in an irradiation 
volume of 16 cm length. Physical dose optimization was performed (A), as opposed to 
RBE-weighted dose optimization for different sensitivity scenarios (B and C). 

 

2.3.3 Hypoxia 

While conventional research in treatment planning studies with ion beams was always 
based on RBE-weighted dose optimization, a further step in a biological based treatment 
is accounting for effects related to the local microenvironment, as for instance in tumour 
hypoxia. In Figure 23 we show the OER as a function of the dose-averaged LET for 
monoenergetic beams of different ion species [140]. The results show a drastic change 
in OER inside the therapeutic LET range. This is well defined for carbon, thanks to the 
several data available. On the contrary, not wide experimental information is given for 
oxygen, even though this ion species is the favourite candidate for the treatment of 
hypoxic tumours, given its physical properties (see above). However, when comparing 
the fitted profiles it clearly emerges that, apart from the contribution of dose averaged 
LET, very weak particle dependence (if any) is present for quite a broad variation of ion 
type (from Z=6 to 10). Therefore, from the single oxygen point lying exactly on the carbon 
curve, it could be assumed that using the same OER(LET) dependence for these two 
ions can be considered a very good approximation. As seen in Fig. 23D, the LET profile 
of a field is extremely skewed also after an RBE-weighted dose optimization. Thus, 
approaches based on crafting the LET distribution were proposed for the treatment of 
tumour hypoxia, based on the adoption of specific beam shapes (i.e. dose ramps) able to 
focus the maximum LET in a defined region (i.e. LET painting [137,138]). More recently, 
it has been introduced the possibility to include oxygenation levels directly in the treatment 
planning for ion beams, thus aiming at restoring a flat survival level across the whole 
target (so-called kill-painting)[140]. According to this method we consider the effects of 
carbon and oxygen irradiation for a box-shaped target (4x4x6cm3) with different 
oxygenation, composed by CHO cells (used for biological dosimetry). Specifically, the 
normoxic case (figure 23B) is compared to the case when the target is divided in regions 
of different oxygenation (figure 23C), presenting the highest level of hypoxia (0% 
oxygenation) in its centre (orange) and 0.5% around it (yellow). In the second case, both 
ions are optimized including RBE and OER in order to obtain the prescribed survival level, 
with the minimum increase of dose in the entrance channel. Remarkably, we observe a 
clear inversion in the resulting profiles when comparing the two configurations, with 
oxygen showing clear advantages over carbon ion in the case of hypoxic target. 
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Figure 23. (A) OER in full anoxia (0% O2) and 10% survival as a function of dose 
averaged LET for monoenergetic irradiation with different ion species [140] (B) Double 
opposed field irradiation for a fully normoxic and (C) partially hypoxic idealized tumour of 
4x4x6 cm3 with oxygen and carbon beams. In the hypoxic case, the plan accounts for 
OER in the different regions with different oxygen concentrations and optimize the fields 
accordingly (see text for details). 

 

2.3.4 Other Applications of new ions 

Recent advances in biological sciences made it possible to extend our 
understanding of genetic aspects of cancers. Thus, it is not anymore unrealistic to 
hypothesize that in the future it could be possible to select patients for radiotherapy, also 
based on the effectiveness expected according to their genetic background. At the same 
time, it gets increasingly clear that different radiation qualities elicit different biological 
response at different levels, from the sub-cellular to the tissue level. Importantly, this 
seems to be dependent mostly on the ionization density rather than on the dose delivered. 
This opens new interesting scenarios both for best exploiting different charged particle 
types in CPT and for the evaluation of the associated risks. 

The interest is also recently increasing toward possible applications of charge 
particles to the treatment of diseases other than cancer [146]. This is also triggered by 
the improved conformity made possible by active scanning techniques. Atrial fibrillation, 
renal denervation, trigeminal neuralgia, epilepsy and macular degeneration are among 
illnesses for which photon radiation therapy has been already applied. In all these cases, 
the increased ballistic precision offered by ions could enhance the therapeutic outcome 
compared to photons. Limited clinical studies have been already performed with protons 
for the treatment of arteriovenous malformations. Importantly, new scenarios might be 
opened by the possibility to optimize the choice of the charged particle according to a 
given disease, based on both physical and biological properties of the different radiation 
qualities. However, some issues have to be considered, first of all the implementation of 
adequate motion mitigation techniques. Present estimations suggest that charged 
particles might find practical application for the cure of non-cancer diseases in the next 
10 years. Preliminary in silico studies are needed to identify diseases most likely having 
benefit from charged particle irradiation, which should be followed by dedicated in vitro 
and in vivo studies. 
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3. Pre-clinical research program 
 
SEEIIST will be unique in the EU scenario of accelerator facilities because, unlike nuclear 
physics research centers, it is open to clinical centers; but, unlike clinical accelerators, 
50% of the beamtime is committed to research. The research activities are summarized 
in Table 3. 

Activity type Topic Experiments Targets 
Clinical Clinical trials Statistical evaluations Patients 
Pre-clinical Medical physics Dosimetry, imaging, 

beam delivery R&D 
Phantoms 

 Radiobiology Interaction with drugs, 
microenvironment, 
impact of new delivery 
techniques 

Cells, tissues and 
animals 

Non-clinical Space radiation 
research 

Shielding Solid state materials 

  Radiobiology Cells, tissues and 
animals 

 Material Research Hardness Solid state materials 
 Vaccinology Inactivation for 

vaccine 
Virus 

Industrial Radiation hardness SEE, EEU, TDE Microelectronics 
 Metrology Detector calibration Sensors 
 Electronics Implantation Si-wafers 
 Plant breeding Mutations Plants 

 

Table 3. Research activities in the SEEIIST facility. 

 

As the time frame for the proposed SEEIIST project is not yet defined, it is difficult to 
envisage which research topics will be of highest interest at the time when the beams will 
become available in the experimental halls. At present it is sufficient to list some of the 
most important topics which are currently under investigation, demonstrating that 
research in this field is still of the utmost importance despite the fact that clinical facilities 
are already in operation:   

(i) An increased proton RBE at the end of the particle range is clearly visible in in 
vitro studies, but in clinical settings this seems to play a less pronounced role. 
Therefore, the debate is ongoing as to whether the increased RBE at the distal 
edge of a treatment field needs to be considered in treatment planning for proton 
therapy. To close the gap between in vitro and clinical studies, in vivo studies are 
indispensable for a better understanding of the above-mentioned discrepancies. 
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(ii) Due to the better conformation of the dose, partial volume effects might play a 
more important role in ion beam therapy; as typically small volumes are involved, 
these might counteract the locally increased effectiveness. This interplay 
between partial volume and RBE effects also requires in vivo studies, as partial 
volume effects cannot be mimicked by in vitro systems. 

(iii) There is increasing evidence that radiation treatment in combination with a 
stimulation of the immune system might further increase the effectiveness of the 
treatment. Also, modulation of the repair capacity in combination with 
radiotherapy might be beneficial. Systematic studies on all such types of 
combination treatments are required. 

(iv) Stem cells are at the origin of normal tissue regeneration and also represent the 
major players for the regrowth of tumours after radiotherapy. A better 
understanding of the peculiar properties of stem cells with respect to 
radiosensitivity, repair, and regeneration capacity is of high importance for the 
improvement of any radiation treatment modality. 

(v) Drugs, nanoparticles and other agents can modify the radiation response and 
thus the bio-effectiveness of radiotherapy. There are many open avenues since 
only a small fraction of the possible choices has been experimentally studied. 

(vi) Cell migration represents one of the key processes leading to metastases. The 
problems to be tackled are: how far radiation can either enhance or reduce the 
ability of cells to migrate and affect the occurrence of metastases and whether 
there are differences in that respect between sparsely and densely ionizing 
radiation. 

(vii) Treatment planning for ion beam therapy requires the use of biophysical models. 
Although a lot of experimental data are already available, discrimination of 
different models should be optimized using experimental conditions that are 
particularly sensitive to model differences and thus frequently require additional 
experimental data. 

(viii) As conformity of the treatment is much better with ion beam irradiation, at the 
same time reducing the volume and/or dose to the normal surrounding tissue 
and thus normal tissue complications, other factors like the probability of 
secondary cancer induction will become an important factor for the choice of the 
optimal treatment modality. 

Considering also other research directions like radiation protection or more fundamental 
studies to elucidate the mechanisms of radiation action, a plethora of further topics can 
be envisaged which would fit into a research programme of such a facility.  

These topics are also studied in several other facilities. However, the high-intensity in 
SEEIIST will make possible dedicated studies in new topics, and precisely: 
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(i) FLASH. Very high dose rates promise a revolution in radiotherapy, both for 
medical physics (ultra-short treatments, reduced impact of moving organs) and 
for radiobiology (apparent sparing of the normal tissue without decreasing 
tumor radiosensitivity).  

(ii) Minibeam aka microbeam aka spatially fractionated radiotherapy exploits the 
ability of the tissue to regenerate when the volumes are irradiated with a grid 
pattern 

(iii) Radioactive ion beams. Ideal for simultaneous treatment and beam 
visualization (theranostics).  

All these activities require high intensity. Therefore, these research topics are particularly 
suited for SEEIIST, because both pre-clinical and translational/clinical tests are possible 
in the same facility. The potential of these new modalities is enormous, and SEEIIST will 
be the ideal facility to test their potential and translation in clinical settings. 

In the following section we will analyse in detail the research program, dividing into 
medical physics, radiobiology, and new modalities. 
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3.1 Medical physics 
 

As discussed in the clinical program, there are several tumors sites that can be 
tackled only with an intense pre-clinical program dealing with medical physics. Here we 
summarize the main aspects. 

 

3.1.1 Dosimetry 

Dosimetry is arguably the most important aspect of physics in radiation therapy. It 
is part of treatment planning where the goal is to administer a high dose to the tumor 
without compromising constraints given to critical structures. There are different 
constraints for different organs that are mainly based on empirical evidence. Treatment 
planning aims at finding the best solution for a given tumor location, geometry, and type. 
The main goal is always to ensure full coverage of the tumor with the prescription dose 
while trying to stay beyond dose constraints to organs at risk. For some cancers, it is not 
possible to achieve a tumor dose that will most likely control the tumor without exceeding 
dose constraints. In these cases, cure by radiation therapy is often not achievable. 

The dose distribution predicted by the planning system has to reflect the dose 
distribution that will be delivered to the patient. Dose calculation algorithms in treatment 
planning systems thus have to be validated prior to their clinical use. In addition, each 
individual dose distribution may have to be verified prior to treatment to ensure accurate 
and reproducible delivery. 

There are various physics processes that contribute to the absorbed dose in 
patients. Primary charged particles and secondary particles slowing down in the patient 
lose energy, leading to energy transfer to tissue and to absorbed dose. Nuclear 
interactions are not responsible for the Bragg peak of particle beams because the majority 
of dose is deposited via electromagnetic ionization and excitation. Nuclear interactions 
do however impact the shape of the Bragg curve because they cause a reduction in the 
primary particle fluence as a function of depth and dose deposited by secondary particles 
from nuclear interactions. In proton therapy only a small contribution to dose originates 
from nuclear interactions. For carbon ions, the value increases to about 3% per cm range. 
Because of this and also because of the type of secondary particles and the much higher 
energy of the projectiles, the contribution of nuclear interaction products to dose is bigger 
in heavy ion therapy. Figure 24 shows a Bragg peak and the contributions of different 
particles for a 391 MeV/u carbon ion beam. While for a monoenergetic proton beam less 
than 3% of the absorbed dose is due to protons with LET > 20 keV/um at the Bragg peak, 
ions show a considerable higher contribution which increases with the charge of the ion. 
In heavy ion therapy, nuclear interaction secondaries are also responsible for a tail 
downstream of the Bragg peak (Figure 24). Nuclear interactions and the resulting 
secondary particles also cause a broadening of the beam, i.e., a softening of the 
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penumbra. For proton beams, the dose “halo” is mainly caused by multiple Coulomb 
scattering, coherent scattering (the proton interact with the whole nucleus), and 
incoherent scattering (the proton interacts with single nucleons). 

 

Figure 24. Depth dose distribution of a 391 MeV/u Carbon ion beam showing the primary 
and secondary contributions to the dose. The primary contribution is separated into 
different LET components. 

 

The different paths of energy depositions do influence dosimetry in CPT. Dosimetry for 
patient treatments needs to be able to measure dose distributions as accurate as 
possible, at least within the desired accuracy of typically ±2.5%. The detectors being used 
in particle therapy are not that different from those in conventional photon therapy. Most 
of them rely on detecting electrons from ionization events, either created by photon or 
particle interactions. Nevertheless, there are some differences in particle therapy. Most 
importantly, the LET of particle beams is higher compared to photon beams, which can 
have an impact on detector response. Nuclear interactions, not present in photon beams 
below 10 MV photons, might have an influence on detector response as well. 

Furthermore, note that the goal of dosimetry is to measure dose, a physics 
quantity. Not necessarily is the dose proportional to the biological effect. In particular in 



 
51 

 

heavy particle charged particle therapy, one needs to consider differences in biological 
effect across the treatment field, which may result in the need for delivering 
inhomogeneous dose distributions in order to achieve a homogeneous biological effect. 
This can add challenges to clinical dosimetry. 

Dosimetry in radiation therapy is based on dose to water because quality 
assurance measurements are done in water phantoms and clinical data are based on 
prescription doses resembling dose to water. Furthermore, analytical dose calculation 
algorithms are intrinsically based on dose to water. There is a controversy whether dose 
to material (i.e. dose to tissue) is a more appropriate metric. Dose to tissue can only be 
provided with Monte Carlo dose calculation, which are not yet routinely used. A 
conversion from dose to tissue into dose to water or vice versa is not necessarily 
straightforward. A conversion using the relative stopping power only deals with the 
electromagnetic contribution to the absorbed dose. Correction factors are required for 
nuclear interaction. For protons, it has been shown that an energy-independent stopping 
power ratio and without considering nuclear interaction events is sufficiently accurate. For 
carbon ions this no longer holds. For the time being, one can expect dose to water to 
remain the gold standard in radiation therapy. 

Primary standards for reference dosimetry are typically set by regulatory bodies 
such as the National Institute of Standards and Technology (NIST) in the United States. 
Standard laboratories measure absorbed dose as accurately as possible under selected 
reference conditions. The primary standards for particle therapy are not universally 
agreed upon and several standard laboratories work on their own primary standard for 
absorbed dose measurements in CPT. There are various dosimetry protocols published 
by regulatory bodies, e.g. the International Commission on Radiation Units and 
Measurements  or the International Atomic Energy Agency. 

There is general consensus that calorimetry [147,148] is the method of choice for 
reference dosimetry. Calorimeters measure the absorbed dose via the radiation induced 
temperature increase in the medium. They have been successfully applied in proton 
beams  and carbon beams. The main source of uncertainties are heat defects, which may 
depend on LET and thus effect the uncertainty in the Bragg peak region. Water 
calorimeters are the most popular but calorimeters based on other materials, e.g. 
graphite, have been built as well. They can have a higher sensitivity compared to water 
but the disadvantage lies in the higher thermal conductivity of graphite. Further, the dose 
has to be converted to dose-to-water. 

For primary standard dosimetry, Faraday cups can also be utilized [149,150]. 
Faraday Cups can measure the number of particles entering the device by collecting their 
charge. This includes the generated secondary particles as long as it is ensured that they 
cannot leave the device. Faraday Cup dosimetry has been used in proton beams. 
Interestingly, Faraday cups can be more accurate in scanned beams than in scattered 
beams because they can cover the entire scanned field including the nuclear halo. 
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Faraday Cup dosimetry in narrow beams have thus reached high accuracy. Reference 
dosimetry using Faraday Cups has not been done for carbon ion beams though. 

Ionization chambers are an alternative for reference dosimetry once calibrated against 
primary standards [151–153]. They are not used for primary reference dosimetry because 
their reading depends on the energy absorbed per ion pair generated, i.e. the W value. 
The uncertainty in W values is on the same order as the desired accuracy of dose 
measurements in CPT. Furthermore, ionization chambers have a non-negligible 
uncertainty in chamber volume. When using ionization chambers, the dose to water is 
derived as the product of the charge collected in the ion chamber, factors related to the 
reference beam relating the ionization in the air cavity to the calibration coefficient and 
factors related to the ion beam relating the ionization in the air cavity to absorbed dose to 
water. The latter factor consists of the product of the mean energy required to produce 
an ion pair, the water-to-air stopping power ratio and potentially an ion chamber 
perturbation correction factor. 

Dose is being measured for different purposes in radiation therapy. First, acceptance 
testing of a new facility is to a large extent based on dosimetry. Afterwards, the treatment 
delivery system and treatment planning system have to be commissioned by dosimetric 
measurements characterizing the radiation field for various treatment scenarios. The 
measured commissioning data are expected to characterize the main features of the 
beam so that the beam penetrating the patient and its dose deposition patterns can be 
subsequently estimated by analytical functions in planning systems. All these tasks are 
done before the first patient is being treated at a new facility. Subsequently, in clinical 
routine, dose measurements serve two purposes. First, they are used for quality 
assurance to ensure that the delivery parameters are stable. Second, they are performed 
for patient specific dosimetry measuring the dose in a thick target (typically resembled by 
a water phantom) relative to a delivery system setting. 

