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A B S T R A C T

Background and purpose: Radiotherapy for localized prostate cancer often targets the entire prostate with a 
uniform dose despite the presence of high-risk dominant intraprostatic lesions (DILs). This study investigated the 
feasibility of focal dose-averaged linear energy transfer (LETd) boost for prostate carbon-ion radiotherapy to 
deposit higher LETd to DILs while ensuring desired relative biological effectiveness weighted dose coverage to 
targets and sparing organs at risk (OARs).
Materials and methods: A retrospective planning study was conducted on 15 localized prostate cancer cases. The 
DILs were identified on multiparametric MRI and used to define the boost target (PTVboost). Two treatment plans 
were designed for each patient: 1) conventional plan optimized by the single-field uniform dose technique, and 
2) boost plan optimized by the multifield optimization and LET painting technique, to achieve LETd boost within 
the PTVboost. Dose and LETd metrics of the targets and OARs were compared between the two plans.
Results: Compared to the conventional plans, the boost plans delivered clinically acceptable dose coverage (D90% 
and D50%) to the target (PTV2) within 1% differences while significantly increasing the minimum LETd by 16 ~ 
24 keV/μm for the PTVboost (63.9 ± 2.8 vs. 44.0 ± 1.3 keV/μm, p < 0.001). Furthermore, these improvements 
were consistent across all cases, irrespective of their anatomical features, including the boost volume’s size, 
location, and shape.
Conclusion: Focal LETd boost was a feasible strategy for prostate carbon-ion radiotherapy. This investigation 
demonstrated its superiority in delivering LETd boost without depending on tumor location and volume across 
different cases.

1. Introduction

Radiotherapy for localized prostate cancer commonly targets the 
whole prostate volume with a uniform prescribed dose based on the 
assumption of multifocality in prostate cancer [1]. Nonetheless, it is 
known that prostate cancers typically suffer from severe hypoxia [2], 
and histopathological investigations revealed the presence of dominant 
intraprostatic lesions (DILs) in the prostate gland [3]. The DILs denote 
the specific area that contains the most high-grade, aggressive cancer 
foci [4]. Often, these DILs comprise a small portion of the prostate’s total 
volume, yet they frequently serve as the primary sites of recurrence 
following radiotherapy [5]. Gomez-Iturriaga et al. showed that selec
tively boosting the dose to the DILs while irradiating the entire prostate 

can improve the tumor control probability (TCP) [6]. Therefore, dose 
escalation specifically targeting DILs, or focal boosting in prostate can
cer radiotherapy, is of significant clinical interest.

Clinical trials and planning studies of various treatment strategies for 
dose escalation within prostate DILs have been reported, encompassing 
both photon external beam radiotherapy (EBRT) and intensity- 
modulated proton therapy (IMPT) [7]. The FLAME study was the 
largest clinical trial undertaken thus far, and it showed a noteworthy 
improvement in the 5-year biochemical disease-free survival (bDFS) for 
patients in the focal boost treatment arm [8,9]. Other clinical studies, 
including ASCENDE-RT and HYPRO, reported improved tumor control 
with focal boost radiotherapy [10,11]. However, these studies showed 
that dose-escalation to the DILs might increase the risk of toxicity to 
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nearby or overlapped organs at risk (OARs), such as the rectum, urethra, 
and bladder. An EBRT study revealed that the boost volume overlapped 
with the surrounding OARs in 83% of patients [12]. Another stereotactic 
ablative radiation therapy investigation identified that the key deter
minant in achieving the desired dose of the boosting DILs was its margin 
overlapping with the rectum [13]. Similarly, a brachytherapy study 
found it challenging to satisfy the urethral dose constraints when the 
boost planning volumes are near the urethral structure [14]. Moreover, 
a proton therapy planning study demonstrated that focal boost plans 
resulted in a 2.3% higher normal tissue complication probability (NTCP) 
for the urethra than conventional plans, with a statistically significant 
difference [15]. FLAME trial’s authors emphasized the need for further 
optimization of focal boost treatments to avoid increasing toxicity in the 
urethra and other OARs, highlighting this as a critical focus for future 
investigation [9].

