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A B S T R A C T

Background and Purpose: Radiotherapy for paediatric posterior fossa tumours may cause complications in the
brainstem and upper spinal cord due to high doses. With proton therapy (PT) this risk may increase due to higher
relative biological effectiveness (RBE) from elevated linear energy transfer (LET). This study assesses variations
in LET in the brainstem and spinal cord in proton treatment plans from European centres.
Materials and Methods: Ten European PT centres using spot-scanning PT planned two paediatric posterior fossa
cases: One overlapping partly with the brainstem and upper spinal cord, prescribed 54 Gy(RBE), and the second
wrapping around these organs, prescribed 59.4 Gy(RBE). Dose-averaged LET distributions were assessed in
volumes of the brainstem and spinal cord irradiated to over 50 Gy(RBE = 1.1). The maximum hinge angle effect
on near-maximum RBE-weighted doses using the Unkelbach RBE model was also investigated.
Results: In the first case, the mean LET in brainstem volumes receiving more than 50 Gy(RBE = 1.1) ranged from
2.8 keV/µm to 3.6 keV/µm across centres (median: 3.3 keV/µm). In the second case, treatment plans showed a
narrower range of mean LET in the brainstem, from 2.5 keV/µm to 2.8 keV/µm (median: 2.7 keV/µm). There was
no statistically significant impact of the maximum hinge angle.
Conclusions: LET distributions vary across centres due to different techniques but are also influenced significantly
by factors like shape and position of the target volume.
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1. Introduction

Central nervous system tumours, the most common solid cancers in
children [1], are often located in the posterior fossa and require radio-
therapy for cure. Concerns about brainstem and upper cervical spinal
cord injuries arise in treating this location [2–5]. Proton Therapy (PT)
has increasingly been used for paediatric brain tumour radiotherapy
[6,7]. Compared to conventional photon-based radiotherapy, PT can
reduce the normal tissue volumes irradiated to low-to-medium doses
[8]. This improves normal tissue sparing, potentially reducing risks for
radiation-related complications. PT has in particular been shown to
mitigate loss of cognitive performance and endocrine function compared
to conventional radiotherapy [9,10].

The preclinical correlation between Relative Biological Effectiveness
(RBE) and Linear Energy Transfer (LET) suggests an increased risk of
injury in volumes exposed to both high doses and high LET [11], how-
ever, a constant RBE of 1.1 is recommended and used globally as a tool
for prescribing and assessing PT dose distributions [11,12]. Phenome-
nological models, based on in vitro data, parameterize RBE prediction by

considering tissue alpha–beta ratio and LET. In vivo endpoint experi-
ments, which may more accurately predict clinical effects, have also
confirmed a LET-RBE correlation [13–16]; though further data is needed
[17]. Recent studies examining the correlation between diagnostic im-
aging changes and LET in high-dose volumes presented conflicting
findings: Some suggested a statistically significant correlation [18–20],
but a recent study showed that an appropriate statistical model failed to
confirm this result [21]. A case-control study of symptomatic brainstem
necrosis indicated a correlation with LET but lacked statistical signifi-
cance due to a limited number of cases [22,23]. Overall, it is still un-
certain how large the clinical significance of the effect is.

PT delivery techniques are evolving, with spot-scanning delivery
now offering improved conformality in dose distribution over the older
passive scattering delivery [24,25]. However, this development leads to
more modulated distributions of both dose and LET [25]. Studies have
investigated how field configurations and target position affect the LET
distribution for passive scattering [26] and spot-scanning delivery [27],
including their sensitivity to range uncertainties [28].

A recent comparative analysis of treatment planning practices

Fig. 1. Dose (Gy(RBE)) and LET (keV/µm) distributions for two of the ATRT plans—with the highest and lowest hinge angles. Colourwash scale shown in the upper
right corner. The contour of CTV is shown in red and the brainstem in cyan. In the LET map, the 50 Gy(RBE) and 54 Gy(RBE) volumes are demarcated by the yellow
and pink lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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among European centres specialised in spot-scanning PT for children
revealed considerable variations in dose-volume parameters [29], with
variations arising from the choice of field configurations, optimisation
strategies, normal tissue constraints and prioritisation, RBE mitigation
techniques, and robustness evaluation against range and setup un-
certainties [29]. However, the assessment of LET distributions and their
potential impact on RBE has not yet become a standard clinical practice,
despite being recognized as a concern in PT [12]. Although some studies
have already investigated the effect of different field configurations on
the LET distribution in posterior fossa treatment plans, there is a lack of
knowledge regarding the cross-institutional variation in LET distribu-
tions. Consequently, this study aimed to quantify and analyse variations
in LET distributions within the brainstem and upper spinal cord in
posterior fossa cases across European centres reflecting their unique
clinical practice.