Thus, the main goal of detectors in radiation therapy is to measure absolute absorbed 
dose. Table 4 [154] gives an overview of detector systems in use in particle therapy. Most 
detector systems measure relative dose that is then related to an absolute calibration. 
Dosimeters are cross-calibrated against reference devices for this purpose. 

Table 4.  Detectors for measuring absorbed dose in CPT [154]. 

Detector  Advantage Disadvantage Application in ion 
RT 

Calorimeter  

 

Direct dose 
measurement 

 

High effort, knowledge 
of chemical heat 
defect and thermal 
heat conduction 
required 

Potential primary 
standard in the 
future, kQ 
measurements 
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Ionization 
chamber  

 

High accuracy and 
reproducibility, 
small 

LET and energy 
dependence, easy 
to handle, many 
chamber types for 
different 
applications 

Corrections for 
deviation from 

calibration conditions 
required, incomplete 
knowledge of 
corrections (chamber 
dependent) 

Reference 
dosimetry, 
commissioning, 
dosimetric quality 
assurance, dose 
verification, beam 
monitoring 

 

Films  

 

High spatial 
resolution, 

2D measurement 

 

LET and energy 
dependence, dose 
cannot be obtained 
from optical density in 
mixed fields, off-line 
analysis required 

Measurement of 
lateral dose 
profiles, beam 
widths, field 
geometry and 
homogeneity, 
documentation of 
beam ports 

Radiographic 
films  

 

 

Stability after 
development 

 

Nonlinear response, 
daylight sensitivity, 
stable developing 
conditions required 

 

Radiochromic 
films  

Linear response, 
no daylight 
sensitivity, self-
developing, less 
LET- and energy 
dependent 

Complex evaluation 
protocols, long term 
self-development, 

mechanical sensitivity 

 

Other 
detectors  

  Mostly 
experimental 

investigations 

Silicon diode 
and 

diamond 

 

High spatial 
resolution, high 
signal, electronic 
read-out 

LET, dose rate and 
energy dependence 

 

Lateral profile 

measurements 
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TLD  High spatial 
resolution  

 

LET and energy 
dependence, off-line 
evaluation 

Point 
measurements, 

in vivo dosimetry 

OSL detector  High spatial 
resolution, 

linear response, 
repeated electronic 
read-out 

LET and energy 
dependence 

 

Point 
measurements, 

profiles 

 

Alanine 
detector  

Nearly water-
equivalent, 

linear response 

 

LET and energy 
dependence, off-line 
evaluation with 
electron spin 
resonance 

Point 
measurements 

 

Scintillating 
screen  

High 2D spatial 
resolution, linear 
intensity-
independent 
response, 
electronic read-out 

LET and energy 
dependence, large 
device 

 

1D/2D 
distributions, field 
homogeneity, 
beam width, dose 
verification 

 

Amorphous 
silicon 

detector 

 

High 2D spatial 
resolution, linear 
response, 
electronic read-out 

LET and energy 
dependence, potential 
radiation damage, 

expensive 

1D/2D 
distributions, field 
homogeneity, 
beam analysis 

GEM-chamber  

 

High 2D spatial 
resolution, linear 
response, 
electronic read-out 

LET and energy 
dependence 

 

1D/2D 
distributions, field 
homogeneity, 
beam analysis 

Gel  

 

High 3D spatial 
resolution, nearly 
water-equivalent 

LET and energy 
dependence, 

preparation, single 
use, off-line 
evaluation 

1D/2D/3D 
distributions, dose 
verification 

PresageTM  High 3D spatial 
resolution, nearly 
water-equivalent, 

LET and energy 
dependence, 

1D/2D/3D 
distributions, dose 
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read-out by optical 
CT 

 

preparation, single 
use, off-line 
evaluation, expensive 

verification  
reference 

 

 

For dosimetry in CPT, reproducibility in beam delivery as well as dosimetry has to 
be high. In addition to the spatial resolution, it is also desirable to have detectors that are 
linear with a particle energy and independent of LET and, most importantly, linear with 
dose in the region of interest. Depending on the task at hand, dosimetry detector systems 
have different specifications. For instance, the spatial resolution required when doing 
quality assurance measurements can be different for beam scanning compared to 
passive scattering. Also, the time structure of the beam delivery and thus the local energy 
deposition might differ in the detector geometry potentially affecting measurement 
accuracy. Dose-rate linearity is an important requirement in scanned beams. 
Furthermore, in scanned beam delivery, depending on the scanning pattern, it may take 
longer to accumulate the dose over time. Some characteristics, e.g. dependencies such 
as on LET, may not be problematic for certain quality assurance measurements where 
the focus is on consistency. For a complete overview of detectors used for dosimetry in 
particle beams the reader is referred to. Here, we summarize some of the key aspects. 

The principle on which most detectors are based on is the detection of ionizations 
or excitations as these are the processes that are responsible for the majority of energy 
loss in CPT. From the many different detector systems that can potentially be used for 
routine clinical dosimetry, it has been shown that ionization chambers are the most 
practical. They are used to measure the energy fluence in the treatment head for output 
factor determination (as large parallel plate ionization chambers) or as small cylindrical 
chambers to measure in a small region ensuring electronic equilibrium in a water tank. 
The field size should be larger than the chamber to ensure electronic equilibrium. For 
beam scanning, one often uses large area ionization chambers so that the total dose 
delivered by a pencil can be measured including the nuclear halo. Different size ionization 
chambers may be used depending on the desired resolution. Smaller chambers are often 
used for lateral dose profile measurements where higher resolution is desired, or in 
general at high dose gradients. Small fields, such as those used for stereotactic 
radiosurgery, often require smaller chambers. Arrays of ionization chambers have been 
built for higher efficiency when measuring dose distributions, e.g. in 3D. Segmented 
ionization ionization chambers are also used for beam monitoring, e.g. to monitor the 
shape of the spot profile in beam scanning. Furthermore, they are installed in treatment 
heads to impact the steering of the beam through the beamline and treatment head via 
feedback loops in the treatment control software.  Ionization chambers do not suffer from 
quenching effects due to non-linearity of detector response as a function of dose at LET. 
This is important because, at the end of range of particle beams, the dose is deposited 
by lower energy particles compared to the entrance region. As dose can basically be 
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parameterized as fluence times LET, the same dose at larger depths in tissue is deposited 
by higher LET and lower fluence.  

Diodes are being used as well although they do suffer from a reduced response in 
high LET regions and are thus not ideal for dosimetry in particle beams. For instance, 
silicon diodes have a good spatial resolution but the quenching due to LET dependency 
is a problem if they are to be used for purposes other than consistency checks. This 
quenching effect can be overcome by some diode types. Note that diodes may also have 
a non-linearity with dose and dose rate or dependency on temperature. On the other 
hand, the potentially small volume of diodes makes them of interest for radiosurgery 
beams. Radiation detectors for therapy can also been made out of diamond but they as 
well suffer from dose rate and LET dependencies. However, it is advantageous that these 
detectors are tissue equivalent and can be small. 

Ionization chambers and diodes are active dosimeters because they accumulate 
the dose and report it while in the radiation field. There are also passive dosimeters such 
as radiographic films that are mainly applied for beam profile measurements or leakage 
measurements. Film measurements are more common in conventional photon therapy 
compared to CPT because the response of films does not only depend on the energy 
deposited but also on the fluence, and in CPT the fluence is not directly proportional to 
dose. Some of these issues can be overcome by careful calibration against other 
dosimetry systems. Films generally need a calibration curve from optical density to 
absorbed dose. The advantage of using radiochromic films is that they are largely tissue 
equivalent with a stopping power very close to the one for water, which makes correction 
factors obsolete. Films unfortunately also face LET dependencies. The LET dependence 
of GafChromic films in proton dosimetry has been extensively studied. Figure 25 shows 
the effect of LET dependency with Gafchromic EBT film resulting in a lower response 
(compared to ionization chambers) in the peak region. When measuring in an SOBP, this 
would cause a slope in the measured SOBP plateau. Film dosimetry has been done for 
carbon ion therapy but it is more challenging compared to proton therapy because of this 
LET dependency. The radiation field consists of various secondary particles with 
potentially different LET-response characteristics. In ions beams, very high LET particles 
form nuclear interactions can even saturate the local response in the film. 

Scintillators are built of light emitting material and typically have a high spatial 
resolution and the advantage of instantaneous readout. Screens are frequently being 
designed for beam monitoring purposes in proton and heavy ion therapy. Scintillators 
have been specifically suggested for small field dosimetry such as in scanned beams. 
But, as with many other detectors, significant quenching effect are difficult to correct for. 
As with film dosimetry, one has to rely on a constant radiation field across the position in 
the plane. Flat-panel imaging detectors made from amorphous silicon have been built 
and used to measure beam spot positions in scanned heavy ion beam delivery.  
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Figure 25. Depth dose distributions of pristine proton beams measured with a Gafchromic 
EBT film (data points) and an ionization chamber (lines). 

One of the most used passive dosimeters are thermoluminescence detectors (TLD) that 
accumulate dose and then can be read out afterwards as well as optically stimulated 
luminescence dosimeters (OSLD). Both have been suggested for CPT. The latter can 
even monitor dose rate during irradiation because the optical readout can be very fast. 
There are uncertainties due to post-processing of data analysis and signal reproducibility. 
Thermoluminescence detectors are often used for dosimetry intercomparison between 
centers because they can be irradiated and then sent to standard laboratories for readout. 
Also, alanine detectors have been suggested for CPT. They are linear with dose over a 
wide range and the material is largely tissue equivalent, both important features for clinical 
dosimetry. The dosimeters are made out of powder in small pellets. Ionizing radiation 
produces free radicals in the powder. The readout is cumbersome and so far they have 
been applied only for doses in excess of ~5 Gy. However, they have the advantage that 
they can be quite small and basically build with any geometry. Potentially, dosimeters can 
also be used for in-vivo dosimetry and delivery verification, which is an active research 
topic. Potential cavities for detector placements are the oral cavity (for head targets) or 
the rectum (when treating prostate). 
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For daily treatments, the most important parameter is the dose delivered per 
monitor unit relating a measurement of the proton fluence as determined in a detector in 
the treatment head (e.g. a beam monitor consisting of a small segmented area in a 
parallel-plate ionization chamber) to a dose at a reference point in a water tank. In SOBP 
delivery, this reference point is ideally in the center of the SOBP. Monitor unit calibrations 
depend on the SOBPs width and range, and thus depend on the individual prescribed 
field so that this calibration has to be done for each treatment field. This is quite 
demanding in a clinical environment. Computational algorithms have therefore been 
developed. The output factor method is less robust for heavy ion treatments because the 
treatment fields are not homogeneous in dose (i.e. homogeneous in biological dose 
considering the increase in RBE as a function of depth). This is also why analytical 
algorithms are typically not used for heavy ion calibration, but fields are measured for 
each treatment. Another aspect of monitor unit calibration is that the dose in the Bragg 
peak decreases for small fields due to charged particle disequilibrium. This is illustrated 
in Figure 26, which shows the effect of scattering on the central axis depth-dose curve. 
This effect needs to be corrected for if the output factor is not explicitly measured. In 
heavy ion therapy, one not only has to consider electronic equilibrium but also the field 
size dependency of the radiation quality due to secondary particles. The above output 
factor considerations refer to SOBP deliveries. In beam scanning using intensity-
modulation, dose distributions can be inhomogeneous. Therefore, dose is not described 
in cGy/MU as in passive scattering but as ions/MU pencil by pencil. Fluence 
measurements are typically done indirectly via a dose measurement using an ionization 
chamber in the entrance region of a Bragg curve. 

 

Figure 26. Depth dose distributions for a small mono-energetic proton beam assuming 
different dose accumulation radii on the central beam axis 
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Out-of-field dose 

In addition to the halo, nuclear interactions also create long-range secondary 
particles such as photons and neutrons, i.e. spray. The neutron contribution is of 
particular concern because they can affect tissues far away from the target that are thus 
not considered in treatment planning. The dose originating from these neutrons is often 
referred to as “out-of-field” dose. Neutron doses are low enough to be neglected for 
treatment planning, but they might still cause long-term side effects due to the elevated 
biological effectiveness of neutron radiation. 

Cyclotrons extract a proton beam with a fixed energy causing a significant amount 
of secondary radiation produced in the energy selection system, which includes energy 
degraders of variable thickness and energy-defining slits [155]. Degraders are built as 
single or multiple wedges that can move in and out of the beam. Monte Carlo beam 
transport through carbon and beryllium degraders has been performed with the goal of 
improving beam characteristics [156]. These degraders are usually outside the treatment 
room and do not cause secondary dose exposure of the patient. But at some facilities, 
fine-tuning of the beam energy (range) is done in the treatment head. Shielding 
calculations focus on energy fluence spectra of secondary particles. The exact knowledge 
of double differential cross section for shielding material is thus very important. Shielding 
calculations are an important aspect when planning and designing a new facility. 

Beam scanning typically has only negligible amount of material in the beam path 
(unless a range shifter is used in the treatment head). This is different for passive 
scattering delivery. In passive scattering mode, secondary neutrons are a concern 
because the majority of neutrons originate in the treatment head, while the dose 
associated with neutrons generated in the patient is typically negligible (see e.g.). 
Because of fluence loss due to nuclear interaction in the scattering system and because 
only a small portion of that maximum field size is used for treatment (depending on the 
actual size of the target to be treated), the efficiency of passive scattering treatment heads 
is low, typically between 3% and 30%. A high proportion of primary particles are therefore 
stopped in the treatment head scatterers and in particular in the patient specific aperture. 
Neutron production depends on the nuclear interaction cross section of the primary beam 
and thus on the proton beam energy and the materials in the beam path. High-Z materials 
are used in beam modifying devices. The complexity of field delivery in passive-scattering 
techniques causes considerable variations in neutron doses between facilities. In passive 
scattering systems, the treatment head is variable and the settings of scatterers as well 
as the beam energy depends on the treatment plan, so that even for the same facility 
there are variations between fields. Parameters determining the neutron contamination 
of the beam include the characteristics of the beam entering the treatment head (energy, 
angular spread), the material in the double-scattering system and range modulator, and 
the field size upstream of the final patient-specific aperture [157,158] measured neutron 
doses in proton and carbon ion therapy beams.  
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The neutron background can be influenced by appropriately designing the treatment 
head, particularly for passive scattered proton beam therapy. In particular for small fields, 
the majority of neutrons reaching the patient is generated in the patient specific aperture. 
This is because passive scattering systems can typically only deliver a fixed field size, 
which has to be reduced by blocking part of the beam with an aperture. Apertures are 
typically made out of brass, but designs can be optimized using low-Z materials and/or 
pre-absorbers.  

When assessing the impact of neutron doses, not only the absorbed dose but also 
the neutron energy distribution is important because the biological effectiveness of 
neutrons depends on their energy. Neutrons with energy in excess of ~10 MeV are mainly 
forward-peaked. The majority of neutrons will be in the energy region below 10 MeV, 
produced by an evaporation process, and emitted more isotropically. Neutrons undergo 
very few interactions in the patient. The most likely interaction in tissue is elastic 
scattering. For higher energy neutrons, the energy transfer occurs mainly via secondary 
protons in only a few interaction events. Thus, large parts of the patient body may be 
exposed to a secondary radiation field. Although the neutron energy distribution peaks at 
low neutron energies, the majority of the neutron-generated dose is deposited by high-
energy neutrons. About 2/3 of the neutron dose in a typical proton therapy scenario is 
deposited via neutrons with energy above 100 MeV. To illustrate this, Figure 27 shows 
the neutron energy distributions of neutrons entering a water tank downstream of a Brass 
block as well as neutrons causing a secondary proton in a nuclear interaction, the main 
mechanism of dose deposition. Fast neutron yields and fragmentation spectra have been 
measured in carbon beams and neutron energy distributions in patients undergoing 
proton therapy have been calculated using Monte Carlo simulations. 

Thus, Monte Carlo simulations have been applied to assess neutron dose in 
patients or studying the influence of treatment head devices and their design on neutron 
production [159,160]. There are considerable uncertainties when it comes to simulating 
neutron production using Monte Carlo codes. A precise modeling of neutron yields is 
needed when simulating both scattered neutron doses to assess potential risks for 
patients and neutron production for protection and shielding. For many neutron related 
studies, Monte Carlo simulations might be too time consuming because a large number 
of histories are required to achieve a reasonable statistical accuracy. To overcome this, 
one might use tabulated energy dependent fluence-to-equivalent dose conversion 
coefficients in combination with calculating particle fluences at the surface of a region of 
interest (organ). 
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Figure 27. Energy distribution of neutrons entering a water phantom downstream of a 
Brass block in which all primary protons of a 200 MeV beam were stopped. Also shown 
is the energy distribution of those neutrons that undergo a (n,xp) reaction, i.e. those 
neutrons that deposit the majority of the “neutron dose”. 

