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Background and Purpose: A low linear energy transfer (LET) in the target can reduce the effectiveness of carbon
ion radiotherapy (CIRT). This study aimed at exploring benefits and limitations of LET optimization for large
sacral chordomas (SC) undergoing CIRT.

Materials and Methods: Seventeen cases were used to tune LET-based optimization, and seven to independently
test interfraction plan robustness. For each patient, a reference plan was optimized on biologically-weighted dose
cost functions. For the first group, 7 LET-optimized plans were obtained by increasing the gross tumor volume
(GTV) minimum LET4q (minLETg) in the range 37-55 keV/um, in steps of 3 keV/pm. The optimal LET-optimized
plan (LETopr) was the one maximizing LETq, while adhering to clinical acceptability criteria. Reference and
LETopr plans were compared through dose and LETd metrics (Dy, Ly to x% volume) for the GTV, clinical target
volume (CTV), and organs at risk (OARs). The 7 held-out cases were optimized setting minLETq to the average
GTV Logy, of the investigation cohort. Both reference and LETopr plans were recalculated on re-evaluation CTs
and compared.

Results: GTV Logy, increased from (31.8 + 2.5)keV/pm to (47.6 + 3.1)keV/pm on the LETopt plans, while the
fraction of GTV receiving over 50 keV/pm increased on average by 36% (p < 0.001), without affecting target
coverage goals, or impacting LETq and dose to OARs. The interfraction analysis showed no significant worsening
with minLETy set to 48 keV/um.

Conclusion: LET4 optimization for large SC could boost the LETq4 in the GTV without significantly compromising
plan quality, potentially improving the therapeutic effects of CIRT for large radioresistant tumors.

1. Introduction

When investigating particle beams in a clinical scenario, the dose-
averaged linear energy transfer (LETq) is a standard physical param-
eter that accounts for the mixed radiation field [1]. High-LET4 radiations
such as carbon ions offer several advantages over photon and proton
radiotherapy and are considered an alternative for the treatment of
radioresistant targets such as sacral chordomas (SC) [2]. Currently, the

local effect model (LEM I) and the modified microdosimetric kinetic
model (mMKM) are the only two models used to estimate the relative
biological effectiveness (RBE) in clinical practice for carbon ion radio-
therapy (CIRT).

Despite both RBE models account for the entire LET spectrum, an
equivalent RBE-weighted dose (Dggg) can be achieved with both high
and low LET radiations. When relying only on RBE-weighted dose ob-
jectives, the LETq4 generally peaks at the distal edge of the spread-out
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Bragg peak (SOBP) of each beam, delivering most of the dose to the
target through medium-low LET radiations. This effect becomes more
evident for larger volumes, and consequently longer SOBP, and may
reduce the radiobiological benefits of CIRT, possibly affecting treatment
effectiveness for radioresistant tumors [3].

Multiple findings suggest that the standard approach of delivering a
uniform RBE-weighted dose to the clinical target volume (CTV), may not
be sufficient to guarantee local control. Indeed, a low-LET at the center
of the gross tumor volume (GTV) is a potential negative prognostic
factor. In particular, in vitro analyses suggest that the decrease in Oxygen
Enhancement Ratio (OER) and increase of relative biological effective-
ness start to be potentially relevant for LET values above 50 keV/pm
[4,5]. As a result, boosting LET4 in the central portion of the target (i.e.
GTV), where hypoxic areas are likely to exist, would most likely enhance
treatment efficacy. Specifically, an investigation on sacral chordomas
treated with CIRT highlighted how the fraction of GTV receiving at least
50 keV/pm (Vigr=50) was lower than 2% on average [3]. Similarly, a
study on unresectable chondrosarcomas showed that cases with a near-
to-minimum LET4 higher than 36.4 keV/um in the planning target vol-
ume (PTV) experienced no recurrence [6]. An investigation performed
on pancreatic cancer treated with CIRT suggested that achieving a
minimum LETy on the GTV greater than 44 keV/um leads to a signifi-
cantly higher local control [7]. Along with this, literature findings
identified a correlation between tumor volume and the risk of local
relapse (LR) [8,9] and a recent dosiomics study on SC treated with CIRT
suggested LETq4 as a possible source of prognostic factor to predict LR
[10].