Carbon ion radiotherapy (CIRT) offers a potentially effective 
approach for focal boost treatments [16]. Beyond delivering prescribed 
doses to targets, the linear energy transfer (LET) painting technique aims 
to concentrate high dose-averaged LET (LETd) into sites with a high risk 
of recurrence, such as the intraprostatic DILs [5]. Relative biological 
effectiveness (RBE) is known to increase with LET, reaching its 
maximum at an LET of approximately 150 keV/μm, while oxygen 

enhancement ratio (OER) shows a declining trend as LET increases [17]. 
Tumors often exhibit significant hypoxia [18], and high LET irradiation 
is particularly effective in overcoming radioresistance in these hypoxic 
tumors [19]. Therefore, delivering higher LET radiation while main
taining the same RBE-weighted dose was assumed to improve TCP 
[20,21]. An initial clinical trial conducted by Koto et al. recently 
confirmed that LET painting was safe and effective for head and neck 
cancer CIRT [22]. Given these physical and radiobiological insights, 
employing the CIRT with the LET painting technique should facilitate 
focal LETd boosting while minimizing the toxicities to adjacent OARs.

Notably, the clinical goals of carbon-ion LET painting-based boost 
differ from photon dose-escalation boost, which aims to improve local 
control. Since CIRT has already demonstrated outstanding tumor control 
for prostate cancer, radiation oncologists need to pay more attention to 
minimizing gastrointestinal (GI) and genitourinary (GU) side effects, 
while still ensuring effective tumor control [9,16]. Consequently, 
carbon-ion focal LETd boost is beneficial for designing safer and lower- 
burden treatment strategies, including dose de-escalation in low-risk 
areas and ultra-hypofractionation (4 fractions or less) [23]. This retro
spective treatment planning study aims to demonstrate the feasibility of 
the LETd boosting approach and to develop benchmarks for future 
clinical practice.

The aim of this study was to analyze and compare the RBE-weighted 
dose and LETd distributions, as well as the corresponding dose and LETd 
metrics, between two treatment planning approaches. Specifically, we 
evaluated the conventional plan using the single-field uniform dose 
technique and the focal LETd boost plan, hereinafter referred to as the 
“boost plan,” optimized via multifield optimization and LET painting 
technique.

2. Materials and methods

2.1. Patient cases and contouring

This study analyzed 15 high-risk localized prostate cancer cases 
treated with CIRT between January 2021 and December 2022. Prostate 
volumes varied from 12.5 to 33.8 cm3. DILs were contoured by experi
enced radiation oncologists, based on the multiparametric MRI (mp- 
MRI), which included T2-weighted (T2W), diffusion-weighted imaging 
(DWI), and dynamic contrast-enhanced (DCE) sequences [8,24]. The 
DIL was defined as GTVboost, with an average volume of 0.6 ± 0.5 cm3 

(range 0.1–1.7 cm3). For each case, the urethra was delineated on MRI 
scans. Then, the contours of both DIL and urethra were propagated from 
the MRI images to the planning CT scans using a multi-modality 
deformable registration tool based on a feature similarity scoring 
metric (MIM Software, Ohio, USA). This study has been approved by our 
institute’s ethics committee and institutional review board (approval 
number: N23-009).