 

 

3.3.2 Range uncertainties 

Heavy charged particles are offering an advantage in radiation therapy because of better 
dose conformity and reduced total energy deposited in the patient as compared to photon 
techniques. Both aspects are related to the finite range of a particle beam in patients. The 
prediction of the correct range in the patient, ideally equal to the prescribed range, is 
associated with considerable uncertainties due to imaging, patient setup, beam delivery 
and dose calculation. Table 5 summarizes some of the sources of range uncertainties 
and their magnitude for proton therapy. The issues are very similar for heavy ions. 
Uncertainties can be grouped into those that are not dose calculation related and those 
that are due to shortcomings in dose calculations. Clinically, a substantial range is added 
to the prescribed range in order to ensure tumor coverage, e.g. in proton therapy this 
range margin is on the order of 3.5% of the prescribed range if an SOBP is being delivered 
[161]. For intensity-modulated therapy using beam scanning not delivering homogeneous 
doses per field, range uncertainties are often not explicitly considered but incorporated 
into robust optimization strategies designed to minimize the impact of uncertainties.    
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CT scans provide a three-dimensional image of the patient resembling the photon 
attenuation in the material relative to water (“Hounsfield unit”) which then has to be 
translated into stopping power relative to water (for analytical dose calculation methods) 
or material compositions (for Monte Carlo based dose calculation). There are 
uncertainties in the conversion from Hounsfield units to tissue properties, that are 
reflected in uncertainties in range.  

Table 5.  Estimated proton range uncertainties, their sources, and the potential of Monte 
Carlo for reducing the uncertainty [161].  

 

 

Work has been done on dual-energy CT, i.e. utilizing CT scanners capable of scanning a 
patient with two different X-ray energies [162]. Dual-energy CT does indeed improve 
material composition information. It has been demonstrated that Hounsfield unit 
conversion based on dual-energy CT reduces range uncertainties in proton and carbon 
ion therapy. In particular for heavy ions, the uncertainties are reduced significantly. When 
using dual-energy CT scanners, the electron density, and the effective atomic number 
are determined. The latter is the used to predict the I-value. Elemental compositions are 
extracted from electron density and effective charge and the mass densities are extracted 
from relative electron densities. This allows determining the relative stopping power. 

Some of the imaging uncertainties translate directly into dose calculation. For instance, 
uncertainties in the tissue mean excitation energy cause errors in predicting the proton 
range. Absolute uncertainties for human tissues mean excitation energy is large. 
However, uncertainties are typically minimized because the predicted range in water is 
adjusted so that it matches the measured range in water (this also takes care of 
uncertainties in the correct energy distribution from the accelerator). Thus, uncertainties 
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are reduced to those relative to water. Table 5 also distinguishes between two sources of 
range uncertainties from range degradation. Range degradation is caused by an increase 
in scatter through complex media, which is not considered in analytical dose calculation 
engines that are simply based on water equivalent path lengths. Complex geometries 
degrade the distal fall-off of Bragg peaks. More severe are shortcomings in multiple 
Coulomb scattering at interfaces parallel to the beam direction (“local lateral 
inhomogeneities”). Thus, a clinical advantage of Monte Carlo dose calculation can be 
expected particularly at high-density gradients in the beam direction, such as bone/air or 
soft tissue/lung interfaces in a patient. The reason is that analytical algorithms typically 
show weaknesses in region where multiple Coulomb scattering is significant.  

To correctly predict the range, accurate modeling of multiple Coulomb scattering 
is thus important. It turns out that, in most cases, the average range across the distal fall-
off in a treatment field matches very well when comparing analytical dose calculation 
algorithms and Monte Carlo. However, the root mean square deviation can be quite 
substantial. In other words, the planning system predicts a more smooth distal fall-off 
plane in complex geometries compared to Monte Carlo. This has implications to range 
margins because those margins have to be set conservatively based on the smallest 
range to avoid underdosing the target. Figure 28 shows an example for a proton therapy 
treatment plan for lung cancer. The difference in range prediction can be seen clearly due 
to the low lung density. Second, the absolute dose predicted might differ. The latter is 
typically a smaller effect, i.e. on the order of 1-5% for protons.  

 

Figure 28. Monte Carlo dose calculation (a) and analytical dose calculation (b) for a lung 
patient treated with protons along with the difference images in axial (c) and coronal (d) 
view. 

Note that for proton therapy, the uncertainties in nuclear interactions cross sections is not 
significant for clinical dose calculation because the majority of the dose is deposited 
electromagnetically. For heavy ions, a correct prediction of nuclear interaction channels 
is more significant. Furthermore, heavy ion therapy beams show a fragmentation tail that 
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may prevent us from pointing a beam towards a critical structures, so that range 
uncertainties may be less consequential compared to proton therapy, where the sharp 
distal fall-off can be better utilized.   

Another source of uncertainties in dose calculation and delivery is organ motion 
[9], for especially when treating lung cancer patients. Motion causes an overall blurring of 
the dose distribution and local changes in range due to high-density tumor tissue moving 
in and out of the field within low-density lung tissue. Thus, in contrast to photon therapy, 
the proton dose distribution is significantly affected by the change in patient geometry 
[163]. Because of the low density of lung tissue, ranges are often reported as water 
equivalent path length instead of absolute distance. Water equivalent path length 
corresponds to substantial overshoot in the lung due to the low lung density, which is 
roughly a factor of 3 lower than the density of water. Thus, these fluctuations can result 
in an excessive dose to distal critical structures. In addition to lung tissue being replaced 
by higher density tumor tissue (or vice versa), rib cage motion can result in significant 
changes in water equivalent path lengths. Visualization of the water equivalent path 
length variations can be helpful during treatment planning. Another consequence of 
motion is an effect that is specific to scanning, the interplay effect between beam motion 
(within a layer or when going from one layer to the next) and organ motion [55,164–166]. 
The interplay effect does not change the mean dose to the target but will impact dose 
homogeneity and can thus lead to underdosage (or overdosage) of parts of the target 
volume, which could negatively impact tumor control. 

To understand the true uncertainties and to reduce delivery errors, in vivo 
verification of the delivered range is desirable. To use imaging devices in order to monitor 
treatment is common practice in photon therapy where each beam penetrates the patient 
so that exit dose can be utilized. Protons or heavy ions on the other hand stop in the 
patient and thus imaging can only be based on secondary radiation that is being created 
by the primary beam. Various methods based on secondary radiation from nuclear 
interactions have been proposed. While standard dosimetry in particle therapy is similar 
to dosimetry in conventional radiation therapy, these techniques are unique to particle 
therapy. Some of them will be discussed in the next sections. 

 

PET 

Promising methods for in-vivo range verification in particle therapy are based on nuclear 
interactions in tissue. De-excitation photons or annihilation photons caused directly or 
indirectly by nuclear interactions are energetic enough to escape the patient and can be 
detected. For instance, nuclear interactions in tissue can result in positron emitting 
isotopes. Positron emitters, such as 11C (T1/2 = 20.39 min), 13N (T1/2 = 9.965 min), 15O (T1/2 

= 2.037 min) and 38K (T1/2 = 7.636 min), are produced along the beam path via different 
channels of nuclear fragmentation reactions. These positrons annihilate with electrons 
after traveling a short distance (mm), thus producing two 511 keV photons. Other than in 
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conventional PET imaging used in diagnostic radiology, the image is taken without any 
radiotracers, utilizing the activation of the patient by the treatment beam [167,168]. Table 
6 shows the nuclear interaction channels of importance for PET in vivo range verification 
for proton beams. Given the materials in human tissue, the positron emitters of main 
interest are 11C and 15O. It is important to image quickly after the patient has been 
irradiated because these isotopes, have half-lives of ~20 min and ~2 min, respectively. 
The idea to use PET for proton range verification was published already in the 1970’s 
[169]. 

Table 6.  Proton-nuclear reaction channels and β+ isotopes produced in human tissues  
 

target nuclear reaction channels  β+ isotopes half-life 
C 12C(p,pn)11C, 12C(p,p2n)10C  10C, 11C 19.29 s, 20.33 m 
N 14N(p,2p2n)11C, 14N(p,pn)13N, 14N(p,n)14O,  13N 9.96 m 

O 
16O(p,pn)15O, 16O(p,3p3n)11C, 

16O(p,2p2n)13N, 
16O(p,p2n)14O, 16O(p,3p4n)10C 

 

14O, 15O 70.61 s, 122.24 s 

P 31P(p,pn)30P  30P 2.50 m 

Ca 40Ca(p,2pn)38K  38K 7.64 m 
 
 

In vivo range verification in patients using ion beams has been done first at the GSI in 
Germany [170] and was later introduced clinically for protons at Massachusetts General 
Hospital [171]. Because the dose distribution in CPT is caused by both electromagnetic 
as well as nuclear interactions, it is not feasible to reconstruct the entire dose distribution 
by detecting annihilation photons based on a subset of reaction channels. However, 
nuclear interaction cross sections, like the ones for interactions causing the production of 
positron emitting isotopes have a maximum that is typically in the energy range close to 
the average particle energy slightly upstream of the Bragg peak. For instance, the 
interaction cross section for the 12C(p,pn)11C reaction peaks at around 40 MeV and 
decreases to 0 at about 20 MeV. As a rule of thumb, the average proton energy in the 
Bragg peak is roughly 10% of the initial proton beam energy entering the patient. The 
distal fall-off of the PET signal is thus slightly upstream of the dose fall-off at the distal 
edge of the Bragg peak. 

Figure 29 illustrates the differences in activity profiles between different ions 
stopping in a plastic phantom. For protons the activity stems from isotopes generated by 
fragmentation of the target nuclei. For heavier ions, there is an additional contribution 
from beta emitting isotopes originating from the fragmentation of the primary projectile. 
This contribution appears near the Bragg peak, where these projectiles stop. 
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Figure 29. Measured positron emission activity together with the dose distribution for 
irradiation of a plastic phantom with protons, 3He, 7Li, 12C, and 16O. 

 

Because of no direct correlation with the dose distribution, the PET image measured after 
the irradiation is typically compared with a Monte Carlo calculated distribution of the 
positron emitters. In order to increase the computational efficiency, one typically does not 
generate PET isotopes on a step-by-step basis in the Monte Carlo simulation but applies 
a conversion from proton fluence at the voxel surface to PET isotope yields by using 
experimental cross-sections yielding 11C, 15O, 13N, 38K and 30P. The use of Monte Carlo 
to predict isotope productions and thus PET images in patients has been described for 
protons as well as carbon ions [172]. These simulations need to be corrected for biological 
washout because the activity in perfused tissues changes over time. Furthermore, the 
activity is time-dependent according to the half-lives of the isotopes and the efficiency of 
the detector system affects the activity distribution. These corrections and other 
uncertainties currently limit the accuracy of PET based range verification. 

Considerable uncertainties originate from the accuracy of Monte Carlo simulation 
of the isotope production. The relevant cross sections are not known to sufficient accuracy 
because of uncertainties in converting CT Hounsfield units into material compositions in 
tissue, but mainly because of missing nuclear physics experiments. Experiments at 
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physics laboratories typically focus on thin targets rather than thick targets [173]. In a 
patient, particle energy distributions have to be considered, while most cross-section data 
are gathered at a few energies only. 

Despite the uncertainties, range verification using PET measurements has been 
done clinically in various pilot studies using proton and carbon ion beams [174–177]. 
Ideally it is done during treatment. Imaging in the room has the advantage of having 
maximum signal intensity because isotopes with short half-live are still present and due 
the smallest biological washout. On the other hand, scattered radiation in the room lead 
to background radiation particularly in passive scattering systems. Imaging during spill 
pauses in synchrotron systems has been done. Detectors in the treatment room are 
typically not available, so that most PET range verification studies are based on imaging 
after the treatment has been completed. If the imaging is done after treatment, the rapid 
decrease of the signal due to decay and biological washout reduces the count rate 
considerably.  Images taken after treatment may only show activity from radioisotopes 
with a long half-life. A compromise, if there is no PET scanner installed in the treatment 
room, is the use of a PET scanner on wheels that can be moved into the room shortly 
after treatment. The different approaches have both pros and cons. In-room scanners 
need specific designs to allow retrofitting of existing facilities and to not interfere with the 
treatment. For instance, partial ring detectors have been proposed for proton therapy 
[178]. 

PET based range verification in proton therapy has shown accuracy of 1-2 mm in 
favorable locations of head-and-neck patients with tumors close to bony structures [172]. 
However, generally the resolution of range verification is on the order of 3-5 mm [136]. In 
addition to improvements in cross section data mentioned above, there are various other 
efforts to improve the accuracy. Uncertainties also come from deducing the material 
compositions of tissue from CT images [179]. While Hounsfield unit conversion might be 
accurate enough for dose calculation, PET simulations are more sensitive to specific 
nuclear interaction channels that depend on the material composition. For example, dual-
energy CT information [162] has the potential to improve the conversion from CT numbers 
to material composition for PET simulations. Furthermore, image resolution could be 
improved by using time-of-flight-PET detectors. In addition, animal experiments may shed 
some light into uncertainties in the prediction of biological washout. 

  

Prompt g- rays and charged particle detection  

A method similar in concept compared to the PET range verification idea is the use 
of prompt gamma radiation [180]. This technique has been suggested for proton beams 
as well as Carbon beams and measurements as a proof of principle have been performed 
in proton and carbon beams [181–183]. After a nuclear interaction in the patient, nuclei 
can be left in an excited state. The resulting high-energy (~MeV) gamma radiation emitted 
shortly (within ~10-8 seconds) after the excitation can be detected. Typically, the energy 
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range between 1 and 8 MeV is targeted as it holds the main peaks for oxygen and carbon 
reaction channels. The energy is characteristic for the material (tissue). It has been 
suggested that even patient’s elemental composition could be deduced using prompt 
gammas. 

The disadvantage compared to the PET method is the lack of a two-photon 
coincidence signal for 3D reconstruction. Another disadvantage, at least currently, is the 
lack of appropriate detector systems to detect these gammas with high efficiency and 
spatial resolution in a clinical setting. Thus, research on the appropriate detector design 
for prompt gamma range verification in CPT is ongoing. Particularly the detector efficiency 
is still challenging and subject of extensive research efforts. Different detector strategies 
have been applied in prompt gamma imaging for range verification, such as two-stage 
and three-stage Compton cameras (as well as slit-cameras or time-of flight detectors. 
Recently, also spectroscopy for range verification using prompt gammas has been 
suggested. 

There are several issues preventing prompt gamma to become clinical mainstream 
at this point. The energies of the gammas (several MeV) is quite high. Thus, 
photoabsorption is unlikely, leaving rather Compton scattering, pair production and 
single-double escape. Also, there are various gamma lines, significant background, and 
high flux causing issues with electronics at clinical beam currents. Many of these 
problems depend on whether the method is being used in passive scattering delivery or 
in beam scanning. Like PET, prompt g-based range verification requires a comparison of 
the measured signal with an expected signal. The latter can only be deduced applying 
Monte Carlo simulations with sufficient knowledge of the underlying physics. And, like 
with PET, there are substantial uncertainties in cross section data for protons and carbon 
beams.  However, the prompt gamma method also has various advantages compared to 
PET. For instance, prompt gammas result in a much higher count rate at production that 
might even allow range verification during instead of after dose delivery and there is no 
biological washout. Another advantage compared to the PET based method is that the 
maximum in the nuclear interaction cross sections leading to prompt gammas appear at 
a lower energy and thus typically closer to the Bragg peak. Figure 38 shows a comparison 
between simulated dose, prompt gamma and PET signal distributions in a head-and-neck 
patient for proton therapy. Clearly, the prompt gamma signal resembles the dose 
distribution, particularly in range, more closely. The dose ranges out in soft tissue just 
proximal to low-density areas. Thus, one can typically expect a good correlation between 
prompt gamma and dose with the prompt gamma 50% falloff within 1 mm proximal to the 
dose falloff whereas the PET 50% falloff positions are about 5 mm proximal [184]. 

Recently, other methods for range verification in CPT based on nuclear 
interactions have been proposed. The idea is that long-range secondary particles from 
nuclear interactions can leave the patient in heavy ion therapy (while for protons solely 
secondary neutrons would typically exit the patient) and could be detected [185,186]. 
Feasibility studies are not conclusive. 
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Particle radiography  

Range uncertainties are in part caused by translating photon attenuation imaged 
in CT scanners to relative stopping power for dose calculations. This uncertainty would 
be minimized if the relative stopping power would be measured directly using a particle 
beam. Proton CT is currently under development and offers a potential reduction of 
uncertainties in proton therapy [187]. The idea has been along for many years but 
promising results have been achieved only more recently. This was possible due to fast 
data acquisition systems and detector technologies from the high-energy physics 
community. The spatial resolution of proton CT is still not as good as regular CT due to 
multiple Coulomb scattering. Algorithms are being developed to improve the resolution 
(e.g. algorithms to predict the most likely path of a proton) [188]. 

