
ORIGINAL PAPER

Health and Technology
https://doi.org/10.1007/s12553-024-00842-x

1 Introduction

Radiotherapy can be delivered with photons or charged par-
ticles [1, 2]. Particle therapy includes treatment with dif-
ferent types of ions, such as protons, helium or carbon ions 
having different linear energy transfer (LET). In contrast to 
conventional photon therapy, all ion beam treatments fea-
ture the so-called Bragg peak resulting in highly confor-
mal tumor irradiation and greater normal tissue sparing [1, 
2]. Heavier charged particles, such as helium and carbon 
ions, result in improved tumor targeting capability due to 
their reduced lateral scattering. Additionally, carbon ions 
offer biological advantages untapped by lower LET parti-
cles. One of the major differences between carbon ions and 
lighter particles is their larger biological effectiveness in cell 
killing [2]. This made them a prime candidate for treating 
tumor radio-resistant to conventional photon radiotherapy 
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Abstract
Purpose To present novel approaches in particle therapy that could result in an improvement of patient outcome.
Methods Technological/planning and biological innovations could bring particle therapy into a new area of precision medi-
cine. However, several hurdles have to be overcome in order to transform these R&D opportunities into clinical advantages. 
In this contribution, we summarize the potential advantages of novel tumor targeting, through high-LETd boosting strategies 
with carbon ions, over standard IMPT: LETd-optimization for IMPT plan, IMPTLET, and spot-scanning hadron arc (SHArc) 
therapy. Two patient cases are presented to showcase the benefit: a pancreatic cancer patient (PATA) and a recurrent glio-
blastoma patient (PATB).
Results For both patients, the prescription dose and target/organs at risk (OARs) optimization goals were reached for the 
three techniques. In standard IMPT, the maximum LETd is placed outside of the target volume and extends into normal tis-
sues. For the gross target volume (GTV), mean LETd values were, on average, around ∼40–60 keV/µm. IMPTLET allowed 
an increase in the GTV minimum LETd from 38.4 keV/µm to 48.6 keV/µm, and from 55.1 to 87.1 keV/µm, for PATA and 
PATB, respectively. SHArc led to an enhancement of the maximum LETd in the GTV up to at least 125 keV/µm, while the 
minimum GTV LETd were 47.2 keV/µm and 46.1 keV/µm, respectively. For PATA, SHArc lowers the maximum LETd in 
the gastrointestinal tract to 47.5 keV/µm compared to 88.0 keV/µm and 83.0 keV/µm found for the IMPT and IMPTLET 
plans, respectively.
Conclusions Many technological and biological innovations could enhance our current clinical approach. Following the cur-
rent success of the IMPTLET introduction in clinic, SHARc will represent an interesting clinical option in carbon ion therapy.
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such as pancreatic cancer and glioblastoma. This increase 
in efficiency is due to their higher LET which induces more 
complex, non-repairable, DNA damage [3].

Pancreatic cancer is currently one of the most lethal 
tumors, with a five-year overall survival rate at merely 
5–10% [4]. Carbon ion radiotherapy, as reported by the 
Japanese experience, comes as a valuable treatment option 
for pancreatic cancer and a minimum dose-averaged LET 
(LETd) of 44 keV/µm in the gross target volume (GTV) has 
been correlated with an improved local control [5].

Glioblastoma, also defined as a grade IV glioma based 
on the WHO classification, is the most common malignant 
primary brain tumor in adults, representing up to 46% of all 
gliomas and 16% of all primary brain tumors [6]. It is one of 
the most aggressive tumors and has a poor prognosis, with 
a median overall survival of about 15–18 months [7]. It is 
known that glioblastoma is resistant to low LET radiation, 
in particular due to the presence of hypoxia regions [8] and 
it has been postulated in several works that high LETd (⪆ 
75 keV/µm) carbon ions could overcome hypoxia-induced 
radio-resistance as shown in vitro and in vivo [9].

For these challenging tumors with poor prognosis, in partic-
ular, novel approaches in particle therapy should be clinically 
introduced aiming to maximize tumor targeting in terms of bio-
logical dose and LETd while maintaining a low toxicity profile 
of the normal tissue. In terms of improving dose calculation 
accuracy, Monte Carlo (MC) dose engine should be included 
in clinic for helium and carbon ions [10, 11] following the suc-
cess of proton MC dose engine. When available, helium could 
substitute proton beams when a “low-LET” arm, compared to 
carbon ions, is required [12].