2.2. Treatment planning and optimization

Treatment plans were designed with an in-house treatment planning 
system (TPS), developed for pencil beam scanning carbon-ion radiation 
therapy [25]. The TPS can simultaneously optimize the RBE-weighted 
dose and LETd distributions by setting a series of structures, priorities, 
objectives, goals, and weights. However, it currently lacks a robust 
optimization tool. The RBE was estimated with the modified micro
dosimetric kinetic model (modified MKM), as previously reported by 
Inaniwa et al. [26]. The LETd at location r, LETd(r), was calculated as 
follows [27]: 

LETd(r) =
∑

jlj(r) • dj(r) • wj
∑

jdj(r) • wj 

where lj(r) is the dose-averaged LET of the j th beamlet. wj is the dose 
weight for j th beamlets. dj(r) is the physical dose deposited by the j th 

Table 1 
Target goals and OAR constraints for both conventional and boost plans. It 
should be noted that all the dose metrics are defined as RBE-weighted values. 
Abbreviations: OAR: organs at risk; PTV: planning target volume; LETd: dose- 
averaged linear energy transfer; PRV: planning risk volume.

Types Targets or 
OARs

Goals or constraints

Targets goals PTV1 Dmin ≥ 32.68 Gy
​ PTV2 Dmin ≥ 49.02 Gy, Dmax ≤ 54.18 Gy
​ PTVboost to achieve LETd as high as possible when variations 

in PTV2′s D90% and D50% should be kept within 1% 
before and after LET optimization [22]

OAR 
constraints

Rectum D0.1 cc ≤ 53 Gy, V50 Gy ≤ 7%, V40 Gy ≤ 16%

​ Urethra 
PRV

D0.1 cc ≤ 51.6 Gy

Fig. 1. A grouped boxplot graph of the PTV2 Dmax (red boxes) and Dmin (green 
boxes) of the boost plans for seven groups for all cases. Each group represented 
the goal LETd values of 50, 60, 70, 75, 80, 90, and 100 keV/μm, respectively. 
The boxes showed the upper and lower quartiles and the horizontal lines in the 
boxes are medians. The whiskers showed 5–95 percentiles. Outliers were 
denoted with a circle. The upper horizontal dashed line indicated the threshold 
of PTV2 Dmax at 105% of the prescribed dose, while the lower dashed line 
indicated the threshold of PTV2 Dmin at 95%. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.)
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beamlet per unit weight.
The clinical target volume (CTV) was defined as the entire prostate 

gland. The planning target volumes (PTV) were created as PTV1 and 

PTV2, according to the working group for genitourinary tumors in Japan 
[28]. PTV1 was defined as the CTV plus 5 mm margins cranially, 
caudally, and posteriorly, and 10 mm margins laterally and anteriorly. 
PTV2 was created by adding 2–3 mm margins posteriorly, remaining 
identical to the CTV cranially and caudally, and matching PTV1 laterally 
and anteriorly. A 3 mm margin was added to the GTVboost to create the 
planning boost target, PTVboost (ranging from 1.0 to 6.9 cm3). These 
additional margins were established to account for setup uncertainty. 
Moreover, urethra planning risk volume (PRV) was defined by 
expanding the urethra with a 1 mm safety margin. Two opposing lateral 
beams were employed, to deliver the desired RBE-weighted prescription 
dose of 51.6 Gy in 12 fractions (PTV1 was irradiated for the first eight 
fractions, and PTV2 for the final four fractions). Prescribed dose was 
defined as D100% for PTV2 ≥ 95%, which is the current standard CIRT 
regimen for localized prostate cancer in Japan [28–30]. Furthermore, 
the maximum dose of the PTV2 should not exceed 105% of the pre
scribed dose. The target goals and OAR constraints, including RBE- 
weighted dose metrics and LETd metrics, are detailed in Table 1. 