Instead of a full 3D reconstruction of the patient anatomy using proton CT, proton 
radiography offers an interesting solution to verify patient setup or treatment delivery. 
Proton radiography could also be used to deduce stopping power ratio. Carbon ion 
radiography has been done as well using an amorphous silicon flat-panel detector. Two-
dimensional distributions of water equivalent path length were measured with high 
accuracy [189]. 

Note that both particle CT as well as particle radiography need a higher beam 
energy as typically provided by today’s facilities in order to penetrate the entire patient. 
At very high energy (0.8-2 GeV), the lateral scattering of the proton beam is largely 
reduced, and images can be produced using a different concept, known as high-energy 
proton microscopy in material research [190]. With a proton microscope an object is 
imaged using magnetic lenses: the contrast is generated by converting from multiple 
Coulomb scattering to transmission through the introduction of a collimator. Transmission 
T of the proton beam can in fact be approximated as: 
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where x is the target areal density, x0 the radiation length of the material, lc the nuclear 
collision length, and qc the angular acceptance of the microscope. Image contrast is 
therefore caused by a combination of MCS and nuclear interactions, and is essentially a 
measure of x. Because chromatic aberrations and detector blur are proportional to p-2/3 
and p-1, respectively, the resolution improves by increasing the beam energy. The PRIOR 
project proposed at the FAIR facility in Darmstadt plans to exploit a 4.5 GeV proton beam 
for radiography, reaching a spatial resolution below 10 mm with a time resolution below 
10 ns[191]. This method can in principle be used in medicine, especially for simultaneous 
imaging and treatment of small lesions [192]. First images of biological targets have been 
obtained using a 800 MeV proton beam at ITEP in Moscow, Russia [193], and then in Los 
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Alamos (Figure 30) [194]. However, beam intensities would have to be reduced 
significantly for these techniques, at least while imaging the patient. 

 

 

 

Figure 30. Proton CT of chicken samples obtained with 800 MeV at Los Alamos National 
Laboratory within the experiment PANTERA with GSI Helmholtz Center. Bones and soft 
tissues are clearly resolved. Arrows point to a tiny metal implant close to the bone. 
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3.2 Radiobiology 
 

As we have discussed in Section 3, Useful comparative trials should be based on 
careful patient selection. The new three proton beam therapy centres in the Netherlands  
will use an NTCP model to select patients who are expected to benefit significantly from 
proton therapy [123,124]. This is an interesting approach, which is also under 
consideration in other countries for treatment reimbursement. While a dosimetric 
advantage is almost always evident using protons, it has been shown that this dose 
reduction does not always lead to significant decrease in toxicity [195]. While the model-
based approach8 seems to be the optimal solution for the selection of patients that will 
benefit from protons, the problem is that the uncertainties on the NTCP model are too 
high [196].  More research is needed to develop and test these models.  Modern clinical 
trials in radiotherapy are often based on solid biological hypotheses, and stratify the 
patients on the basis of molecular biomarkers [118,197]. For clinical trials of proton 
therapy, the selection of patients and trial design based on radiobiology can be essential, 
given the special radiobiological properties of charged particles compared to X-rays. 
Radioresistant, hypoxic tumours should preferably be treated with heavy ions [198]. The 
ability to spare normal tissue might be an advantage in trials that combine immunotherapy 
with radiotherapy, as higher numbers of naïve immune cells will survive treatment with 
protons than with X-rays [199]. 

We will summarize below the main trends in radiobiology research to be 
implemented in SEEIIST as a complement to the clinical trials. In fact, CPT has significant 
biological advantages which may be exploited for selected clinical trials. The biological 
properties are due to the energy deposition pattern: the high ionization density along the 
track of the ions generated clustered damages in the DNA, which are difficult to repair 
(Figure 31). While a lot of research in the past was concentrated on the RBE for cell 
killing, now emphasis is moving toward the impact of radiation on the tumor 
microenvironment and signaling pathways[200]. 

 

3.2.1 RBE 

Protons are light particles and their relative biological effectiveness (RBE) is low, 
except at the end of the range. Their LET is around 1 keV/µm in the entrance channel, 
similar to X-rays, and has a modest increase to 2-6 keV/µm in the SOBP[201]. In the 
clinical practice, a fixed value of 1.1 is used[202]. This choice is certainly not correct, 
because the RBE is changing along the Bragg curve. There has been recently a flood of 
papers discussing models for proton RBE [145,203–207], and the increased RBE is 
considered  as a possible cause of cerebral radionecrosis [208] or increased MRI image 
changes in pediatric patients [209], being the high-LET region concentrated in the distal 
part of the SOBP. 
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Figure 31. The biological effects of charged particles depend on the ionization density 
(LET). High-LET particles produce clustered damages, which are difficult to repair. A. 
Human osteosarcoma cells exposed to X-rays. DNA double-strand breaks are visualized 
in green with immunofluorescence staining of the gH2AX histone. B. Same as in A, but 
following exposure to carbon ions at the UNILAC accelerator at GSI (Darmstadt, 
Germany). The difference in track structures, due to the different physics, leads to a 
different pattern of damage in the cell nucleus. C. DNA damage causes chromosomal 
aberrations, which can be visualized at the first mitosis following exposure. The image 
shows a damaged peripheral blood lymphocyte from a patient treated with C-ion 
radiotherapy. Chromosomes 2 and 4 are painted in green and orange by FISH, while the 
others are counterstained in DAPI. D. Fraction of lymphocytes carrying aberrations in 
chromosome 2 or 4 (as visualized by FISH-painting) as a function of the tumor dose in 
uterus cancer patients treated by X-rays or C-ions at NIRS in Japan. The target volume 
was similar for all patients. Aberrations were visualized as shown in panel C. Curves are 
trends averaged over three or more patients. Images in panels A and B courtesy of 
Annabelle Becker, Ph.D. thesis, TU Darmstadt. Photomicrograph in C was obtained at a 
Nikon fluorescence microscope at NIRS, Japan. Image in D is derived from the results 
reported in detail in Durante et al. (2000)[210]. 
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Patterns of failure in pediatric patients treated for medulloblastoma[4,211] show no 
correlation with RBE. On the contrary, looking at voxel-level dose-LET distribution in 
ependymoma pediatric patients, it was found that MRI image changes occurred at lower 
dose by increasing the LET[212]. The increase of RBE in the distal part of the SOBP can 
be mitigated by decreasing the dose with depth[213], similarly to the SOBP modulation 
in C-ion therapy. Interestingly, the reduction in tolerance dose for radiographic changes 
was observed in a low-LET range from 2 to 5 keV/µm[212], when no significant 
radiobiological changes are expected. It is possible that some of these effects are caused 
by nuclear interactions of protons with the target nuclei rather than to the conventional 
electromagnetic interaction[201]. The high-LET region (>10 keV/µm) in protontherapy is 
very small and has a very low dose associated. Specific techniques such as LET-painting 
can be used to move this region away from OARs[214],[215]. Whether this is necessary 
or not in protontherapy remains to be demonstrated. An optimization of the plans including 
the RBE may further improve the potential of protontherapy in sparing normal tissues. 

A significant increase in RBE, and other special high-LET radiation effects, in the 
SOBP-tumor volume can be achieved using heavier ions, where the LET reaches values 
around the peak of maximum effectiveness[125]. For this very reason, carbon ions are 
considered the most advanced ionizing radiation tool against resistant tumors. The dose 
distributions for C-ions is slightly better than for protons, because of the reduced lateral 
scattering of the heavier ions[201]. In addition, carbon ions at therapeutic energies (200-
400 MeV/n) have an LET in the entrance channel between 11 and 13 keV/µm, and a fairly 
high LET on the SOBP between 40 and 90 keV/µm. This makes heavy ions a therapeutic 
tool qualitatively different from X-rays and protons – like a new drug. 

The excellent results obtained in Japan with C-ion[13] therapy have encouraged 
the spread of the systems to Europe and China. Approximately 16,000 patients have been 
treated by C-ions as to the end of 2014. Heavy ion therapy started in Berkeley, USA, in 
the 70s[216,217], but since then USA has only invested in proton centers. There are now 
solid plans to build a C-ion center in USA with the award of the NCI P20 grant for a 
planning study[218]. However, as discussed previously, level 1 evidence of superiority of 
C-ions over X-rays or protons is missing. The US Cancer Moonshot [219] initiative 
explicitly supports pre-clinical research in particle beam radiotherapy and collaboration 
between NASA and NCI for leveraging the research in the field. 

 

3.2.2 Hypoxia 

Comparative trials of protons vs. C-ions, such as those ongoing at HIT (Table 1), 
concentrate on the LET effect. For radioresistant tumors, such as chordomas and 
chondrosarcomas of the base of the skull, the high RBE increases the peak/plateau ratio 
and should therefore provide lower NTCP for the same TCP compared to protons[144]. 
This can be difficult to prove in randomized trials. On the other hand, the NCI BAA-
N01CM51007-51 and the French ETOILE trials (Table 1) look at survival as primary 
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endpoint for radioresistant tumors, comparing C-ions to IMRT. While the RBE itself is a 
factor of scale in dose, other advantages are associated to high-LET radiation and can 
improve survival. First, heavy ions are expected to be particularly effective against 
hypoxic tumors. Most tumors are hypoxic, and this increases their resistance to 
treatments with either drugs or radiation[220]. Hypoxia is indeed considered one of the 
most predictable  prognostic markers of the treatment outcome[221]. Fractionation in 
radiotherapy is used to overcome hypoxia, exploiting the inter-fractional re-oxygenation. 
This advantage is however lost with the modern hypofractionated regimes, making 
hypoxia a major problem for SBRT[222,223]. The ratio of the doses producing the same 
effect in hypoxic (0% pO2) and oxic (20% pO2) conditions (oxygen enhancement ratio, 
OER) is around 3 for X-rays, a value so high that, if translated in clinics, it can hardly be 
reached with a boost in the hypoxic area. In reality, physiological hypoxia is on the 
average only 5% in the normal tissue and <2% in most tumors [224]. The OER is reduced 
at high-LET[225], because for densely ionizing particles the damage is induced by direct 
effect on the DNA molecule and does not need free radicals.  In cellular studies, it is 
known that the OER drops to 1 at LET higher than 100 keV/µm for all oxygen 
concentrations from 0% to 20%[140]. Heavy ions are, therefore, excellent candidates for 
clinical trials in hypoxic tumors using hypofractionation. Adaptive planning need excellent 
hypoxia imaging[226], especially using PET[227]. The hypoxic regions can then be 
targeted by dose painting[228], LET painting[137], or a combination of both in the plan 
optimization (kill-painting)[140]. 

 

3.2.3 Immunotherapy 

Even with high local control rates achievable with particle therapy, this advantage 
fails to translate in improved cancer survival in most cancers, because of distant 
metastasis.  Local radiotherapy can trigger an immune response that can immunize the 
host,  leading to immune destruction of distant, unirradiated metastasis [229]. This 
phenomenon, described as an abscopal effect, is rare and the mechanisms are unclear 
[230]. In recent years the introduction of checkpoint inhibitors has proven a breakthrough 
strategy, capable to induce powerful tumor rejections and improved survival in metastatic 
patients [231]. Excellent results have been obtained with immune checkpoint inhibitors 
such as anti-CTLA4 and anti-PD1 antibodies in malignant melanoma [232]. However, 
severe immune-related side effects complicate the use of immunotherapy and limits its 
use in cancer patients [233].  

It is widely acknowledged that the combination of immunotherapy with local 
therapies can further improve the survival in most solid cancers [234]. Because radiation 
has the potential to activate an anti-tumor immune response [235], it is an optimal 
candidate for combinations with immunotherapy [236–242]. Animal experiments have 
shown that the superior activity of radiation and dual immune checkpoint blockade is 
mediated by non-redundant immune mechanisms in cancer [243]. Following initial 
positive results of this combination [244–246], hundreds of trials have been launched to 
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test safety and efficacy of radiation and immunotherapy  in different tumors types, 
including lung cancer [247], the first cause of cancer-related death in US for both males 
and females [49]. The PACIFIC trial has shown significant improvements in disease free 
survival [248] and overall survival [249] in stage III non-small-cell lung cancer (NSCLC) 
patients treated with Durvalumab after chemoradiotherapy. Prospective randomized trials 
in stage IV patients are still missing and will be essential to quantify the benefit of 
combined radiotherapy and immunotherapy in lung cancer. In the pilot/feasibility trial 
NCT02221739 at Weill Cornell Medicine, a 30% disease control was achieved in stage 
IV NSCLC patients refractory to anti-CTLA-4 alone or in combination with chemotherapy 
by combining Ipilimumab with focal hypofractionated radiotherapy of a single metastasis 
[250]. Several strategies are under study to further improve these results, including 
modifying the dose per fraction [251] and the number of metastasis irradiated [252].  

Considering the success and promise of the combination of X-rays with checkpoint 
inhibitors, the question is whether particle therapy can present additional advantages, 
and result in better outcomes [253]. This question is relevant to the future of particle 
therapy, in view of its higher cost. We will discuss here the potential physical and 
biological advantages of particle therapy in combination with immunotherapy. 

Physical advantages 

Particle therapy is based on the different depth-dose distribution of charged 
particles compared to photons [201]. Using protons or heavier ions, much more normal 
tissue can be spared in virtually every tumor site, while preserving dose conformality on 
the tumor (see e.g. Figure 32 for esophageal cancer [31]). Sparing of the normal tissue, 
and in particular reducing the exposure of circulating T-lymphocytes and other immune 
cells, present advantages to immunotherapy. Non-proliferating peripheral blood 
lymphocytes are very radiosensitive [254] and during radiotherapy lymphopenia may 
occur, which is often correlated to a negative prognosis [255]. In fact, both radiotherapy 
and chemotherapy damage circulating immune cells [256], compromising the host’s 
immunity [257]. Consistently, blocking immune response in mice prevents tumor control 
when  radiation therapy is combined with checkpoint immunotherapy [258].  

Damage to peripheral blood lymphocytes can be measured during radiotherapy 
using the chromosomal aberration assay (Figure 33). When lymphocytes are irradiated 
in vitro, charged particles induce more chromosomal aberrations than X-rays at the same 
dose level, and the RBE increases by increasing the LET [259]. However, in vivo, the 
damage  mainly depends on the size of the irradiated volume (or integral dose), and on 
the presence of lymph nodes in the field [260]. For sites such as the esophagus, an 
increased field size leads to a proportional increase of the lymph nodes exposed. In fact, 
the chromosomal aberrations detected in circulating lymphocytes   in esophageal cancer 
patients are proportional to the radiotherapy target volume [261]. As a result of the 
reduced normal tissue volume irradiated with particles, less chromosomal aberrations 
were measured in patients treated with C-ions than with X-rays for esophageal cancer 
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[210]. Similar results were reported for patients treated with C-ions or IMRT for prostate 
cancer [262,263] and uterus cancer (Figure 31D).  

 

 

Figure 32. Coronal and transverse images of 3D-CRT plan (left), IMRT plan (middle), 
and proton plan (right) for esophageal cancer. The plans clearly show the large tissue 
sparing using protons. Treatment plans produced at Loma Linda University Medical 
Center (CA, USA) details in ref. [31], reproduced with permissions. 

 

Damaged lymphocytes eventually die and can lead to lymphopenia. The absolute 
lymphocyte count decreases during the course of radiotherapy. In sites like the 
esophagus, it can be expected that the use of protons reduce s the risk of severe 
lymphopenia [264]. In fact, for the decrease in lymphocyte counts during the radiotherapy 
course is less pronounced using protons [265] or C-ions [210] than with X-rays (Figure 
34).   Even if the data in Figure 34 come from different centers and different chemotherapy 
drugs, the tendency to spare more effectively lymphocytes using particles is supported 
for esophageal cancer patients. These results suggest that the physical characteristics of 
charged particle lead to sparing of immune cells that can then be engaged in the immune 
response triggered by immunotherapy.  

 



 
77 

 

 

 

Figure 33. Damage in peripheral blood lymphocytes of a patient during the course of 
radiotherapy. The karyotype by mFISH shows a translocation involving chromosomes 4 
and 8.   

 

 

Figure 34. Median values of lymphocyte count in esophageal cancer patients during the 
course of radiotherapy. Data for protons (1.8 Gy RBE/fraction) and IMRT (1.8 Gy/fraction) 
are from ref. [265], data for 3DCRT (1.6-2.0 Gy/fraction) and C-ions (2.7-3.6 Gy 
RBE/fraction) from ref. [210]. 
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While a reduced lymphopenia is certainly an advantage for the patients, whether 
lymphocyte sparing boosts the immune response remains to be demonstrated. In 
esophageal cancer patients receiving pre-operative chemotherapy, a significant 
increases in T-cell receptor diversity was observed in peripheral T-cells but not in tumor-
infiltrating lymphocytes [266]. In general, chemotherapy-induced depletion of immune 
cells can be followed by a ‘rebound overshoot’ effect, leading to transiently enlarged 
immune cell numbers, then relaxing to normality [267]. Whether this transient excess of 
immune cells supports immunotherapy or not remains to be clarified, and is certainly 
important to clarify the potential physical advantages of charged particles in 
radioimmunotherapy.  