2. Materials and methods

2.1. Clinical cases and centre participation

Ten European spot-scanning PT centres participated in a treatment
planning comparison [29]. The centres planned two representative
paediatric posterior fossa cases based on their clinical practices: firstly,
an Atypical Teratoid Rhabdoid Tumour (ATRT, Fig. 1) overlapping with
the dorsal side of the brainstem prescribed 54 Gy(RBE) (1.8 Gy(RBE)/
fraction). Secondly, an Ependymoma tumour (Fig. 2) wrapping around
the brainstem, prescribed 54 Gy(RBE); and a boost (brainstem and spinal
cord cropped out of the clinical target volume (CTV)) to a total dose of
59.4 Gy(RBE). Both CTVs extended partially into the upper spinal cord
(spinal cord C1). The cases represent the most common indications at
risk of brainstem injury [5], and both have prescribed doses near the
brainstem tolerance, even for small volumes [2,5]. The patient also had
an oedema and three metal implants on the posterior part of the skull as
shown in supplementary figure 1.

Fig. 2. Dose (Gy(RBE)) and LET (keV/µm) distributions for the Ependymoma plans with the highest and lowest hinge angle. The colorwash scale is shown in the
upper right corner. The contour of CTV is shown in red and the brainstem in cyan. In the LET map, the 50 Gy(RBE) and 54 Gy(RBE) volumes are demarcated by the
yellow and pink lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Anonymized computed tomography images with CTVs, and normal
tissue contours were distributed to the centres in DICOM format to allow
treatment planning in the centres’ respective clinical treatment planning
systems (TPSs). All centres robustly optimised their plans, but with
varying range and position margins, and number of uncertainty sce-
narios [29]. This is also shown in the variation of the individual dose
distributions submitted in supplementary figure 2.

The treating institution and the patient’s guardians approved the use
of the patient’s anonymized data.

2.2. LET distribution evaluation

LET was scored for primary and secondary protons, normalised to
water or unit-density tissue, and dose-averaged [30] for all treatment
plans by the ten participating centres, using their respective beamline
Monte Carlo implementations in Raystation 11B, TOPAS, or GATE. The
LET variation across these calculation methods was shown to be at most
10–15% in a phantom study [31]. LET distributions for each centre were
calculated on the same voxel grid as their submitted dose distributions.
Monte Carlo calculation uncertainties are reported in Table S1. For the
ependymoma plan, LET distributions were calculated by dose-averaging
the LET distribution for the main plan and the boost plan, using the TPS
dose distribution. LET-volume histograms (LVHs) were evaluated inside
the 50 Gy(RBE), the 54 Gy(RBE), or for the ependymoma case, the 55 Gy
(RBE) isodose overlapping with either the spinal cord or the brainstem.
These thresholds, though somewhat arbitrary, align with previous
studies of LET in the brainstem [22] and reflect that the risk to the
brainstem and spinal cord primarily is associated with doses exceeding
these values [2,5,32]. Welch’s t-test was used to compare the mean LET
between the two cases.

2.3. Variable RBE weighted dose evaluation

We evaluated variable RBE weighted dose distributions in the
brainstem and spinal cord C1 with the Unkelbach model [33], which
assumes a linear dependency of RBE on LET and that the RBE is 1.1 at the
centre of a standard spread-out Bragg peak (where LET = 2.5 keV/µm).
We chose this model because it is easier to interpret its relation to LET
than phenomenological models, where RBE also depends on the
alpha–beta ratio. Supplementarily, the McNamara model was used with
an alpha–beta ratio of 2 Gy for the organs at risk [34].

2.4. Impact of field angles

The maximum hinge angle, i.e. the largest angle between any two
fields in a plan, can potentially be linked to elevated LET by the sepa-
ration of distal edges [11]. We calculated this angle for each plan to
study its effect on the LET distribution. The dependency of the brainstem
and spinal cord C1 D2% under the Unkelbach model on the hinge angle
parameter was then investigated, as the near max dose is considered a
significant risk factor for brainstem and spinal cord injury. The corre-
lation with the hinge angle was tested using the Pearson correlation
coefficient. In this analysis, only the plans with distal edges in the given
organ were considered.