Current clinical planning and delivery methods for inten-
sity modulated particle therapy (IMPT) using carbon ions 
for patient treatment do not yield enough high LETd in the 
tumor target [13, 14] to efficiently eradicate very radio-resis-
tant tumor micro-environment (TME) such as in hypoxic 
niches characteristic of pancreatic cancer and glioblastoma. 
More specifically, values in patient treatment expressed as 
voxel-based LETd typically reach values up to 30–50 keV/
µm, which can be considered low to mid-range values, with 
minimum, maximum1 and mean LETd strongly varying 
with tumor volume and beam arrangements [13, 15]. The 
clinical standard for IMPT entails delivering static beams at 
predetermined angles and selecting spots that overlap, effec-
tively blending the dose deposition in the entrance chan-
nel (low-LET) and Bragg peak (high-LET) to achieve the 
planned target biological dose distribution. Novel planning 
approaches will be presented in this short communication 

1  In the text, we consider LETd98 (LETd at 98% of the volume) 
and LETd2 (LETd at 2% of the volume) as minimum and maximum, 
respectively.

aiming to overcome this limitation by treating tumor targets 
with high LETd carbon ion beams.

2 Methods

Two anonymized patients: a pancreatic cancer patient (PATA) 
and a recurrent glioblastoma (PATB) were taken as proof of 
principle for comparing different planning strategies. Follow-
ing clinical standard, the RBE-weighted dose was planned at 
48 Gy (RBE) in 12 fractions and at 51 Gy (RBE) in 17 frac-
tions, for PATA and PATB, respectively, using RaySearch 
RayStation treatment planning system (version 2024 A). For 
PATA and PATB, the local effect model version I [16] and the 
modified microdosimetric kinetic model [17] have been used, 
respectively.

For both patients, the IMPT LETd-optimized plans 
(IMPTLET) used the same beam arrangement as the clini-
cal standard IMPT, but adding a LETd optimization boost-
ing objective to the GTV to reach 50 and 90 keV/µm in the 
GTV, for PATA and PATB, respectively. Moreover, the beam 
energy ranged between 221.05 MeV/u and 334.94 MeV/u 
for PATA, and 118.52 MeV/u and 267.2 MeV/u for PATB.

In the case of the SHArc plans, different beam configura-
tions were used for each patient. For PATA, the plan was 
optimized using 90 beams (with 4° gantry angle spacing) 
over a 360° arc. Moreover, each beam was planned for only 
3 energies separated by 3 mm depth. For PATB, 20 beams 
(with 18° gantry angle spacing) over a 360° arc were used 
instead. Additionally, each beam was planned with 5 ener-
gies (while maintaining the same 3 mm depth separation and 
configuration at the center of the target). In the SHArc plans, 
the energies range for PATA and PATB were 197.58 MeV/u 
− 309.52 MeV/u and 156.85 MeV/u − 283.76 MeV/u, 
respectively.

3 Results

Evaluated plans for pancreatic adenocarcinoma (A) and for 
glioblastoma (B) patient cases are displayed in Fig. 1. The 
prescription dose and target optimization goals were achieved 
as shown in biological dose maps and the dose volume his-
tograms (DVHs) outlined in panels (D). LETd maps, LETd 
profiles and LETd-volume histograms (LVHs) demonstrate 
that the maximum LETd for IMPT plans is placed outside of 
the target volume and extends into normal tissues. For the 
GTV, LETd values were around ∼40–65 keV/µm. In order to 
increase LETd in the target, LETd optimization feature was 
also investigated in Fig. 1 (IMPTLET). As observed from the 
LETd distribution, the inclusion of LETd-boosting allows 
LETd-escalation at the GTV, while having a minimum impact 
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on the target dose coverage (see DVH for the clinical target 
volume, CTV). IMPTLET allowed an increase in the GTV mini-
mum LETd from 55.1 keV/µm to 87.1 keV/µm, and from 38.4 
to 48.6 keV/µm, for the glioblastoma and pancreatic adeno-
carcinoma cases, respectively. However, LETd optimization 
comes at the expense of an increase in the beam’s entrance bio-
logical dose. For the glioblastoma patient, for example, there 
could be an increase of up to 30% in the biological dose deliv-
ered to the skin directly exposed to the entrance channel. Addi-
tionally, for IMPTLET plans, normal tissue DVH highlights an 
increase of the volume in the middle range doses (20–30 Gy 
(RBE)) compared to standard IMPT.