Biological advantages 

In addition to the physical advantages, charged particles have different biological 
effects compared to X-rays, caused by the different kind of DNA lesions induced by 
densely ionizing radiation [268]. High-LET radiation induce more clustered DNA lesions, 
that are difficult to repair [269], and that trigger different DNA damage repair signals [270–
272]. DNA repair signaling pathways are strongly related to the immune response. 
Recently, it has been directly shown that that PD-L1 expression in cancer cells is 
upregulated in response to DNA double-strand breakage, through the ATM/ATR/Chk1 
kinase pathway [273]. Similar upregulation of PD-L1 has been recently shown in 
melanoma cells exposed to UV radiation [274]. Activation of different DNA damage 
response pathways at high-LET, such as resection [275], may have different effects on 
the expression of immune receptors. It presently not known whether the radiation-induced 
upregulation of PD-L1 will actually translate into response to checkpoint inhibitors [276]. 

DNA damage eventually leads to cell death through different pathways (such as 
apoptosis, necrosis, mitotic catastrophe or senescence) [277,278], and to the consequent 
release of small molecules such as ATP, calreticulin, and HMGB1 [279] that can trigger 
the immune response (Figure 35)[280]. In vitro studies with different human tumor cell 
lines have shown that proton radiation induces calreticulin cell-surface expression, 
increasing sensitivity to cytotoxic T-lymphocyte killing of tumor cells [281]. Increased 
extracellular concentration of HMGB1 has been measured after irradiation of human 
cancer cells with heavy ions [282], and the release is positively correlated to the particle 
LET (Figure 36). HMGB1 is upregulated in the serum of esophageal cancer patients 
following chemoradiotherapy [283], and these results are therefore suggestive of an 
increased efficiency of densely ionizing radiation compared to X-rays. 

In addition to the damage to nuclear DNA, recent evidence points to the sensing 
of cytoplasmic DNA as a key factor in eliciting immune response [284]. Double stranded 
DNA (dsDNA) fragments generated by exposure to sparsely ionizing radiation are 
extruded from the nucleus  [285,286] and accumulate in the cytosol where dsDNA 
sensors, cGAS/STING are activated to transcribe type I interferon genes and jumpstart 
an immune response. Interferon is a powerful promoter of dendritic cells recruitment and 
activation, enabling cross presentation of radiation induced neoantigens and immune 
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response  [287,288]. Consistently, metastatic NSCLC patients responding to focal 
radiation and CTLA4 blockade demonstrated  an increased serum level of interferon-
b compared to baseline [250].  These results suggest that the cGAS/STING activation 
may be an essential pathway for a successful combination of radiation and 
immunotherapy [289,290]. Increased cytosolic DNA is observed after irradiation of human 
cancer cells, but at high doses per fraction (>10 Gy) cells activate the DNA exonuclease 
Trex1, that degrades cytosolic DNA thus blocking the STING activation [291]. Type-I 
interferon activation induced by radiation therefore reflects a balance between sufficient 
dsDNA induction to stimulate cGAS/STING and Trex1 activation [292]. How this pathway 
is affected by charged particles remains unknown, and experiments are needed to clarify 
whether the production of smaller DNA fragments by densely ionizing radiation can lead 
to an enhanced response [293].  

 

 

Figure 35. An illustration of immune-mediated effects of ionizing radiation. The green 
arrow points to the release of HGMB1, that interacts with the toll-like receptor TLR4 
activating the dendritic cell maturation. Cartoon from ref. [280], reproduced with 
permission. 
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Figure 36. Concentration of HGMB1 in the medium following irradiation of HeLa cells with 
sham (0 Gy) radiation (black), 4 Gy C-ions in the plateau region of the Bragg curve, 13 
keV/µm (red) and 2 Gy C-ions in the spread-out-Bragg-peak, 70 keV/µm (green). The two 
doses were chosen to achieve the same 10% survival in irradiated HeLa cells. Data from 
ref. [282]. 

Preliminary  animal studies have shown that charged particles effectively induce 
abscopal responses for instance by reducing  lung metastasis after irradiation of the 
primary tumor [294–296]. However, these results remain inconclusive and a direct 
comparison of X-rays, protons, and C-ions is warranted [297]. 

 

3.2.4 Hypofractionation 

Thanks to tremendous improvements in image-guided radiotherapy (IGRT), there 
is nowadays a tendency to reduce the number of fractions and increase the dose per 
fraction (hypofractionation) [298]. The advantages for the patient and for the economy are 
enormous.  X-ray stereotactic body radiation therapy (SBRT) and CPT are both pushing 
hypofractionation toward the region of 1-3 fractions (oligofractionation) with a very high 
dose/fraction (up to 25-30 Gy). For non-small cell lung cancer (NSCLC) and 
oligometastases, SBRT has proven high control rates, durable local control and little 
normal tissue complications [51]. At very high dose, the vascular injury, i.e. damage to 
the endothelial cells supplying the cancer tissue with oxygen and nutrients, may become 
a dominant pathway for tumor suppression [299].  Damage to the tumor stroma at high 
doses was originally demonstrated in fibrosarcoma and melanoma grown in genetically 
modified mice, where vascular endothelial cell apoptosis was shown above 10 Gy per 
fraction. The ceramide pathway orchestrated by acid sphingomyelinase is a major 
pathway for the apoptotic response [300]. In later clinical work involving the use of single 
fraction high-dose spinal SBRT, investigators from the Memorial Sloan Kettering Cancer 
Center (MSKCC, NY, USA) recorded pronecrotic response after doses in the range of 
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18–24 Gy, a radiographic change consistent with a devascularizing effect [301]. Even 
though the engagement of the vascular component in radiation response can be crucial 
at very high doses, it should be underlined that according to the conventional linear-
quadratic model used in fractionated radiotherapy, hypofractionation leads to very high 
biologically effective doses (BED) [302]. This was not possible in the past, because of the 
damage to the normal tissue, but it can now be spared, at least for parallel organs, with 
the modern image-guided techniques. In non-small cell lung cancer (NSCLC), BED 
correlates with the tumor control probability (TCP) over a wide range of fractionated 
conformal radiotherapy and SBRT regimes. The question remains therefore open 
whether oligofractionation can be only justified by the improved physical dose distribution 
in IGRT and consequently very high BED or it requires a different radiobiological 
mechanism involving vascular damage and possibly reperfusion [303].  

The high conformity granted by the Bragg peak makes CPT ideal for radiosurgery. 
Particle radiobiology research at high doses is needed to support and guide 
oligofractionation in CPT. Experiments in 3D cultures of human endothelial cells or lung 
cancer cells injected with basement membrane matrix into nude mice showed reduced 
angiogenesis and vasculogenesis capability after exposure to high-energy charged 
particles, suggesting that the vascular damage may be particularly effective with protons 
or heavy ions [304,305]. Hypofractionation with protons and C-ions is under way for 
NSCLC in several centers. Published tumor control probability (TCP) data for C-ion 
therapy in NSCLC are plotted in Figure 37, along with the curve derived from X-ray SBRT 
trials [125]. Heavy ion TCP are generally consistent with the X-ray SBRT TCP. One major 
deviation is observed in the single-fraction treatment at NIRS in Japan, which 
corresponds to BED>200 Gy(RBE) [54]. RBE in the Japanese treatment plan is assumed 
to be independent from the dose per fraction. This can lead to overestimations at high 
dose per fraction up to a factor of 2. In fact, the single-fraction trial for NSCLC at NIRS 
gives a TCP consistent with a BED around 140 Gy X-rays.  
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Figure 37. Tumor control probability (TCP) vs. biological effective dose (BED) for different 
SBRT and CPT trials for NSCLC. The red curve represents the fit to the X-ray SBRT data 
using the common linear-quadratic formula BED=nd[1+d/(a/b)], where d is the dose given 
in every fraction, n the number of fractions, and a/b =8.6 Gy for NSCLC. Datapoints are 
calculated from published trials with protons or C-ions . The number of fractions is shown 
next to the datapoint for oligofractionation (n<5) trials.  

 

3.2.5  Radiogenomics 

The ultimate goal of radiogenomics is to develop a genetic risk profile 
individualization of radiation dose prescriptions to optimize tumor control while minimizing 
normal tissue damage. Genome-wide association studies have already been successful 
in finding novel genetic variants with high risk of developing some common diseases, for 
instance breast cancer. Radiogenomics uses a similar approach to predict the sensitivity 
of the normal and cancer tissue to radiation [197].  

Normal tissue 

Radiogenomics is extremely attractive for assessment of the patients’ normal 
tissue response as long as the genetic component plays a major role in determining 
radiosensitivity. This is clearly the case for those syndromes, such as ataxia-telangectasia 
(AT) or Nijmegen breakage syndrome (NBS), where germline mutations of DNA repair 
genes induce extreme radiosensitivity. These diseases are however rare, confined to a 
limited number of families, phenotypically obvious, and are certainly not responsible for 
the observed variability in radiotherapy response. It is interesting to note that, while AT 
patients are homozygous for mutation in the ATM protein, a fraction around 3% of the 
population is heterozygous for ATM and a similar fraction is hypersensitive in radiotherapy 
trials. ATM haploinsufficiency results in increased radiosensitivity in mice, thus 
suggesting that this subgroup may be the one more at risk of side effects in radiotherapy 
and radiation-induced cancer. ATM is one of the candidate genes to be screened as 
potential biomarkers of radiation response. Radiogenomics has used the candidate-gene 
approach to look for variations in many other genes involved in radiation response – e.g. 
those in the pathways of DNA repair (BRCA1/2), cytokine production (TGFb), scavenging 
of free radicals (SOD2) and so forth. Genetic variations include single nucleotid 
polymorphism (SNP), copy number variations (CNV) and other epigenetic modifications. 
Unfortunately, although several studies have initially reported associations between 
radiation toxicity and SNP, a prospective study aimed to validation failed to detect any of 
the previously reported associations, suggesting that SNP may be irrelevant for individual 
sensitivity. 

Very little studies deal with radiation quality in radiogenomics. Haploinsufficiency 
for ATM results in accelerated cataractogenesis in mice exposed to both X-rays and 
heavy ions, and the RBE is higher for heterozygotes compared to wild-type. In a recent 
microarray hybridization analysis of irradiated normal human bronchial epithelial cells, 
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unsupervised clustering analysis of gene expression segregated samples according to 
the radiation quality (Fe-ions, Si-ions, or g-rays) followed by the time after irradiation (0-
24 h), whereas dose (0.5-3 Gy) was not a significant parameter for segregation [306]. 
The great majority of genes with modified expression where uniquely associated to one 
radiation quality (Figure 38).  

 

Figure 38. Differentially expressed genes in human bronchial epithelial cells exposed to 
γ-rays or heavy ions. Venn diagram shows the numbers of genes, either specific to or 
overlapping with different radiation types. Image courtesy of Michael D. Story (UT 
Southwestern). 

 

Tumor tissue 

The integration of molecular data with local control data can allow the generation 
of biomarker signatures that predict tumor response to therapy. The method has been 
applied to in vitro survival curves of different human tumor cell lines [307,308]. Microarray 
profiling identified 22 genes differentially expressed in radiosensitive cancer cells and 18 
genes associated with resistant cell lines. In a molecular regulatory network model based 
on mRNA expression profiles, it has been possible to identify 10 hubs of interactions 
associated to radiosensitivity. It is not clear whether these patterns can be used for all 
cancers, or they are tissue-specific. Individual NSCLC patients’ responses to 
chemotherapy is highly variable and similar spread is measured irradiating NSCLC cell 
lines. Molecular markers including epidermal growth factor receptor (EGFR), K-ras, 
vascular endothelial growth factor (VEGF), mammalian target of rapamycin (mTOR), and 
anaplastic lymphoma kinase (ALK) have been proposed as potential biomarkers of 
response of NSCLC to ionizing radiation. For head-and neck squamous cell carcinoma, 
a recent study shows that Ku80 overexpression was an independent predictor for both 
local recurrence and mortality following radiotherapy. The results are easy to interpret, 
being Ku80 a key molecule for DNA double-strand break (DSB) repair. 

The variance in radiosensitivity associated to the genetic background is reduced 
when cells are exposed to densely ionizing radiation. The interindividual variability in 
radiosensitivity can be assessed with organotypic tissue slices from the human tumors. 
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A recent study showed interindividual variability for GBM slices treated with 
temozolomide, and a smaller variability after C-ions [309]. The RBE decreases for cells 
with high a/b ratios – i.e., by decreasing intrinsic radioresistance, and eventually reaches 
unity for very radiosensitive cell lines. For this reason, high-LET heavy ions are 
preferentially used for radioresistant tumors. This is also a very attractive feature for 
targeting specific resistant sub-volumes in the tumor, such as the cancer stem cell niche. 
Expression of molecular biomarkers of radioresistance should therefore represent an 
indication for hadron therapy.  

Radiogenomics in tumor tissues can be used for synthetic lethal genetic screen. 
Two genes are synthetic lethal if mutation of either alone is compatible with viability but 
mutation of both leads to death. So, targeting a gene that is synthetic lethal to a cancer-
relevant mutation should kill only cancer cells and spare normal cells. Synthetic lethality 
therefore provides a conceptual framework for the development of cancer-specific 
cytotoxic agents, and can be extended in combined therapies, targeting combination of 
genes conferring radioresistance to cancers. 

 

3.2.6 Biologically-driven trials 

Modern clinical trials in radiotherapy are often based on solid biological hypothesis 
and stratify the patients based on molecular biomarkers[118,310,311]. For CPT clinical 
trials, selection of patients and trial design based on radiobiology can be essential, 
considering the special characteristics of charged particles compared to X-rays. 
Biomarkers of radioresistance should be used to direct patients toward heavy ion therapy, 
to exploit the high-RBE of high-LET radiation for radioresistant cells. The importance of 
RBE in protontherapy is also emerging, and specific strategies to assess the risks and 
potential of proton RBE should be pursued [204,213,312].  

Hypoxia can be a key biomarker for stratifying the patients for CPT. In the pilot 
project at the Lawrence Berkeley Laboratory, the rationale for using heavy ions was 
fighting hypoxia. The modern methods to visualize hypoxic regions by PET make possible 
adaptive treatment planning to target these inhomogeneities. Ions heavier than carbon 
can be more effective in sterilizing hypoxic volumes. Same applies to other intra-tumoral 
inhomogeneities, especially cancer stem cell niches, which could be specifically targeted 
with heavy ion boosts[198].  

Finally, trials with combined treatments are necessary for the benefit of the 
patients. The pre-clinical data, and the possibility of sparing of immune cells using CPT, 
makes important a clinical test of immunotherapy combined with CPT vs. X-rays. This 
trial could lead arguably to the most important results about the real advantages of using 
CPT. 
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3.3 Emerging techniques 
 

As we discussed in the previous sections, it is acknowledged that research in 
radiobiology and medical physics are essential to exploit the full potential of particle 
therapy. The research is performed in part at the clinical centers where the patients are 
treated [313]. Typically, these centers can accelerate protons up to 250 MeV or C-ions 
up to 400 MeV/n. A handful of clinical centers (HIMAC and Hyogo in Japan, HIT and MIT 
in Germany, MedAustron in Austria, and CNAO in Italy) can accelerate both, and possibly 
other light ions. These multi-ion centers have dedicated experimental vaults for research, 
but the beamtime that can be allocated to non-clinical research experiment is limited. 
Hence, even if there are a quite high number of suitable accelerators already available 
[314], it is recognized that facilities dedicated to research only are necessary for future 
breakthrough in this field [315]. SEEIIST will play this role. Ideally, the research facilities 
should be able to provide different light ions in the energy range necessary for therapy 
(70-400 MeV/n), high beam intensities and research infrastructures available for 
radiobiology, including animal facilities. In Japan, the main research center is still the 
HIMAC accelerator in Chiba, the large double-synchrotron that has pioneered C-ion 
radiotherapy [13] but has always allocated plenty of beamtime to pre-clinical research 
[316]. In China, basic research related to heavy-ion cancer therapy has been done at the 
Institute of Modern Physics (IMP), Chinese Academy of Sciences in Lanzhou since 1995 
[317]. C-ion therapy in Europe was initiated at the SIS18 synchrotron of the GSI Helmholtz 
Center in Darmstadt (Germany) [47], which is currently dedicated to research only. Other 
research accelerators very active in particle therapy are GANIL in France, KVI in The 
Netherlands, LNS-INFN in Italy, but although they can offer multi-ions they cannot reach 
energies necessary for treatment of deep-seated tumors. CERN plans to build a facility 
dedicated to particle radiobiology [318] have been stopped. In USA, the best facility is 
potentially NSRL, but it has been used as yet mostly for space radiation studies funded 
by NASA [319]. Recently, with solid plans for the construction of the first heavy-ion 
therapy center in USA [218] after the shutdown of the Bevalac in Berkeley, NIH is 
negotiating with BNL for pre-clinical particle therapy research [320]. Finally, after the 
termination of the particle therapy program [321], pre-clinical research in radiobiology and 
dosimetry is ongoing at iThemba Labs in South Africa. 