Fig. 2. Comparison of treatment plans for a typical case of localized prostate cancer, with the boost region before and after dose-averaged LET optimization. The 
cyan line represented PTV1, the green line PTV2, the pink line PTVboost, the dark red line the rectum, and the yellow line the urethra PRV. The RBE-weighted dose 
distributions were shown for (a) the conventional plan and (b) the boost plan, while the dose-averaged LET distributions were shown for (c) the conventional plan 
and (d) the boost plan. Histogram comparisons between the two plans were presented in (e) DVHs and (f) LVHs, respectively. The line colors of PTVboost, the rectum, 
and the urethra PRV were identical to their contour lines. The solid lines in the histograms represented the boost plan, and the dashed lines represented the con
ventional plan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Comparisons of the OAR constraints between conventional and boost plans for 
15 cases. It should be noted that all the dose metrics are defined as RBE-weighted 
values. Abbreviations: OAR: organs at risk; Conv.: conventional; PRV: planning 
risk volume.

Constraints Conv. Plan Boost Plan Mean 
Difference

p-val

Rectum D0.1 cc (Gy) 50.33 ±
2.35

49.87 ±
3.40

− 0.47 ± 1.12 0.68

Rectum V50 Gy (%) 1.7 ± 2.0 1.7 ± 2.0 0.0 ± 0.2 0.99
Rectum V40 Gy (%) 5.1 ± 4.1 4.7 ± 4.1 − 0.5 ± 0.3 0.77
Urethra PRV D0.1 cc 

(Gy)
51.87 ±
0.06

51.08 ±
0.32

− 0.80 ± 0.33 < 0.001
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PTVboost and urethra PRV were not considered for the conventional plan 
optimization.

This study designed the conventional plan as usual, and the boost 
plan was re-optimized for all 12 fractions using the same beam 
arrangement as the conventional plan. To optimize LETd within the 
PTVboost, the maximum LETd (Lmax) was set to L + 10 keV/μm, the goal 
LETd (L) to L keV/μm, and the minimum LETd (Lmin) to L-5 keV/μm [31]. 
To explore the feasible LETd,min to the PTVboost can be escalated while 
maintaining the PTV2′s dose coverage and sparing OARs, the L was 
varied at 50, 60, 70, 75, 80, 90, and 100 keV/μm in the boost plans 
across all cases. The prescribed RBE-weighted dose of 51.6 Gy was set as 
100%. Then, the dose coverage for PTV2 was evaluated to determine the 
optimal value of L that satisfies the clinical criteria (Dmax ≤ 105% and 
Dmin ≥ 95%).

2.3. Planning evaluation and analysis

An analysis of RBE-weighted dose and LETd distributions was con
ducted to evaluate the LET painting plans. Dose metrics (including D90%, 
D50%, Dmax, and Dmin of PTV2, as well as dose constraints for the rectum 
and urethra) along with LETd metrics (LETd,min and LETd,mean of PTVboost 
and CTV) in the boost plans were determined and compared to those in 
the conventional plans. It was deemed acceptable in clinical practice if 
the mean difference in PTV2′s D90% and D50% between the two plans was 
less than 1% [22]. Furthermore, the dependence of LETd,min on the 
PTVboost characteristics was analyzed by six anatomical measures, 
including the size of PTVboost (Vboost), the minimum distance between 
the PTVboost and rectum (drec) or urethra PRV (dure), and the height, 
width, and ratio of height to width of PTVboost in the PTVboost midplane 
CT slice (h, w, and Rhw). If there was an overlap between the PTVboost 
and the rectum or urethra PRV, the drec or dure was defined as the 
maximum overlapping distance and assigned negative values.

The statistical analysis employed a two-sided t-test with 95% confi
dence intervals, to compare the conventional and the boost plans (IBM 
SPSS statistics for Windows, version 28.0). Differences were deemed 
statistically significant at p < 0.05. Additionally, the linear correlation 
coefficients (R) between the minimum LETd and the PTVboost geometric 
features were calculated. A solid linear relationship is indicated if |R| ≥
0.8.