3. Results

3.1. LET distributions

In the ATRT treatment plans, the average LET within the 50 Gy(RBE)
isodose in the brainstem ranged from 2.8 keV/µm to 3.6 keV/µm, as
detailed in Table 1 and Fig. 3. Notably, all but one treatment plan
exhibited amean LET higher than 3 keV/µm. Conversely, this single plan
presented the highest LET in the spinal cord, attributed to all the fields
entering from the superior direction with edges extending into the spinal
cord, whereas other centres used fields ending in the brainstem. The

ependymoma treatment plans showed a comparatively lower mean LET
within the 50 Gy(RBE) isodose in the brainstem, ranging from 2.5 keV/
µm to 2.8 keV/µm across institutions. Welsch t-test showed a significant
difference (p < 0.001) in mean LET in the brainstem in the 50 Gy(RBE)
threshold between the two cases. A similar trend was observed for the
spinal cord C1, as shown in Table 1, for which, the t-test also showed a
significant difference in the mean LET (p = 0.024). Supplementary
figure 3 presents the individual LET distributions, while Table S2 pro-
vides the individual numerical values.

3.2. Variable RBE weighted doses

Fig. 4 highlights a pronounced RBE-weighted dose enhancement
using the Unkelbach model over a fixed RBE of 1.1 in the ATRT case,
with increase in brainstem D2% ranging from 1.3 % to 6.0 %, while
enhancement in the spinal cord C1 only ranged from 0.8 % to 3.8 %. In
the ependymoma plans, the increase was smaller, ranging only from 0.2
% to 2.1 % for the brainstem and from − 0.2 % to 1.8 % for the spinal
cord C1. Regardless of variable RBE, the ependymoma case had higher
maximum doses and dose variations across plans due to its higher pre-
scribed total dose. The McNamara model predicted increased RBE-
weighted doses with increased range (Supplementary Figure 4). Indi-
vidual RBE-weighted doses are shown in Table S2.

3.3. Impact of field configurations

Most of the ATRT and ependymoma treatment plans employed a
combination of posterior and posterior oblique treatment fields, with the
majority being coplanar or near-coplanar (detailed field configurations
shown in Table S3). Among the ATRT treatment plans, the maximum
hinge angle ranged from 60 to 180 degrees. A slight trend towards a
lower increase in LET-weighted D2% in the brainstem was observed in
plans with larger hinge angles, as depicted in Fig. 5, although no sta-
tistically significant correlation was identified (Pearson correlation co-
efficient: − 0.45, p = 0.22, excluding the plan with distal edges pointed
towards the spinal cord). The increase in the LET-weighted D2% in the
spinal cord C1 showed no correlation with the hinge angle with a
Pearson correlation coefficient of 0.15 (p = 0.71). In the main ependy-
moma treatment plans, the hinge angle ranged from 70 to 168 degrees,
and showed no correlation with brainstem or spinal cord C1 D2%.

4. Discussion

Our investigation into LET distributions in paediatric posterior fossa
plans across European PT institutions revealed noteworthy variations in
the high-dose regions of the brainstem and upper spinal cord. These
variations were especially prominent for the ATRT case. Although the
clinical significance of the LET variations is still uncertain, the Unkel-
bach model, which predicts lower RBE than most empirical models [35],
predicted RBE dose boosts that were comparable to the physical varia-
tions shown in a previous study [29].

Hahn et al. [31] demonstrated that even between harmonised
calculation methods, differences in LET in the worst case approached 15
%. Importantly, the variation in variable RBE-weighted dose was similar
to the variation in the physical dose calculated across institutions,
indicating that the LET uncertainty remains within clinically acceptable
levels. Even accounting for this variability, the differences observed in
our study are considerable in size.

The higher mean LET across institutions in both organs for the ATRT
across institutions also emphasises the importance of the geometrical
shape and position of the CTV, affecting whether distal edges are
directed inside these structures. This is also consistent with the study by
Fjæra et al., where the scenario with the target partly overlapping with
the brainstem, akin to the ATRT case, also showed higher LET in the
brainstem than the full overlap scenario, akin to the ependymoma case.
The RBE percentage increase of the maximum dose when applying a
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model similar to Unkelbach was 2.1 % for the half-overlap scenario and
1.6 % for the full-overlap scenario, whereas the median across centres
was more different for the two cases in the current study (3.7 % and 1.2
% respectively). The participating centres reported avoiding distal edges
in the brainstem as part of their clinical practice [29], but in the ATRT
case, it was not possible to avoid them either in the brainstem or spinal
cord. Yet, this case still showed the largest variation in LET across in-
stitutions, so it could be interesting to optimise LET distributions in such
cases.