The new facilities can offer more beamtime, especially of different light ions, a 
general desire in the particle therapy research community [315], but can also be used as 
testbed for innovation in this field. In many cases the new facilities are constructed at the 
same sites e.g. Lanzhou, Darmstadt, Caen, and Legnaro. The high energy and intensity, 
and the possibility of accelerating many different ions, including unstable, radioactive 
isotopes, may open new opportunities. These novel proposals can be tested at the new 
facilities, and may become practical in the future for next-generation particle therapy.  

A typical feature of SEEIIST and other  new facilities will be a substantial increase 
in beam intensity. At FAIR, the intensity of the primary heavy ion beam should be 
increased approximately x100. With a circumference of 1.1 km and a maximum magnetic 
bending power of 100 Tm, the new machine will accelerate ion beams with maximum 
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intensities ranging from 4 × 1013 protons at 29 GeV to 5 × 1011  U28+ ions at 2.7 GeV/n 
[322]. Current synchrotrons for therapy work at 108-109 particles per second (pps) for fast 
beam scanning [323]. Higher intensities would be desirable for reducing treatment time 
and minimizing organ movement during treatment [9]. In fact, if a full treatment can be 
delivered in a few seconds rather than in several minutes, the whole problem of the tumor 
motion would be resolved. Multi-energy extraction with extended flat top provides different 
energies during the same cycle, and therefore can take full advantage of higher intensities 
[324]. Scanning speed in one direction can be as high as 100 m/s, but the limitation is 
given by the dose control system in the beam delivery. In raster scanning (continuous 
beam delivery with dose-driven control) the dose delivered while moving from one spot 
to the next (inter-spot dose) becomes too high to match the planned dose. Inter-spot dose 
are a problem especially for low weight spots and re-painting [325]. As an alternative, the 
high-speed scanning can be combined with a patient-specific 3D range modulator [326]. 
The range modulator produces a highly conformal dose distribution with only one fixed 
energy, thus reducing considerably the treatment time. 

High-intensity allow the development of new techniques that can have large 
applications in the future: FLASH, spatially fractionated radiotherapy (SFRT) and 
radioactive ion beam (RIB) therapy. They are described briefly below. 
 
3.3.1 FLASH 
 

The normal dose rates achieved with the current intensities are between 0.5 and 
10 Gy/min. Dose rates > 2000 Gy/min (FLASH radiotherapy) are now becoming of 
increasing interest in radiotherapy. In fact, experiments in a mouse model have recently 
measured a very large sparing effect of the normal tissue by 4-6 MeV electrons delivered 
at this ultra-high dose rate [327]. Lung tumor control was similar for conventional dose–
rate and FLASH radiotherapy, but fibrosis was much higher at conventional 1.8 Gy/min 
(Figure 39). In a second study, the FLASH irradiation also proved to be able to preserve 
spatial memory after whole-brain mouse irradiation, while at the same dose (10 Gy) 
conventional dose-rates totally impairs the animals’ spatial memory [328].   

There is not a general agreement on the mechanism underlying the sparing effect 
of FLASH radiotherapy, even if the oxygen depletion hypothesis, based on fast oxygen 
consumption leading to hypoxia and therefore increased resistance of well-oxygenated 
normal tissue, is considered the most plausible explanation [329]. Even without a 
theoretical justification, FLASH is attracting great interest in the radiotherapy community, 
as a potential system to enlarge the therapeutic window, i.e. to reduce the toxicity while 
keeping the same effectiveness in the tumor [330]. These very high dose rates are, 
however, difficult to achieve with photons and with charged particles. Specific upgrades 
of cyclotrons used for clinical protontherapy are necessary to achieve the dose-rates used 
in the electron experiments [331]. The new high-intensity accelerators will be able to test 
the FLASH radiotherapy with heavy ions, thus answering the important question of 
whether the FLASH effect is also observed with high-LET particles. 
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Figure 39. Time dependence of pulmonary fibrosis in C57BL/6J mice after thoracic 
irradiation at conventional (red) or ultra-high dose rate (blue). Data points and all details 
in reference [327], lines are guides for the eye. 
 
SEEIIST can be the first accelerator to treat patients with C-ions in FLASH regime, a 
dose-rate region as yet clinically explored only with electrons [332]. Whether heavy ions 
also present a FLASH effect remains to be demonstrated in pre-clinical experiments, 
currently ongoing [333]. 
 
 
3.3.2 Spatially fractionated radiotherapy 
 

Spatial fractionation of the dose derives from the old concept of grid therapy [334], 
as it was early observed that using grids the radiation toxicity was greatly reduced. The 
problem was the formation of cold-spots, leading to recurrences. In more recent times, 
the idea was re-considered, including the possibility of interlaced grids [335–338], 
potentially able to eliminate the cold-spots.  

The question is how large should the grid be to ensure optimal sparing of the 
normal tissue. Some data indicate that the spacing should be below 100 µm (microbeam 
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radiotherapy, µBRT) [339–342], while others contend that spacing of 1-2 mm are 
sufficient (minibeam radiotherapy, MBRT) [343–345]. 

Either way, high intensities are necessary to minimize movements that would lead 
to the loss other spacing among the beamlets. For X-rays, these high-intensities can only 
be achieved using synchrotron radiation [340,341,346]. However, SFRT may be further 
improved by partnering its benefits with the advantages of CPT. Recently, proton 
minibeam radiation therapy (pMBRT) has demonstrated a net gain in normal tissue 
sparing and an equivalent or superior tumour control than with standard seamless 
irradiations was observed [344,345,347,348].  

This holds even in cases where highly heterogeneous dose distributions were 
delivered (Figure 40). In contrast to the flat dose profiles in conventional radiotherapy, the 
profiles in SFRT follow a pattern of areas of high dose (peaks) followed by areas of low 
dose (valley). The ratio between peak and valley doses, the so-called peak-to-valley-dose 
ratio (PVDR), is considered to be an important dosimetric parameter in SFRT, as it plays 
an important role in the biological response. Different studies suggest that high PVDR 
with low valleys favor tissue sparing, while low PVDR with high valleys increase tumor 
control [342]. Dosimetry evaluations in heavy ions MBRT have shown favourable dose 
distributions for normal tissue sparing [343,349]. Indeed very high peak-to-valley dose 
ratio (PVDR) and minimal contribution of high-LET nuclear fragments to the valley 
regions, which are believed to be responsible of normal tissue sparing], were obtained.  

The possible gain in normal tissue sparing of MBRT might allow a renewed use of 
very heavy ions (Ne, Ar, Si) for the treatment of hypoxic tumors, still one of the main 
challenges in radiation therapy. Heavy ions, such as Neon, were used in the past, 
demonstrating a high capacity for hypoxic cell tumor killing [139]. However, their use was 
discontinued due to important side effects [216]. Preliminary biological experiments 
performed using Ne MBRT at HIMAC(NIRS-QST) seem to validate this hypothesis, 
namely, that a gain in normal tissue sparing thanks to the combination of Ne ions with 
MBRT. MBRT may therefore become an important tool at SEEIIST, with potential 
translation to patients. It should be also noted that MBRT requires high dose rates and 
should thereof be combined with FLASH to achieve even higher normal tissue sparing 
[350]. 
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Figure 40. Proton microbeam radiotherapy (pMBRT) of glioma-bearing rats using 100 
MeV protons at the CPO protontherapy center in Orsay, France [348]. Top: irradiation 
setup; middle: treatment plan with conventional and pMBRT plans; bottom: Kaplan-Meier 
survival curves (9 rats per group). 
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3.3.3 Radioactive ion beams 
 

High beam intensity are also an important feature to exploit radioactive ion beams 
in therapy. RIB physics are one of the main motivations for the construction of new high-
intensity and high-energy accelerators. Yet RIB can be very useful for beam monitoring 
and range verification in cancer therapy. The use of RIB for image-guided particle therapy 
had already been proposed at LBNL during the pilot project in the 70s [169]. As discussed 
previously, induced radioactivity is currently used in several clinical centers for beam 
monitoring after particle therapy by PET [168]. This range verification method would be 
greatly enhanced by using a radioactive beam for therapy. Such a beam could be 
visualized in the patient’s body, and would provide unprecedented accurate range 
verification.  Following early attempts at LBNL [351] and within the EULIMA project in 
Europe [352], the idea has been implemented at HIMAC in Chiba (Japan) [353], with a 
prototype for an open-PET to visualize the full path of a 11C in the body [354]. The signal 
in-spill (beam-on) is covered by prompt g-ray emission, but imaging off-spill (beam off) 
can be reconstructed by open-PET [355]. Monte Carlo simulations have also been 
performed at CERN, where the radioactive beam can be produced at ISOLDE [356]. 
Typical candidates as RIB projectiles for therapy are 10C, 11C, 14O and 15O, whose decay 
half-lives are provided in Table 6. The simulation in Figure 41 shows that isotopes with 
short half-life have a great potential for online beam verification.  

However, all these efforts have been hampered so far by the low intensity of the 
radioactive beam. At HIMAC, the 11C intensity was below 105 pps, which is insufficient to 
give a good signal/noise ratio and for a therapeutic plan. The Japanese researchers used 
the secondary radioactive beams to measure the biological washout of the radionuclides 
[354,357] and as probe at low dose to check the Bragg peak position of the therapeutic 
beam. Interestingly, with only 4 × 1013 10C-ions in a PMMA phantom, they could measure 
the Bragg peak position of a 430 MeV/n beam with an accuracy of ±0.3 mm, using two 
Auger-type scintillation detectors with a measurement time  below 3 min [358]. At FAIR, 
the intensity of RIB is supposed to be increased x10,000 compared to the current beams 
[322]. High intensities are also expected at the new RIB facilities. The accuracy that can 
be reached with RIB imaging by PET remains to be determined. An improved accuracy 
will allow treatments of small lesions close to critical structures, including targets 
important for treatment of noncancer diseases [359]. For instance, nerves are targets for 
treatment of trigeminal neuralgia [360] or renal denervation (drug-resistant high blood 
pressure), and pulmonary veins for treatment of cardiac arrhythmia [361]. These targets 
are <1 cm, and an accuracy around 0.1 mm would be desirable in those cases. Similarly, 
treatment of multiple metastasis can be beneficial and leads to improved survival in stage-
IV lung cancer patients [362]. Charged particles can be beneficial because much more 
normal tissue can be spared in multiple irradiations. However, metastases are small and 
particle therapy is less robust than conventional stereotactic body radiotherapy currently 
used to treat these patients.  

Among RIB, we should also consider the production and acceleration of 
antiprotons. The annihilation of antiprotons can also have interesting applications in 
therapy, enhancing the dose in the target region [363,364]. The annihilation of antiprotons 



 
91 

 

can also be exploited for an accurate visualization of the beam position [365]. FAIR will 
also produce very intense antiproton beams, which can be used for tests of new detectors 
of antiproton beam imaging [366,367].  

 
Figure 41. Simulation of PET image produced in a water phantom by stable and 
radioactive isotopes of carbon beams. Energy of the beams is modulated to have the 
same range in water (20 cm). Simulations by Monte Carlo code PHITS, courtesy of Prof. 
Chiara La Tessa. 
 
 
3.3.4  Alpha-particle therapy 
 

The majority of radionuclides used in nuclear medicine (see Section 2.2) are 
produced by irradiation of a stable nuclide either with neutrons (at reactors) or protons (at 
cyclotrons). The reactions produce either the nuclide of interest, or a “radionuclide 
generator” that can be transported in the site of chemical separation. Less common is the 
production using linear accelerators and lasers. Most of the radionuclides are produced 
using protons or deuterons with energy 3-20 MeV [368]. High energy protons can be used 
to irradiate thick targets, leading to the production of a large variety of radionuclides with 
the ISOL method. The main high-energy ISOL facilities are  ISOLDE (MEDICIS-
PROMED) [369] at CERN (1.4 GeV) and ISAC at TRIUMF (0.5 GeV) [370]. 

Can the new facilities contribute to radionuclide production? Clearly the cost of the 
beamtime will be much higher than at commercial cyclotrons, and the beam availability 
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will also be limited. The new facilities should concentrate on the production of new 
isotopes, difficult to produce in low-energy cyclotrons or at nuclear reactors. Most of the 
research in new radionuclides is directed to therapy [371] rather than to diagnostics. 
Therapeutic compounds are often designed as theranostic agents, so that, when coupled 
to suitable radionuclides, they can be used for positron emission tomography (PET) or 
single-photon emission computed tomography (SPECT) [372]. 
  In radionuclide therapy, one of the most promising field is certainly targeted alpha 
therapy, where a-particle emitters, either alone or in combination with vectors (antibodies, 
small peptides, folates), are used to target cancers, including metastases [373]. Alpha 
particles are more effective than b-particles in the induction of cell killing, and their short 
range in tissue reduces the toxicity in the normal tissue. Because of their high efficiency 
in inactivation of radioresistant cells, it has been proposed that they can successfully 
target cancer stem cells that often escape inactivation by external beam therapy [374]. 
Different isotopes can be combined to achieve theranostics. A typical example is terbium, 
with 4 different isotopes covering all nuclear medicine modalities: 149Tb for targeted alpha 
therapy, 155Tb for SPECT, 152Tb for PET, and 161Tb for b-therapy [375]. The same 
chemical preparation can therefore produce a drug able to perform a- + b-therapy and 
PET/SPECT imaging. 

The first applications of a-emitters in therapy focused on 223Ra, which is a calcium-
mimetic and is therefore actively incorporated in the bone matrix, in particular in the areas 
of increased osteoblastic activity. For these reasons, it was early suggested as a potential 
tool for targeting bone metastasis in stage-IV patients. Radium-223 was the first a-particle 
emitter approved for a randomized phase-III clinical trial: treatment of castration resistant 
prostate cancer with bone metastasis [376]. The success of this trial fueled the interest in 
other a-emitters and on their binding to carriers for treatment of different tumors. 
Radionuclides for targeted therapy should have an appropriate half-life (in the order of a 
few hours), chemical properties (especially the possibility of binding a vector in a stable 
way, to avoid unwanted de-labeling in the body), and quasi-stable daughter products 
(daughters generally leave the vector, and can therefore cause collateral damage in 
normal tissue). For these reasons, noble gases (Rn and Fr isotopes), that do not form 
stable chemical bonds, and isotopes of U and Th, producing many a-emitting daughters, 
are not suitable for targeted alpha therapy using anti-tumor vectors. 

Based on the above selection criteria, the best candidates are summarized in 
Table 7. These radionuclides have been used in pre-clinical studies with excellent results 
(see e.g. [377,378]), and in many cases also in clinical phase-I trials. Their utilization in 
pre-clinical and clinical tests is mainly limited by the difficulties on the production.  The 
new accelerators, exploiting high-energy, high-intensity, different light and heavy ions as 
projectiles, and possibility of generating radionuclides by either ISOL or IF methods, can 
play a very important role in the production of these isotopes. Radioisotope production is 
indeed a key component of the applied programs in some of these accelerators such as 
FRIB [379] in USA and MYRRHA [380] in Belgium. 
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Table 7. Alpha-emitting radionuclides for targeted alpha therapy. 
 
Element Mass 

number 
Half-
life  

Use Production 

Tb 149 4.1 h Theranostics, along 
with other terbium 
isotopes. 

Currently by spallation of Ta targets at 
ISOLDE. Heavy ion reactions include 
144Sm(7Li,2n)149Tb or 
144Sm(9Be,4n)149Dy--->149Tb 

At 211 7.2 h Very effective in 
pre-clinical animal 
studies. Difficult 
production. 

Currently using 209Bi(a, 2n)211At. Other 
reactions possible also for producing the 
parent radon nuclide e.g. 209Bi(7Li, 
5n)211Rn. 

Bi 212 61 min Daughter product of 
212Pb, used in 
clinical trial for 
ovarian cancer. 

By radionuclide generators, starting from 
thorium isotopes and gaseous 220Rn. 

Bi 213 46 min Despite the short 
half-life, has been 
used in phase-I 
clinical trials in 
leukemia. 

Currently generated from 225Ac (10 
days), which is produced in small 
quantity from decay of 229Th.  

Ra 223 11.4 
days 

Used non-
conjugated to any 
vector against bone 
metastasis.  

Currently, clinical and commercial 
production of 223RaCl2 involves 227Ac 
and 227Th isolation from a 231Pa source. 
 

Th 227 18.7 
days 

Despite the 5 a-
particles emitted by 
recoils, has been 
used in several 
phase-I clinical 
trials.  

Currently generated by 226Ra(n,g)227Ra 
followed by beta decay into 227Ac and 
finally 227Th. 

Fm 255 20.07 h Very effective decay 
by spontaneous 
fission, or by a-
decay in 251Cf. 

Poorly known because it is very difficult 
to produce. Small quantities can be 
obtained by slow neutron irradiations of 
polonium or uranium targets. 
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3.4 Animal research 
 

The research described in this section cannot be performed without an adequate 
animal infrastructure. As mentioned in the last section, in hadron therapy there is a 
surprising lack of data from in vivo experiments, which in other treatment modalities have 
been regarded as a necessary link between the hypotheses generated by in vitro 
experiments and patient treatments. Cell experiments give good indications of the various 
effects, but in reality, in vivo, there are many biological functions interacting together, 
which is impossible to mimic in vitro. 