Given the relevance of these results, multiple approaches have been
developed to enhance LETq in the target or within hypoxic regions, such
as simultaneous integrated boost (SIB), beams patching, LET- or kill-
painting and multi-ions treatments [11-18]. In particular, LETq opti-
mization would allow integrating Dgpg and LETq based objectives,
potentially obtaining better solutions with respect to the conventional
optimization [3,11]. At the time of this analysis, only one study reported
on clinical application of LET4 optimization of carbon ion plans for head
and neck tumors, with promising therapeutic effects [12,19]. A recent
technical investigation on the use of LETq based objectives (i.e.
maximum and minimum LET4) in a commercial treatment planning
system (TPS) revealed a conflict between dose uniformity, plan robust-
ness and LET4 maximization on the target, suggesting that the increase
of LET4 on the tumor comes at the cost of either a lower plan robustness
or a lower dose uniformity [20]. As most clinical scenarios require a
uniform and robust dose coverage with respect to setup and range un-
certainties, as well as sufficiently robust sparing of organs at risk (OAR),
the feasibility of this new optimization approach should be investigated
in a clinical setting. A recent work on sacral chordomas treated with
CIRT investigated LETq optimization applied to the CTV (median vol-
ume 454.9 cm®), with promising results on plan robustness and OARs
sparing [21].

In this context, our work evaluates benefits and limitations of LETq
optimization for treating large sacral chordomas with CIRT, extending
the evaluation to larger target volumes with respect to [21] and thor-
oughly investigating the inter-fraction robustness of this approach.

2. Materials and methods
2.1. Patient cohort and treatment infrastructure
Twenty-four patients affected by non-metastatic SC and previously

treated with CIRT at the National Centre for Oncological Hadrontherapy
(CNAO) between 2013 and 2018 were selected for this study. The CTV
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was within the range [243, 2442]crn3, with a median of 1135 cm®
(Supplementary Table S1). The optimization analysis was performed on
the first seventeen consecutively treated patients. The remaining seven,
were selected among the patients having at least one re-evaluation CTs
(CTyey) to investigate inter-fraction robustness of the optimization
approach on an independent population. In case of multiple CTyey (n =
1) the latest CTye, was considered, to account for the worst case. All
patients signed an informed consent and data were anonymized
accordingly. The study was approved by the local ethical committee
(CNAO 0SS 24/2021). Considering the use of different TPS for the
optimization of the original plans, multiple prescription doses, organs at
risk constraints and number of beams (Supplementary Table S2), all
treatment plans were re-designed and optimized following the current
clinical protocol at the institution.

2.2. Treatment optimization

The prescribed dose (D},) was set to 73.6 Gy(RBE) to 50% of the CTV,
delivered in 16 fractions using two fixed opposing lateral beams and one
vertical beam, with the patient laying prone. The RBE was estimated
with the LEM-I model, with o/ = 2 Gy (0x = 0.1 Gy}, px = 0.05 Gy 2,
Dt = 30 Gy, r = 5 um). The optimization was performed on a 3 mm dose
grid, using the pencil beam dose engine v6.0 within a research version of
RayStation 12B (RaySearch Laboratories, Sweden), with structure sets of
the clinically delivered plan.

A reference plan was robustly optimized for each of the seventeen
patients relying exclusively on RBE-weighted dose objectives, applying
robust optimization criteria only to the CTV, bowel, sigma and rectum.
The robustness included 28 different scenarios, as a result of the com-
bination of 2 range (+3.5%) and 14 different setup (+5 mm) un-
certainties. The plan was considered clinically acceptable if it met
predetermined clinical goals for both CTV and surrounding OARs,
including bowel, rectum, sigma, nerves and skin (Supplementary
Table S3).

Then, seven plans for each patient were optimized by adding to the
robust optimization above, a non-robust minimum LET4q (minLETy)
objective on the GTV. The seven minLET4 values ranged from 37 to 55
keV/pm, with steps of 3 keV/pm. The lower bound (i.e. 37 keV/um) was
chosen as the median near to minimum LET4 (i.e. LET4 to 98% of the
GTV, Lggy,) on the population, while the upper one (i.e. 55 keV/pm) was
set to a reasonable maximum value defined experimentally after initial
investigations, considering that LETq above 50 keV/pm provide a more
effective radiobiological benefit [5]. Each of the LET4-optimized plans
was tuned to satisfy all clinical goals on the nominal setting but did not
necessarily satisfy the clinical goals for all the robust scenarios. The
weight of the minLET, cost function was roughly corresponding to 50%
of the weight applied to the CTV dose objectives and 30% of the OARs.