In the study by Giantsoudi et al. [26], the ependymoma cases
investigated were similarly characterised by CTV overlapping with the

dorsal side of the brainstem, as the ATRT case in our study, albeit uti-
lising the passive scattering technique. They assessed median LET in the
brainstem within the CTV for various field configurations. Specifically,
dose-sparing techniques resulted in a median LET of 3.0 keV/µm for
three-field and 2.9 keV/µm for two-field configurations, which aligns
with our findings in the ATRT case, where the mean LET ranged from 2.8
to 3.6 keV/µm in the 50 Gy(RBE) isodose.

Ensuring a minimum value of the hinge angle may be used as a
strategy by some institutions to reduce hotspots in the LET distribution,
as it can increase the spacing between distal edges [11,12]. Our study
did not show this effect of the hinge angle, but this could also have been

Table 1
Median and range of mean LET within the 50 Gy(RBE) isodose overlap with the brainstem, spinal cord C1 or CTV, and the range of the relative increase in D2% from
applying the Unkelbach model compared to RBE = 1.1 across the ten treatment plans.

ATRT Ependymoma

Brainstem Spinal cord C1 CTV Brainstem Spinal cord C1 CTV

LET range
(keV/µm)

[2.8;3.6] [2.7;3.8] [2.7;3.0] [2.5;2.8] [2.5;3.0] [2.5;2.7]

LET Median (keV/µm) 3.3 3.0 2.9 2.7 2.8 2.7
Unkelbach D2% enhancement range (%) [1.3;6.0] [0.8;3.8]  [0.2;2.1] [-0.2;1.8] 
Unkelbach D2% enhancement median (%) 3.7 1.7  1.2 1.0 

Fig. 3. LVH for the brainstem (left) and the C1 segment of the spinal cord (right) for the ATRT plans (upper), and the ependymoma plans (lower) with absolute
volume of the region of interest. The blue-shaded region shows the range of LVHs across the plans inside the overlap of the 50 Gy(RBE) isodose and the OAR contour,
while the red region shows the LVH inside the overlap with the 54 Gy(RBE) isodose. The lines show the median LVH across the centres. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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influenced by the fact that all plans used quite large angular spacing.
Furthermore, LET hotspots could be caused by a few heavily weighted
spots located at a distal edge of one of the fields [25], and the steepness
of the dose-fall off at the distal edges could also have affected the LET
[26]. We were not able to do an exhaustive analysis of treatment plan-
ning parameters affecting the LET distribution, but it emphasises the
complexity of the unique optimization and prioritisation process used by
each institution, and therefore the value of a standardised LET calcula-
tion, that facilitates an objective assessment of individual plans beyond
heuristics. Vertex field configurations could also reduce the LET in the
brainstem [27]. However, depending on the exact extent of the CTV, the
cranial field could also result in increased LET to the high-dose region of
the inferior part of the brainstem or the cervical spinal cord for which
the tolerance dose is presumed to be lower than the brainstem [4,29].

Concerns about RBE have led more centres to explore reducing LET
hotspots in critical organs at risk, using spot-wise optimization, now
under testing in a phase I trial (NCT03750513). However, when evalu-
ating LET distributions of treatment plans, it is important to also eval-
uate the effect of range and set-up uncertainties. It has been shown that
the variation in LET in organs at risk across robust uncertainty scenarios

can be considerable, especially for treatment plans with dose and LET
distributions optimised only for the nominal scenario [28,36]. A limi-
tation of the current study is therefore also that only nominal dose and
LET distributions were collected and analysed.

While the Unkelbach model was used to translate the potential in-
fluence of LET distributions, phenomenological models tend to predict
higher RBE than Unkelbach for low alpha–beta ratios [35]
(supplementary figure 3). However, it is still uncertain whether those
estimates are a good surrogate for RBE for clinical endpoints, as clinical
studies face sample size challenges [23,37], and predictions of these
models still vary widely [38]. Furthermore, a recent in vitro modelling
study has shown that another quantity, effective Q, may correlate
significantly better with RBE compared to LET [39]. Thus, caution is
needed when interpreting the clinical implications of RBE predictions.

In conclusion, the LET distributions in the brainstem and upper
spinal cord varied considerably across institutions for the two cases. Our
study also emphasised the influence of target shape and position, with
one geometry making placement of distal field edges in the brainstem or
upper spinal cord unavoidable, and another geometry allowing the
distal edges beyond these organs.

Fig. 4. Dose-volume-histograms for the brainstem (left) and spinal cord C1 segment (right) in the ATRT plans (upper) and Ependymoma plans (lower). Red shaded
region shows the range of DVH values for the plans with a constant RBE, while the blue shaded region shows the DVH values weighted with a variable RBE under the
Unkelbach model. The green shaded region shows the range of difference in RBE weighted dose between using the Unkelbach model and the RBE = 1.1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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