To be able to comply with the issues of a different radiobiology and a varying RBE 
in hadron therapy, it is crucial to have experimental biological studies to determine the 
extent and magnitude of these effects. As a necessary next step, from in vitro studies, in 
vivo studies enable simulation of clinical treatments in animal models and give essential 
information to determine the optimal radiation modality to protect normal tissues and to 
optimize the anti-tumor effects. The possibility of devoting ample times to these studies, 
on various in vivo models, makes the Centre unique in the world landscape. 

At present, one of the crucial points in particle radiobiology is to establish the RBE 
of different normal tissues in a systematic, large-scale in vivo setup, using relevant 
particles. This should include simulation of clinical treatment with fractionation as well as 
different positions in the beam. Relevant normal tissue models should include functional 
and tissue endpoints, representing both early and late radiation induced reactions.  

 
(i) assays for acute skin reactions and radiation induced fibrosis (Figure 42); 
(ii) models of neurological damage of the spinal cord, central nervous system, 

peripheral nerves, optic nerve, etc. ; 
(iii) lung injury ; 
(iv) urinary bladder function; 
(v) cartilage tolerance; 
(vi) different tissue types and position of the irradiated organ along the beam path 

and the SOBP; 
(vii)  cognitive assays, such as novel object recognition (NOR) and 

novel object location (NOL); 
(viii) dose fractionation. 

 
The normal tissue studies should be accompanied by in vivo studies of RBE of a 

panel of tumors’ models with different radio sensitivities to enlighten the therapeutic effect 
at different LETs. 

In addition to these RBE studies, question as what impact high LET radiation has on 
factors as cytokine expression, inflammation, and angiogenesis have been raised, and 
suggestive data from both in vitro studies and clinical studies have suggested a 
differential effect from photon radiation. However, to elucidate whether these effects could 
possibly have a clinical effect, in vivo studies are needed. 



 
95 

 

 
Figure 42. Examples of in vivo data on early and late radiation induced reactions. Here 
from acute skin reaction (moist desquamation of irradiated areas of the skin) (top panel) 
and radiation induced fibrosis, a late reaction of tissue to radiation (lower panel) [381]. 
 

As animal models are not trivial to set up in a facility, an animal study programme 
could be partly based on researchers from other institutions, where animal models have 
already been implemented, refined, and optimized. 

Projects could use animals that stay temporarily at the facility for irradiation, and are 
then brought to the home institutions for follow up, as this can be a very long process; for 
late reactions, the time for observing the animals can be up to several months or years. 

 
To conduct the experiments an in-house animal facility will be established for 

permanent housing of small rodents. Larger animals will be treated in collaboration with 
an external academic veterinary department. 

This long-term activity will provide data for the development, in collaboration with the 
other European institutions, of biological models and their implementation in human 
treatment planning systems. Finally, such a high-quality preclinical research is necessary 
to secure solid foundations for clinical research. 
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Figure 43. Schematic of the newly designed animal facility for small rodents at the 
Department of Experimental Clinical Oncology, Aarhus University Hospital. 
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An example of a small-scale, yet complete and self-sufficient, animal facility for 
small rodents is shown in Figure 43. The Centre will feature a small animal facility similar 
to the one shown in this figure. Besides this, a cleaning room for washing equipment, as 
well as a laboratory will be available. 

It has to be considered that there are legal requirements for the building 
specifications for an animal facility, e.g., of the noise level, on ventilation, and 
temperature. It has to be approved for housing of experimental animals by the authorities. 
All facilities for housing and treatment of animals will comply with EU regulation. 

For a part-time facility, based on a visiting scientist bringing their own equipment, 
the animal facility should contain one or more conditioned cabinets for small rodents (as 
a Scantainer or similar). The animal facility should, as a minimum, be equipped with a 
laminar flow for animal handling. There should be access to a range of general laboratory 
equipment, but this could be done in connection with a possible in vitro facility. 

The animal facility should be in close proximity to the experimental beam room to 
avoid too long transport between animal preparation and animal treatment. A possibility 
would be to place the animal facility in the basement, with direct connection to the 
experimental beam room, to avoid patient areas to be exposed to allergens. 

If a setup with a visiting scientist with visiting animals is considered, it is necessary 
to have an isolated section that can serve as the quarantine room for a temporary medical 
physics programme and its equipment housing of animals, to ensure no risk of 
contamination between visiting and in-house animals.  
 
3.4.1 Large animals 
 

Most pre-clinical studies in radiotherapy use rodent models. The use of large 
animals is highly problematic because of the high cost, difficult maintenance, ethical 
considerations, and lack of well-defined tumor models and genetically editable systems.  

However, large animals are irreplaceable for new applications of particle therapy 
in noncancer diseases [359]. One largely known example is cardiac arrhythmia, and 
especially ventricular fibrillation, a deadly disease that can only be treated with catheter 
ablation. Recent studies have shown that stereotactic body radiotherapy (SBRT) can be 
an effective alternative strategy to treat ventricular fibrillation [382](Figure 44). This paves 
the way to applications of radiotherapy in cardiology, with the advantage of providing a 
noninvasive treatment that can be repeated [383]. However, SBRT produce a large dose 
bath that can be reduced using charged particles (Figure 45)  thus reducing side effects 
and allowing dose escalation for better conformality [384].  A pilot study in a swine model 
at GSI has demonstrated the feasibility of this approach using C-ions (Figure 46) [361] 
and has been then confirmed at Mayo Clinics using protons [385] and finally in the first 
human patient treated with protons at CNAO in December 2019. 

Access to pigs would therefore allow the developments of new strategies for 
treatment of heart diseases with charged particles. Pig farms are commonly used in 
cardiology, because these animals have similar heart structures to human. It would 
therefore useful to establish a pig farm close to the center, under the control of a 
cardiology department in nearby universities. 
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Figure 44. Workflow for noninvasive, electrophysiology guided SBRT ablation of 
ventricular targets in arrhythmia patients [382]. 
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Figure 45. Comparison of treatment planning with SBRT (left) and C-ions (right) for 
ventricular ablation in a swine [384]. 
 
 
 

 
Figure 46. Treatment of a swine for atrial fibrillation at GSI. The animal is anesthetized, 
maintained in forced ventilation and blocked using thermal mask immobilization. Beam 
delivery is checked by a PET camera [361]. 
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Pigs are not the only large animals that can be used in research. A second possibility is 
using pet-patients, i.e. to open the center to treatments of sick dogs and cats. Several 
radiotherapy units offer this possibility, the most advanced being the one at Colorado 
State University in USA (Figure 47) [386,387]. Both oncological and non-oncological 
diseases could be treated with particle in the framework of comparative veterinary trials.   

Veterinary trials have the potential to address many questions that raise in the 
clinical community and should be tackled by randomized trials. Offering free or low-cost 
treatment to pets can pave the way to several trials, and can attract veterinary clinics from 
all over Europe to treat the pets at SEEIIST. The results of the clinical trials have indeed 
a high translational potential for humans, as demonstrated by the CSU experience.  
 
 

 

Figure 47. Irradiation of a dog-patient in the CSU veterinary clinics. 
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4. Non-medical research 
 
The applications of medical accelerators go of course beyond the clinical research. They 
are limited by the energy and the ions available. Facilities like FAIR offer the full periodic 
table spectrum and energies up to 10 GeV/n, but the beamtime is of course very 
expensive. Some small, low-energy accelerators, such as Louvain (Belgium) and 
Jyväskylä (Finland) managed to cover their running costs with industrial research. The 
positioning of SEEIIST in this scenario remains to be determined, but a few example of 
non-medical research topics are provided below. 

 

4.1 Space radiation protection 
 

As described in the deliverable 3.1, there are currently research programs in space 
radiation protection at high-energy particle accelerators. The main advantage of the new 
facilities will be the high beam energy, able to cover a much larger fraction of the galactic 
cosmic ray (GCR) energy spectrum. This offers new opportunities for solving the two main 
hurdles toward the mitigation of the radiation risk problem in interplanetary missions: high 
uncertainty on late biological effects of heavy ions, and development of effective 
countermeasures. A large space radiation research program has been already planned 
at FAIR [388,389], in collaboration with ESA. 

4.1.1 Radiation risk assessment 

Accelerator-based radiobiology is essential for reducing risk uncertainty [390]. In fact, 
heavy ions, main contributors to the dose equivalent in deep space, are not present on 
earth, and therefore no epidemiological studies are available. Research at NSRL and GSI 
provided significant information about the effects of heavy ions with energies of 1 GeV/n 
or below in cell, tissue, and animal models. However, over 50% of the high-Z and -energy 
(HZE) particle flux in the GCR is above 1 GeV/n for typical shielding amounts [391]. Their 
contribution in dose, dose equivalent, and risk is highly variable, depending on the 
mission scenario and shielding thickness [392]. Typical values for a transfer vehicle to 
Mars are around 30-40% (Figure 48). Therefore, radiobiology studies using these ions 
are important to understand the risk from radiation exposure in space travel. 
Radiobiological studies with very high-energy heavy ions are therefore a priority for the 
new facilities. Only a few radiobiological studies at energies exceeding 1 GeV/n have 
been performed so far: chromosomal aberrations in lymphocytes were measured at AGS 
in BNL with 56Fe up to 5 GeV/n [393] and a few old experiments at JINR (Dubna, Russia) 
in animal models exposed to protons or He-ions between 4 and 11 GeV/n [394,395]. 
Additional studies are therefore urgently needed to benchmark current risk models used 
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by NASA [396] at high energies. The risk model eventually sets the exposure limits of the 
crews of space missions. Presently, different space agencies use different dose limits 
[397], which makes difficult any International space mission and especially the Mars 
human mission, where dose limits used by NASA but not currently adopted by Russia 
and Europe would be exceeded [398]. An International agreement on shared exposure 
limits is mandatory before attempting future interplanetary missions, and the ground-
based research at new accelerators may decisively contribute to this goal. 

 

Figure 48. Calculation of the contribution of different ions to the total GCR equivalent 
dose absorbed by an astronaut behind 5 g/cm2 shielding. The contribution is split in mass 
and energy groups. Calculations by HZETRN, courtesy of John Wilson, NASA. 

 

4.1.2 Shielding 

Shielding is the only simple countermeasure for cosmic ray exposure and accelerator-
based tests provide qualitative information on the efficiency of shielding materials in 
space. The LBL group collected a large database of measurements for different shielding 
materials at BNL which is used as reference by NASA. The same group compared the 
measured percentage dose reduction per unit thickness, using a single heavy ion at a 
single energy, with a Monte Carlo simulation of the total GCR traversing the same 
shielding, therefore simulating the real attenuation expected in space [399]. The results 
are shown in Figure 49. The measured data are higher than the estimates for the total 
GCR, because of the high contribution of protons, which of course do not fragment, to the 
total dose in space. On the other hand, measured attenuation for 1 GeV/n ions is lower 
than the estimates for the heavy ion component in the GCR.  
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Figure 49. Comparison between experimental data of dose reduction at accelerators and 
simulations. Data points have been collected in different experimental campaigns using 
Fe ions in thin polyethylene targets at different energies at GSI or BNL accelerators. 
Simulations of total GCR (blue line) and of the heavy ion (Z>2) component (red line) in 
thin polyethylene shielding are described in ref. [399]. 

 

This is probably caused by the contribution of higher energy ions in space. Therefore, 
whilst 1 GeV/n Fe-ions give a reasonable proxy of the heavy ion component of the GCR 
for small thickness [400], a better quantitative agreement is expected for measurements 
at higher energies, as shown in Figure 18 by the point at 5 GeV/n measured at AGS in 
BNL [401]. Using Fe-ions around 10 GeV/n it should be possible to provide quantitative 
estimates of the expected dose reduction in deep space missions. 

Shielding experiments greatly benefit from a realistic GCR simulation. Currently, NSRL is 
working on a GCR simulator based on rapid switching of 3-4 ions (typically H, He, O, Fe) 
with different energies ranging 50-1500 MeV/n [402]. The upgrade of the energy from 1 
to 1.5 GeV/n is necessary to make a realistic simulation of the LET spectrum, yet the 
cutoff at high-energy increase the uncertainty on the simulations. In fact, comparing the 
experimental simulator to the NASA model for space radiation cancer risk [396], it has 
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been shown that the energy cutoff in the NSRL simulator tends to overestimate the risk 
predicted by the model [392]. The problems can be even higher for other endpoints, such 
as central nervous system damage, because HZE ions in the GCR have sufficient energy 
to traverse the whole brain. The dense track  may have unique effects compared to X-
rays [403]. Certainly the high-energy cutoff will modify the response of the shielding, and 
GCR simulator extending over 10 GeV/n would be highly desirable. NSRL can rapidly 
switch over different species thanks to the electron beam ion source (EBIS) [404]. A 
cheaper alternative to active simulation is the use of a single high-energy HZE and a 
passive modulator, shaped to reproduce the GCR in terms of ion species and LET 
spectrum [405]. With a combination of variable thickness and different materials (low- and 
high-Z) in the modulator, it is possible to reproduce in one shot the GCR spectrum in 
different mission scenario, including the neutron component [406]. 

Accelerator tests of shielding materials can also provide other important data for the 
characterization of the shielding materials, such as microdosimetric spectra and neutron 
yields and energy spectra at different angles. Material tests at high-energy accelerators 
are therefore an important research tool for the assessment of the shielding effectiveness 
of novel materials. 
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4.2 Material science 
 

Below, we discuss various fascinating topics that can be investigated at the future large-
scale facilities. In general, these experiments will benefit from the availability of (i) very 
high beam energies corresponding ion ranges up to mm, cm or even m, and (ii) of high 
beam intensities and/or short beam pulses.  

 

4.2.1 Irradiation of materials under high pressure 

A very promising application at the new facilities is the combination of ion beams 
with high pressure. The principal effect of high pressure, observed in all materials, is a 
reduction in volume and a corresponding shortening of mean interatomic distances. 
Under sufficiently high pressure, every material is expected to undergo transformations 
into a denser structure with increased atomic packing efficiency. Coincident with these 
structural modifications are often dramatic changes in physical properties. Pressure is an 
important tool for synthesizing dense structures, including superhard materials, novel 
solidified gases and liquids, and mineral-like phases suspected to occur deep within the 
Earth and other planets. 

Technically, high pressures are obtained by squeezing a small sample between 
two gem-quality diamond anvils to pressures typically up to around 100–200 GPa. The 
beam energy at the new facilities is sufficiently high to penetrate through one of the anvils 
of thickness in the range of several mm and deposit energy in the pressurized samples 
(Figure 50). The amount of energy is controlled by the ion species (the energy deposition 
increases with the mass of the projectile) and by the applied fluence. Diamonds, being 
transparent to electromagnetic radiation, provide convenient access to sample analysis 
particularly by means of X-ray diffraction as well as optical, infrared, and Raman 
spectroscopy. Nowadays, most synchrotron light sources operate dedicated beamlines 
for high-pressure experiments with advanced X-ray techniques.  

Injecting relativistic ions through a several mm-thick diamond anvil into a 
pressurized target inserts a huge amount of energy and drives the local atomic structure 
far from equilibrium. So far only a very limited number of experiments could be performed, 
suffering from limited beam intensities [407,408]. However, the results provide clear 
evidence that the combination of pressure and ion beams can trigger drastic structural 
changes not caused by the applied pressure or by the ions alone and that the interplay of 
two simultaneously applied extreme environments opens unique pathways in the phase 
diagram that are otherwise not accessible. In zircon it was observed that under 
simultaneous pressure and ion irradiation, the high-pressure phase reidite appeared at a 
lower critical pressure value than in unirradiated samples. Defects induced by the ion 
beam may strongly influence the phase stability when releasing the pressure. After the 
irradiation of pressurized zirconia, the high-pressure phase was harvested whereas 
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exposed to pressure only, the material flipped back to the original structure once the 
pressure was released. The response of minerals to simultaneous irradiation and 
pressure is completely unknown, but may have direct implications in the field of 
geosciences with respect to geological formation and radioactive decay processes in the 
crust and upper mantle of the Earth. 

 

Figure 50. (Left) Scheme of irradiation of sub-millimeter-sized sample (red) pressurized 
in a typical diamond anvil cell. To reach the samples, the ion projectiles have to penetrate 
the first anvil of 2-3 mm thickness requiring beam energies in the order of 200-300 MeV/n. 
(Right) Paris-Edinburgh pressure cell for larger samples (photo courtesy of U.A. 
Glasmacher, Univ. Heidelberg). 

 

4.2.2 Ionoacoustic phenomena  

Given by the huge energy deposition of swift heavy ions particularly at the Bragg 
maximum close to the end of the projectile range, ion beams can induce acoustic waves. 
Despite the large difference in energy and geometrical scale, the effect is similar to 
earthquakes, where the analysis of seismic waves yields important information about the 
position and dynamical characteristics of the seismic source and about the otherwise 
inaccessible internal structure of the Earth. Ion-induced sound waves propagate over long 
distances and can be detected at the sample surface with conventional ultrasonic 
sensors. The position of the source is deduced from the measured propagation time of 
the waves. The technique is non-destructive and provides real time analysis by means of 
acoustic signals within a time frame of 10 ns [409]. 