2.3. Treatment evaluation

A robust evaluation was performed on all plans, setting the range and
setup margin uncertainty to 3% and 3 mm, and evaluating the pass rate
of clinical goals over 28 scenarios. The plans were evaluated based on
the cumulative dose volume histograms (DHV), considering the mini-
mum dose to the 95%, 50% and 1% of the GTV and CTV (i.e. Dgso, D509
and D, respectively). The homogeneity index was calculated as HI =
(D29,—Dogos)/Dsoos [22].

The optimal LET4-optimized plan (i.e. LET, plan) was defined for
each patient as the one with the highest minLETq4 value that ensured a
robust target coverage and OARs sparing. A plan was considered
acceptable if it met specific criteria defined by a medical physics expert
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Fig. 1. Pipeline followed for the selection of the optimal LET,p; plan. A plan was considered acceptable only if both criteria on OARs and target coverage

were respected.

and a radiation oncologist, as summarized in Fig. 1 and in Supplemen-
tary Section S3.

For each case, only the reference and the LET, plans were consid-
ered for further analyses.

Cumulative LET4 volume histogram (LVH) statistics describing the
LET4 at 98% and 50% of the volume (Logy, Lsoe), as well as the volume
receiving at least 50 keV/um (Vigr=50) were used to compare each
LETop plan to the corresponding reference one, for the GTV, CTV and
OARs. The relationship between LET, statistics and CTV volume was
investigated through Spearman’s correlation analysis. Downstream of
the optimization, LETq distributions were updated using the trichrome
fragment spectra modelling and nuclear interaction correction [23] to
guarantee a higher accuracy, especially in the OARs’ metrics.

Both the reference and LET,,; plans were recalculated with the
mMKM model (o; = 0.764 Gy, p; = 0.0615 Gy 2, Clinical RBE factor
= 2.41; cell type parameters: oy = 0.172 Gy’l, Bx = 0.0615 Gy’z, T'nucleus
= 3.9 um) to address whether the LET,4 optimization would affect dose
discrepancies between the two RBE models, since a uniform LEM dose is
generally not uniform when recomputed with the mMKM [24,25]. The

two models were compared in terms of Dgs, and Dsgo.
2.4. Inter-fraction evaluation

The same beam setting was applied to the seven held-out patients,
and a reference plan based exclusively on dose objectives was optimized
on the planning CT. Similarly, an additional plan was optimized
including a non-robust minLET4 objective function. The minLET4
objective value was set to the average GTV Logy, (48 keV/pm) from the
investigation cohort (n = 17). The CTV D1q, and Dgso, were evaluated to
determine a possible over/under dosage and assess the uniformity on the
plan. The reference and LETopt plans were recalculated on the CTrev
and compared in terms of dose uniformity and CTV metrics, to verify the
inter-fraction robustness of LETq—optimized plans, compared to the
reference one.

The Mann-Whitney U test (o = 0.05) was applied to investigate
statistically significant differences among the non-normally distributed
metrics, defined with Shapiro’s normality test (o = 0.05).
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(Ref) and LET optimized plans (LET,p). The red dashed line shows a zero relative deviation from each OAR’s clinical goal, thus a negative margin represents a
fulfilled clinical goal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results not significantly degrade with the increase of LET4, while the worst-case

HI suffered a more relevant worsening, as shown in Supplementary

A conflict was observed between maximizing the LETq in the GTV, Figure S1. Table S4 summarizes the optimal minLETq for each case.

ensuring plan robustness and controlling the high- and low-dose regions By design, the reference and LET,; plans were clinically acceptable
to the CTV (i.e. Dgsy, Di9). Indeed, the worst-case CTV Dpg, was in terms of robust target coverage and OARs sparing. The prescribed
observed to increase on average with increasing LETq as shown in Fig. 2, dose to the CTV was maintained within a +5% tolerance range (Fig. 3A).
while the worst-case Dgso, was decreasing. In agreement with this, the All clinical goals for OARs were satisfied on the nominal plan (Fig. 3B),
average pass rate of D1y, < 1.05-D, and Dgsy, > 0.95-D}, on the CTV and showed a stable robustness with increasing LETq4, except for the skin
decreased as LET, increased. Dose uniformity on the nominal plan did and nerves that showed a slightly lower pass rate at high minLET4
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Table 1

DVH and LVH metrics from reference (Ref) and the optimal LET, plans (LETopt), averaged over the investigation cohort (n = 17), for GTV and CTV. Mean =+ std.dev. p-
values relative to the Mann-Whitney U test (a = 0.05) between Ref and LETopt plans’ metrics are shown for GTV and CTV.