Simultaneously, the LETd escalation is still constrained 
by the chosen beam arrangement. In scenarios in which two 
posterior beams are used, as seen in pancreatic cases currently 
treated at HIT, although IMPTLET raises LETd in the GTV, 
the high-LETd region is still focused at the distal edge of the 
tumour volume.

For both glioblastoma and pancreatic cases shown in 
Fig. 1, SHArc led to an enhancement of the maximum LETd 
in the GTV up to at least 125 keV/µm, while the minimum 
GTV LETd values were 46.1 keV/µm and 47.2 keV/µm, 
respectively. The plotted LETd profiles further demonstrate 
that the maximum LETd for SHArc plans is concentrated in 
the central region of the tumour.

This comes at the cost of a low dose-bath as shown in the 
normal tissue DVHs. In terms of LETd in the OARs, SHArc 
could be particularly beneficial for pancreatic adenocarcinoma. 
In this case, the clinical beam arrangement results in higher 
LETd values towards the beam’s distal edge, thus directly 
leading to high LETd in the gastrointestinal tract, which is 
posterior to the tumour. With SHArc shifting the high LETd 
towards the tumour’s centre, there is a direct reduction of the 
near-maximum LETd in the gastrointestinal tract. Specifically, 
SHArc lowers the maximum LETd in the gastrointestinal tract 
to 47.5 keV/µm compared to 88.0 keV/µm and 83.0 keV/µm 
found for the IMPT and IMPTLET plans, respectively. For the 
glioblastoma case, in which opposite fields are considered as 
the standard, the reduction of the near maximum LETd in the 
surrounding OAR, i.e., the brain ventricles, is less pronounced. 
Nonetheless, there is still an observed decrease in the LETd5%, 
from 88.4 keV/µm to 79.7 keV/µm.

4 Discussion

Pancreatic cancer and glioblastoma TME are often hypoxic, 
which in part explains the poor clinical outcome of these indi-
cations. Carbon ions are often used to treat these indications 
due to their higher LET compared to proton and helium ions. 
Clinical IMPT, as shown in Fig. 1, resulted in low to mid-range 
LETd values in the target which only in part overcomes tumor 

radio-resistance. Therefore, to most effectively use carbon 
ions, LETd boosting strategies in the target may be necessary 
to overcome TME related radio-resistance while preserv-
ing healthy tissues. Novel approaches are emerging, such as 
heavy ion LETd-optimization for IMPT plan (IMPTLET), heavy 
ion arc therapy (SHARc), or multi-ion therapy (MIT) strate-
gies combining lower and higher LET particles [18, 19]. For 
instance, MIT was proposed by Inaniwa et al., combining neon 
and helium ions to optimize for higher LETd in the GTV [19]. 
Unfortunately, access to ion beams like neon is highly limited 
due to the high cost of the technology and lack of industry sup-
port. IMPTLET allows the combination of biological dose- and 
LETd-based optimization in treatment planning generation. As 
shown in Fig. 1, it allows efficient boost of LETd in the target 
at the cost of higher middle dose in the OARs. More recently, 
interest is rising for more unconventional ion beam delivery 
techniques, such as SHArc [13, 14, 18] which offers potential 
treatment benefits such as increased normal tissue sparing from 
middle-high doses, enhanced target LETd, and potential reduc-
tion in high-LETd components in organs at risk as shown in 
Fig. 1. However, SHArc results in a low dose bath and theo-
retically in a less robust plan (both in terms of dose and LETd). 
The choice between SHArc and IMPTLET should ideally align 
with the individual needs of each patient, as its effectiveness is 
contingent on various factors including tumor characteristics, 
patient anatomy, and treatment facility capabilities. Including 
LETd consideration in planning optimization and evolution is 
the way to follow towards a modernization of particle therapy. 
Additionally, the clinical impact of LETd uniformity in the tar-
get should be evaluated especially in scenarios where reliable 
imaging of the tumor hypoxic regions is lacking.
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