Exposing solids or liquids to intense ion pulses, results in an instantaneous 
temperature spike followed by stress and strain propagating as elastic waves of ultrasonic 
frequencies through the sample. Monitoring and analyzing these waves at the sample 
surface yields information on mechanical processes and local deformations inside the 
bulk material such as microcracks. 

Recently, the ionoacoustic method has been revisited in proton therapy, where the 
ionoacoustic signal promises a simple, but very accurate means to measure the Bragg 
peak position during patient irradiation [410]. Besides this medical application, 
ionoacoustic particle detectors have great potential to monitor intense bunches of light 
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and heavy ions. First tests were performed by exposing a water basin to short and intense 
bunches of U, Xe, and C ions with energies between 200 and 300 MeV/n [411] (Figure 
51). The measured ion ranges were in good agreement with Geant4 simulations as well 
as with data from experiments using an ionization chamber behind a variable water 
column. The ionoacoustic energy resolution was found to be better than 1% opening a 
new method for stopping power measurements at relativistic energies. The advantage of 
the ionoacoustic technique is the rather easy experimental setting, information is 
available by means of only a few pulses, and the acoustic detectors have a huge dynamic 
range. 

  

Figure 51. (Left) Scheme of ionoacoustic experiment with ion pulse coming  from left. 
The high energy deposition close to the Bragg maximum acts as source for the emission 
of an acoustic wave that is registered by two piezo sensors. (Right) Acoustic wave 
monitored with a piezo sensor when 300 MeV/n uranium ions accelerated at SIS18 of 
GSI passing through a Kapton window are stopped in a water basin at a depth of 14.4 
mm. 

  

4.2.3 Radiation hardness  

An important aspect of the research activities at accelerators concerns the 
radiation hardness of materials under extreme dose conditions. This is of relevance for a 
variety of applications including particularly functional materials in the next generation of 
high-power accelerators and in fusion and fission reactors [412–414]. Accelerators with 
ever increasing beam intensity, brightness and stored energies such as FAIR, the 
European Spallation Source (ESS), or the High Luminosity Large Hadron Collider (HL-
LHC) and The Future Circular Collider (FCC) planned at CERN [415,416] push material 
requirements into more challenging grounds and unknown territories. Beam intercepting 
devices (e.g., collimators, production targets, beam dumps, etc.) are components 
exposed to extreme beam losses and high radiation doses [417,418]. They have to cope 
with radiation damage, rapid localized heating, and transient pressure waves that 
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propagate through the material. Physical, mechanical, and thermal properties change in 
the course of damage accumulation may severely affect their operation performance.  

Figure 52 presents experimental results at GSI on the thermal diffusivity of graphite 
and how it decreases as a function of fluence when irradiated with GeV ions. Such 
investigations are important to estimate for instance the increase of the peak operation 
temperature for specific components. Another example is shown in Figure 53, illustrating 
how the accumulation of large doses can heavily affect the property and microstructure 
of carbon films used as stripper foils [419]. 

Given by the large penetration depth of high-energy beams, homogeneously 
irradiated large-volume materials can be produced and tested in situ or offline by classical 
thermo-mechanical methods such as laser flash analysis and strain-stress 
measurements. An example for non-contact measurements of thermal stress waves in a 
sample exposed to intense ion beam pulses is schematically shown in Figure 54. Such 
experiments provide crucial information on thermal shock resistance and allow decisions 
whether a material is suitable for a specific application. 

To overcome limitations of current generation materials, it is also of great 
importance to develop new material solutions. Examples of advanced materials are 
copper-diamond and molybdenum-carbide graphite composites. They exhibit very high 
thermal conductivity in comparison to graphite and are candidate materials for the primary 
collimators of the high luminosity LHC upgrade at CERN [420]. Based on radiation tests, 
important feedback to the production cycle can be provided for example to optimize the 
mechanical stability in combination with radiation hardness. Also shielding material for 
equipment in deep space missions is an issue because the space environment is very 
hostile due to the combined action of radiation, extreme temperature, and vacuum 
conditions. Synergistic effects can be a major factor for enhanced degradation and can 
be tested in the future. 

For systematic radiation studies on irradiated bulk materials, coordinated 
beamtime campaigns at different upcoming facilities will be extremely helpful because 
experimental results need to be accumulated under various conditions using beams from 
protons up to uranium, low and high energies and fluxes, and fluences over a wide 
regime. The main goal of the beam tests and post-irradiation analyses is the definition of 
a threshold for radiation damage above which specific components must be replaced. 
Moreover, a comprehensive database needs to be established and will be extremely 
valuable for the community. The database will also be vital for benchmarking simulations 
and provide reliable extrapolations how beam-induced effects and defects correlate with 
macroscopic property changes under operation conditions at future facilities. 
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Figure 52. Thermal diffusivity as a function of ion fluence for polycrystalline graphite 
samples irradiated with Au and Ca ions. Within the tested range, the thermal diffusivity 
degrades significantly allowing us to predict that under these conditions the peak 
operation temperature for the FAIR Super-FRS beam catchers would increase from 900 
to 2500 K. 

 

 

Figure 53. Examples of beam-induced hardening, stress, and crack formation in different 
carbon-based foils after exposure to a pulsed beam (0.6–2 Hz, 0.2 ms pulse length) of 1 
GeV uranium ions: (a) amorphous carbon, 1014 ions/cm2; (b) arc-evaporated carbon foil, 
5×1013 ions/cm2; (c) diamond-like carbon, 1014 ions/cm2; (d) carbon-nanotube based foil, 
1012 ions/cm2. The foils were spanned across a 30 mm wide aluminum frame [419]. 
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Figure 54. Scheme of planned FAIR experiments using non-contact monitoring of thermal 
stress waves produced by intense ion pulses. The laser beam from the Laser Doppler 
Vibrometer is directed onto the sample surface (left) and the target velocity component 
along the direction of the laser beam (vibration amplitude and frequency) are extracted 
from the Doppler shift of the frequency of the reflected laser beam due to surface motion 
(right). 
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4.3 Vaccinology  
 

A completely new application of high-energy accelerators has been recently 
proposed but may represent an important future endeavor. This application has been of 
course triggered by the COVID-19 pandemic [421] caused by the SARS-CoV2 virus [422], 
and the consequent efforts to develop a vaccine [423].  

Viruses have been accelerated for many years for radiation biology studies. 
Beyond the basic radiobiology applications, irradiation of viruses was, since the 
beginning, used for vaccine development [424]. Despite the fact that the use of chemicals 
often requires extensive and time-consuming downstream processing in order to detoxify 
them, it has gradually overcome g-ray sterilization, as it can easily be applied under good 
manufacturing practice (GMP) conditions. For instance, influenza viruses of the seasonal 
flu split or subunit vaccines are inactivated using chemical agents, such as formaldehyde 
[425]. However, the efficacy of these vaccines usually reaches only 60-70%, in the elderly 
even less (~20-30%) [426]. This might be also in part explained by a negative impact of 
the chemicals on viral surface antigenic structures which are the targets of the human 
immune system for the elicitation of a protective response. In this regard, g-irradiated 
influenza vaccines seem to be more effective not only at stimulating strong antigen-
specific antibody production but also priming cross reactive cytotoxic T cells, thereby 
protecting mice against a heterologous influenza virus [427]. Similar results have been 
observed using gamma radiation for the development of vaccine prototypes against  HIV 
[428], Ebola [429], rotavirus [430], and polio [431]. 

However, high doses of g-rays also cause damage to the surface molecules. 
Radioprotectors can be used to limit this damage [431,432], but they can also protect the 
nucleic acids, and therefore the net advantage is dubious. Even if there is not a clear 
evidence that g-rays provide a better-quality inactivated virus than chemical methods, 
there is an increasing demand of these radiation sources to produce inactivated virus with 
reduced damage to surface antigenic proteins and no requirements to remove chemical 
compounds after inactivation [433]. 
 
4.3.1 Charged particles for vaccine development 
 

One strategy to reduce the epitope damage while maintaining lesions to the nucleic 
acids can be the use of a different radiation quality. Electrons produced with linacs are 
commonly used for sterilization of materials [434]. High-energy electrons were soon used 
for virus inactivation as replacement of 60Co g-ray sources [435], and till recently for food 
sterilization [436]. More recently, low-energy electrons have been explored because they 
present limited radioprotection problems and can be used in GMP laboratories. A beam 
of 200 keV electrons maintains the antigenic properties in several inactivated virus [437]. 
A Monte Carlo simulation of SARS-CoV-2 virus has shown that best results in terms of 
reduced damage to the spike proteins would be obtained with 2 keV electrons [438]. 
However, the main drawback of low-energy electrons is their limited range (in water, 
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~0.45 mm at 200 keV and ~0.2 µm at 2 keV) that makes impossible the processing of 
large volumes of pathogen suspensions as necessary for vaccine manufacturing. 
High-energy heavy ions have instead long penetration distances and reduced attenuation 
compared to g-rays and electrons. Compared to sparsely ionizing radiation, they can 
inactivate the virus with very limited damage to membrane epitopes, because a single 
high-LET ion can severely damage the nucleic acid but will touch the virus envelope only 
in the point of entrance and exit (Figure 55). For this very reason, we have recently 
performed a Monte Carlo calculation (Figure 56) to evaluate the possible use of heavy 
ions for the production of SARS-CoV-2 vaccine [439].  
 

 
 
Figure 55. A schematic view of the potential advantages of accelerated charged particles 
for inactivate virus toward vaccine development.  
 
The Geant4-DNA extension [440–443] of the Geant4 Monte-Carlo toolkit [444–446] was 
used to simulate ionizing particle tracks and energy deposition inside the SARS-CoV-2 
model. We focused on the ratio of the damage to the spike proteins (SARS-CoV-2 
epitope) [447] and strand breaks in the ~30 kbp single-stranded viral RNA. We will call 
this protein/RNA damage ratio P/R. Figure 57 gives the trend of the P/R ratio as a function 
of LET. Even if P/R depends not only on LET but also on the track structure [439], the 
trend in Figure 57 shows the expected advantage of using heavy ions, with a reduction 
of P/R of about an order of magnitude.  
 Whether this technology provides a better material for vaccine development 
compared to chemicals, currently used for the COVID-19 vaccine [448], remains to be 
established but, in positive case, vaccinology may become a new application of 
accelerators in medicine.  
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Figure 56. Geometry of the SARS-CoV-2  virus model implemented in the Geant4 
simulation (A and B). Yellow cones represent the spike proteins, the membrane proteins, 
shown in red, are distributed within the membrane (green). The inner sphere represents 
the inside volume of the virus that usually holds the RNA. A 450MeV/amu iron ion track 
is also shown crossing the virus volume with secondary electrons tracks (C) and cobalt 
g-electrons are shown in (D). Geant4 simulation courtesy of Ziad Francis. 
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Figure 57. Ratio of the damage to the spike proteins (P) and viral RNA (R) in SARS-CoV-
2 exposed to accelerated charged particles of different LET. Geant-4 simulation courtesy 
of Ziad Francis, details in [439].  
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4.4 Industrial research 
 

As already noted in Table 3, there can be room at SEEIIST for industry-driven 
research. The business model for this kind of research has to be carefully specified. In 
general, industry is charged per beamtime hour, including the overhead costs for the 
facilities. A very well-developed sector is the testing of microelectronics for space 
radiation hardness, a mandatory step for the flight of satellites or other space 
components. In Europe, low-energy accelerators, such as Louvain (Belgium) and 
Jyväskylä (Finland) charge approximately 500 €/h and have a large turnover of 
companies performing tests. High-energy accelerators would be preferable, but their cost 
is much higher, generally over 5,000 €/h. This discourages most of the companies. Yet 
with the increasing use of COTS, that are very thick and cannot be opened, high-energy 
accelerators will become more and more relevant. 

The industrial activity on irradiation of microelectrons is caused by the fact that the 
effects of cosmic radiation on microelectronics are also a major concern for the safety in 
spaceflight. In fact, the charge generated by the ionization of energetic charged particles 
in spacecraft electronics can upset microcircuit functions, and eventually lead to 
catastrophic failures. Heavy ion damage is caused by electron-hole pairs that are 
generated in silicon dioxide and other insulators [449]. Proton- and neutron-induced 
single event effects are generally caused by nuclear reaction fragments produced in the 
semiconductor, typically spallation nucleons and Si-recoils. The damage in the integrated 
circuit is the result of trapping of excess charges at or near the interface region between 
the oxide (or other insulator) and semiconductor. The effect depends on the particle 
charge and energy, and on how excess electron-hole pairs are transported within the 
oxide. When low electric fields are present in the oxide, recombination reduces the pairs 
transported to critical interface regions (charge yield). If the charge yield is low, then the 
net effect of the deposited dose is reduced. If the charge yield is high enough, it can 
induce destructive effects (Single Event Latchup, Single Event Gate Rupture, Single 
Event Burnout, Single Event Dielectric Rupture and Single Event Snapback) or non-
destructive effects (Single Event Upset, Single Event Transient, Single Event Functional 
Interrupt and Single Event Hard Errors). 

Single-event upset (SEU) [450], or ``soft errors'', are the most common space 
radiation-induced effect, and they occur also in our terrestrial computers. It is a change 
of state (bit-flip) affecting bipolar and MOS elements. As noted above, SEU are non-
destructive, i.e. the bit-flip can be corrected by re-writing the affected element, but they 
can still represent a serious threat to spacecraft electronics. Microelectronics failures or 
multiple-bit error rates generated serious problems in several missions, including Cassini 
and the Hubble telescope. Since they represent a major issue in the design of any kind 
of space mission, these effects have been reviewed several times, and the reader can 
consult the literature for specialized information. What is particularly interesting from the 
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physical point of view, and in a way similar to the problem of biological effects, is the 
dependence of SEU from the energy and charge. 

Before electronic components can be sent into space, they have to be qualified on 
earth. These tests are usually done using g-rays (for total dose effects) or at low-energy 
accelerator facilities (for SEU). The vulnerability of a device to SEU is normally defined 
by a threshold LET (minimum LET required to produce SEU) and the saturated cross-
section (maximum upset rate for the device, when no increase is observed by increasing 
further the LET). But, as for the biological effect, LET alone may not be the only parameter 
characterizing the effect. Below the LET threshold, nuclear reactions can still produce 
SEU, and high-energy ions are more effective than low-energy ions. On the other hand, 
recent studies using particles at energies around 1 GeV/n suggest that above the LET 
threshold and before saturation, the cross section is higher for low energy ions compared 
to relativistic HZE at the same LET [451], a track-structure effect also observed for 
inactivation of viruses [452] and mammalian cells [453] by heavy ions. Tests at high-
energy accelerators are also preferable because the particles can cross the whole device, 
and allow testing the device at different tilt angles [389]. High-energy spallation sources 
can also be used for neutron-induced SEU testing. 

Other industrial activities at accelerators include detector calibration, ion 
implantation and plant breeding.  These applications are dependent on the industry 
requests once the SEEIIS facility will be in operation. 
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5. Conclusions 
 

The activities at the new SEEIIST facility will be roughly divided in 50% clinical and 50% 
research. We have provided in this report a detailed program of clinical, pre-clinical and 
nonclinical research topics. 

 Clinical research should be organized in phase I/II clinical trials, and should be 
open to tumor sites that go beyond the traditional sites treated in heavy ion therapy, such 
as base of the skull chordomas and chondrosarcomas. Among the many sites to be 
treated (section 2.1), gastrointestinal tumors (pancreas, liver and recurrence of rectal 
cancer) can be given a high priority at SEEIIST when using C-ions, while pediatric tumors 
can be treated with protons (2.1.7). Gradually, all other tumors can be treated (see 
Section 2.1). 

 As SEEIIST is characterized by research, it is also expected that it will be possible 
to performed many comparative trials. In section 2.2 we have shown that it is certainly 
not easy to perform randomized trials in CPT, yet we have identified a few sites where 
these trials would be possible and the best strategy to compare (section 2.2.8). Moreover, 
because SEEIIST will be a multi-ion facility, it will be possible to perform comparative 
trials among different ions (section 2.3). 

 This ambitious clinical program requires preclinical research. In particular, for 
treating chest and abdominal organs, an intense program in medical physics (section 3.1) 
will be needed to mitigate the impact of motion on the dose distribution. If the proposed 
large animal facility (section 3.4) will become a reality at SEEIIST, a very innovative and 
attractive program in radiobiology will be possible (section 3.2), with emphasis on 
combined treatments (section 3.2.3). The biological research can, in turn, guide the 
design of the clinical trials (section 3.2.6). The innovative characteristics of the SEEIIST 
accelerator will also make possible the study of new, emerging topics with a strong 
potential impact in the clinics such as FLASH, SFRT, RIB, and radionuclide therapy 
(section 3.3). 

 Finally, part of the beamtime can go to non-clinical research activities as described 
in the section 4, including space research, material sciences, vaccinology and industrial 
research.  
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