3. Results

The PTV2 Dmax and PTV2 Dmin of the boost plans when the goal LETd 
value (L) varied, are shown in Fig. 1. When the LETd goal exceeded 75 
keV/μm, PTV2 Dmax exceeded the 105% threshold, and/or PTV2 Dmin 
decreased below the 95% threshold. Therefore, the boost plans illus
trated in the following were optimized with the objectives of Lmax = 85 
keV/μm, L = 75 keV/μm, and Lmin = 70 keV/μm in the TPS, respectively.

A comparison of treatment plans for a typical case with a PTVboost 
adjacent to both the rectum and urethra PRV, including RBE-weighted 
dose and LETd distributions for the conventional and boost plans, as 
well as their corresponding dose-volume histogram (DVH) and LETd- 
volume histogram (LVH), was presented in Fig. 2. The DVHs of targets 
and OARs in the boost plan were nearly identical to those in the con
ventional plan. For this case, PTV2′s D90%, D50%, Dmax, and Dmin in the 
conventional plan were 99.2%, 99.9%, 101.3%, and 98.7%, respec
tively. Corresponding doses in the boost plan were 98.4%, 99.9%, 
101.7% and 95.9%. Without obvious differences in PTV2′s dose 
coverage between the two treatment plans, the boost plan effectively 
redistributed high LETd to the specific PTVboost region, resulting in 
markedly higher LETd deposition in the PTVboost compared to the con
ventional plan, as shown in Fig. 2d and 2f.

For the 15 cases, the mean difference in PTV2′s D90% and D50% be
tween the conventional and the boost plans were − 0.9 ± 0.1% and − 0.1 
± 0.1%, respectively, showing that the LET painting delivered clinically 
comparable RBE-weighted dose coverage to the target (the mean dif
ference was less than 1%). Table 2 lists the RBE-weighted dose metrics 
results for OAR constraints across all cases. No statistically significant 
differences were observed for the rectum (p > 0.05). Moreover, the 
boost plan significantly reduced the D0.1 cc of the urethra PRV (p <
0.001) when both LETd optimization and urethra PRV constraints were 
considered simultaneously.

The comparisons of LETd,min and LETd,mean within the PTVboost for all 
cases between the two plans were 44.0 ± 1.3 keV/μm vs. 63.9 ± 2.8 
keV/μm (p < 0.001) and 46.0 ± 1.0 keV/μm vs. 73.9 ± 1.4 keV/μm (p <
0.001), respectively. Similar results were observed for the CTV, as 
illustrated in Fig. 3. It was evident that LET painting delivered higher 
LETd values throughout the PTVboost and CTV, while in the conventional 
plans, high LETd values were not delivered within the high-risk targets 
but to the periphery of the PTV2, as shown in Fig. 2c.

The linear correlation analysis between the minimum LETd and 

Fig. 3. A grouped bar chart comparing the dose-averaged LET parameters between the conventional plan (white bars) and the boost plan (shadowed bars). The LETd 
metrics shown included PTVboost LETd,min, PTVboost LETd,mean, CTV LETd,min, and CTV LETd,mean, across all cases. The bars represented the mean values, while the 
whiskers on the bars indicated the 95% confidence intervals. The mean ± standard deviation was displayed on each bar. The p-value was also provided at the top of 
each corresponding LETd metrics group.
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geometric parameters of PTVboost for 15 cases’ boost plans was presented 
in Fig. 4. Since the correlation coefficients were relatively low (R =
− 0.33 for Vboost, R = 0.35 for dure, R = 0.39 for drec, R = − 0.21 for h, R =
− 0.20 for w, and R = − 0.01 for Rhw), there was no strong linear rela
tionship between LETd,min and any of the six geometric factors.

4. Discussion

The proposed focal LETd boost demonstrated clinical feasibility for 
prostate carbon-ion radiotherapy. Compared to the conventional plans, 
the boost plans delivered clinically acceptable dose coverage and OAR 
sparing, with significant increases in minimum and mean LETd for 
PTVboost and CTV. Additionally, the boost plans can effectively deliver 
high LETd values without being influenced by the geometric variability 
of the PTVboost.