D1 D509 Dosos Lsoos Logos ViET=50
Gy(RBE) keV/pm %
GTV Ref 74.5 + 0.3 734+ 0.1 72.4 £ 0.7 37.0 £ 2.0 31.8+ 25 1.8+19
LET,pe 75.3 0.3 74.1 £ 0.2 72.7 £ 0. 49.4 +£ 29 47.6 = 3.0 38.0 £ 46.5
p-val <0.01 < 0.01 0.04 <0.01 < 0.01 < 0.01
CTV Ref 74.8 £ 0.3 73.4+0.1 724+ 0.2 38.0+21 31.6 £23 5.0+1.8
LET e 75.3 £ 0.2 73.7 £ 0.1 72.4+0.3 45.2 + 3.0 34.0 £ 2.8 18.0 +20.3
p-val <« 0.01 < 0.01 0.92 < 0.01 0.03 0.02
(Figure S2). For the skin, an overdosage of up to 3% was permitted in 2.8) keV/pm, as in Fig. 4. No correlation between minLETy values or
relation to the reference clinical goal. Dose and LET4 metrics for OARs LET4 metrics and CTV volumes was found (Spearman’s C-index < 0.5).
are shown in Supplementary Figures S3, S4. Patient specific results are summarized in Table S5.
LET4 optimization significantly increased LET4 within the GTV and The mMKM plan recalculations revealed that optimizing LET4 did

CTV (p < 0.001), as summarized in Table 1. In particular, GTV Log not worsen the disparity between the two RBE models. On the contrary,
increased from (31.8 + 2.5) keV/pm to (47.6 £ 3.0) keV/pm, while Lsgo, LETq optimization, on average, significantly improved the uniformity of
from (37.0 + 2.0) keV/pm to (49.4 + 2.9) keV/pm (mean + 1std.dev., mMKM plans from (0.12 + 0.02) to (0.10 £ 0.01) and decreased the
Fig. 4). The Vigr>50 in the GTV increased on average by 36% (p < difference in GTV Dsgo, and Dose, by (1.6 £ 1.3) Gy(RBE) and (1.9 + 1.3)
0.001). Consequently, CTV Lsqo, increased from (38.0 + 2.1) keV/um to Gy(RBE), respectively (Supplementary Fig. 5 and Figure S5).

(45.2 + 3.0) keV/pm and Logy, from (31.6 + 2.3) keV/pum to (34.0 + The resulting average GTV Lgg value (48 keV/um) was set as the
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minLET4 objective value on the hold-out patients. On average, the
reference and LETq4 optimized plans showed no under/over dosage (i.e.
D19,<1.05-Dp and Dgs0,>0.95-Dp), as well as a clinically acceptable
OARs sparing when computed on the re-evaluation CTs. GTV Logy,
increased on average from (33.5 + 1.3) keV/pm to (47.8 & 0.3) keV/um
in the LETy plans computed on the planning CTs, while CTV Loggy,
increased from (34.2 + 1.3) keV/pm to (41.4 £+ 4.2) keV/pm.

The analysis on DVH metrics between recalculations on CTyey and the
plans optimized on planning CT revealed no statistically significant
discrepancies between the two sets of plans (p > 0.05, Supplementary
Figure S6).

4. Discussion

This study examined the advantages and limitations of LETq4 opti-
mization for treating large sacral chordomas with CIRT by evaluating it
over the entire treatment and accounting for inter-fraction robustness.
Specifically, we analyzed how increasing the minimum LETq in the GTV
could impact the quality of the treatment plan in terms of robustness and
adherence to clinical goals for OARs. This analysis confirmed the conflict
between plan robustness, LETq maximization and dose uniformity
observed by Friedriksson et al. [20]. Notably, an increase in high —dose
regions within the target volume may be of major concern for clinical
applications, as the maximum dose showed a substantial rise with
increasing LETq (Fig. 2). Similarly, an increased presence of low-dose
regions in the target was noticed with increasing LETq, at a lower de-
gree, describing an overall decreased plan robustness and uniformity.
Nonetheless, the dose coverage on the nominal plan remained stable.

Optimizing LETq led to a significant boost in GTV Lggy, and Lsg,
values, which increased on average by (15.8 + 5.5) keV/pm and (12.4
+ 4.9) keV/um, respectively. Additionally, the fraction of GTV exposed
to high-LETy radiation (Vigr-50) increased from 1.8% to 38.0%, on
average. This outcome holds particular significance considering Mat-
sumoto et al.’s findings, which indicate that no recurrences occurred for
Viersso values exceeding 44 % in patients with unresectable chon-
drosarcomas treated with CIRT [6]. The average near-to-minimum CTV
LETq (Logy,) increased from (31.6 + 2.3) keV/um to (34.0 + 2.8) keV/
pm, approaching the value described by Matsumoto (36.4 keV/pm) for
preventing relapses in radioresistant tumors with a volume, on average,
half-size of the median target in our population [6]. Hagiwara and
colleagues found a positive correlation between minimum LETq in the
GTV exceeding 44 keV/um and LC in pancreatic cancer treated with
CIRT, highlighting the clinical relevance of our GTV Lggy, enhancement
to (47.6 & 3.0) keV/pm [7]. These findings align with a recent work on
SC treated with CIRT that investigated an alternative approach to LETq
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maximization on the CTV using beam patching, achieving a high-dose
CTV (HD-CTV) Lsoy, of (47 + 8.1) keV/pm. Moreover, a recent publi-
cation on LET4 optimization on the HD-CTV of SC reported comparable
results on smaller irradiated volumes reaching a HD-CTV Lsgo, of (47.9
+ 2.2) keV/pm, without compromising the OARs and plan robustness. In
particular, LETy was optimized considering a minLET4 of 60 keV/pm
over 7 of 16 fractions, to mitigate the effects on plan robustness.

Our results suggest that LETy maximization in the GTV could
significantly increase the LET4 in the central hypoxic region of the
target, without substantially compromising plan robustness. Robustness
was evaluated considering the fraction of scenarios fulfilling clinical
goals rather than solely the worst-case, to avoid an overly pessimistic
approach. Furthermore, the recalculation of LETy plans on the CTiey
showed no variation in terms of inter-fraction robustness, when
compared to the reference plan. A minLET4 value of 48 keV/um on the
GTV, could be the starting point for plan optimization in large chordoma
patients treated with CIRT. Nonetheless, the limited patient cohort size,
due to the extremely low incidence of SC and the computational demand
of this work, should be considered when interpreting these results.

LETq4 optimization significantly reduced the discrepancy between
mMKM and LEM-I, which model the RBE-LET dependence differently.
LEM-I underestimates RBE in high-LET regions [26,27]; thus, higher
LET, in the target causes an increased recalculated MKM dose compared
to the reference plan (Fig. 5). Moreover, the shorter SOBP modulation
region achieved through LET4 maximization on the GTV reduced the
cold and hot spots observed in mMKM recalculations and resulted in a
closer agreement between the two models, potentially reducing the
associated clinical risks.

Despite the promising findings, there is still no definitive consensus
on which LETy parameter is more closely associated with clinical out-
comes and should be prioritized to enhance treatment effectiveness
[3,6,7,10]. Indeed, there is a rising interest in a new dosimetric quantity
that represents the dose delivered by high-LET radiations, that might be
relevant to the treatment effectiveness and thus treatment optimization
for SC [28]. Future studies may investigate the concomitant use of LETq4
objectives on different ROIs, or the development of LVH-related cost
functions. Additionally, while no correlation was observed between the
selection of the optimal minLET4 and the CTV volume, these findings
cannot be generalized to all SC. Smaller tumors might benefit from
higher LETq levels in the target, necessitating further investigations. A
recent prospective study on LET painting for head and neck tumors (GTV
volume<150 cm®) observed a minLET4 increase from 53 to 64 keV/pm
within the GTV with an associated increased therapeutic effect (i.e. 67 %
tumor control, against 56 %) after 180 days [25].

In future applications, the use of a gantry might improve treatment
outcomes by providing more degrees of freedom in the optimization,
compared to the fixed 3-beams configuration employed in this analysis.
Moreover, the dependence of RBE dose and LETq distribution on the
specific treatment design partially limits the generalizability of these
findings, but it does not undermine the overall insights gained [27].

This study serves as a foundation for the implementation of LETq
optimization in clinical practice, while also identifying its benefits and
critical aspects. Furthermore, it presents promising findings towards a
significantly improvement of CIRT treatments for large SC patients.
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