The published in vitro study [19] and retrospective clinical studies 
[20,21] indicated that the minimum LETd was associated with tumor 
control probability, with threshold LETd values for recurrence being 40 
keV/μm for chondrosarcomas and 44 keV/μm for pancreatic cancer. The 
notable finding was that the minimum LETd values in conventional 
treatment plans for prostate cancer patients in our hospital were suffi
ciently high compared to established thresholds. However, significant 
variations among patients—such as pathological stage, cancer cell type, 

and hypoxia status—mean that these statistical thresholds cannot 
definitively predict non-recurrence for individuals. Consequently, 
employing boost plans that deliver higher LETd to the DIL volume may 
enhance local control for high-risk prostate cancer patients. Further
more, unlike photon and proton therapies, where the feasibility of dose- 
escalation was sensitive to the proximity of OARs [9,12–15], the effec
tiveness in increasing LETd is not affected by inter-patient anatomical 
variability. This approach facilitated clinical translation and simplified 
treatment planning for focal boost strategies.

Admittedly, some challenges remain to be addressed. This study was 
only an in-silico treatment planning exploration, and the clinical efficacy 
and safety of the focal LETd boost required further validation through 
rigorous clinical trials. One key limitation is that we did not consider 
LETd constraints for OARs during the LET optimization. While it is 
reasonable to assume that LET painting with a comparable RBE- 
weighted dose would not worsen NTCP—given that the OER of 
normal tissues would remain unchanged in their non-hypoxic state—this 
assumption needs careful validation. Supporting this assumption, a 
retrospective study found no correlation between LETd and ≥ grade 3 
late rectal side effects in carbon-ion radiotherapy [32]. Similarly, Mori 
et al. reported that LETd parameters were not associated with sacral 
insufficiency fracture [33]. However, it is important to note that 
Nachankar et al. emphasized that RBE-weighted dose-filtered LETd 

Fig. 4. The scatter plots and linear correlation analysis between the minimum LETd and geometric parameters of PTVboost for 15 cases’ boost plans were presented. 
These parameters included (a) The size of PTVboost, Vboost, (b)The minimum distance between PTVboost and the urethra PRV, dure, (c) The minimum distance between 
PTVboost and the rectum, drec, (d) The height of PTVboost in the PTVboost midplane slice, h, (e) The width of PTVboost in the PTVboost midplane slice, w, and (f) The ratio 
of height to width of PTVboost in the PTVboost midplane slice, Rhw. The linear correlation coefficient (R-value) was displayed in the top right corner of each scatter plot.
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could influence side effects on the sacral nerves [34]. This contradiction 
indicates that while our hypothesis holds in some contexts, it may not be 
universally applicable. Given these complexities, follow-up observations 
are necessary. Therefore, further clinical trials should consider various 
RBE-weighted dose and LETd-related parameters to comprehensively 
evaluate the potential impacts of delivering a focal LETd boost in CIRT.

Another limitation was the lack of robust optimization during LET 
painting. However, the setup uncertainty could be addressed by adding 
margins to the CTV-PTV and GTVboost-PTVboost. Also, the range uncer
tainty was accounted for using an optimization parameter called 
“smearing,” set to 2 mm for the proximal region and 3 mm for the distal 
region during treatment planning. Moreover, in this study, the boost 
region was treated as a small tumor (the maximum volume of PTVboost 
was 6.9 cm3), and its robustness was unlikely to deteriorate due to the 
high LETd transferred to the target [35].

In conclusion, this study demonstrated that significantly increased 
LETd values can be achieved within the PTVboost compared to conven
tional approaches, while maintaining target coverage and satisfying 
rectum and urethra constraints. Furthermore, this was demonstrated for 
a range of different boost volumes and shapes, highlighting its potential 
for clinical application in prostate cancer carbon-ion radiotherapy and 
paving the way for future clinical trials.
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