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ABSTRACT
Background: Clinical data suggest that the relative biological effectiveness (RBE) in proton therapy
(PT) varies with linear energy transfer (LET). However, LET calculations are neither standardized nor
available in clinical routine. Here, the status of LET calculations among European PT institutions and
their comparability are assessed.
Materials and methods: Eight European PT institutions used suitable treatment planning systems
with their center-specific beam model to create treatment plans in a water phantom covering different
field arrangements and fulfilling commonly agreed dose objectives. They employed their locally estab-
lished LET simulation environments and procedures to determine the corresponding LET distributions.
Dose distributions D1.1 and DRBE assuming constant and variable RBE, respectively, and LET were com-
pared among the institutions. Inter-center variability was assessed based on dose- and LET-volume-
histogram parameters.
Results: Treatment plans from six institutions fulfilled all clinical goals and were eligible for common
analysis. D1.1 distributions in the target volume were comparable among PT institutions. However, cor-
responding LET values varied substantially between institutions for all field arrangements, primarily
due to differences in LET averaging technique and considered secondary particle spectra.
Consequently, DRBE using non-harmonized LET calculations increased inter-center dose variations sub-
stantially compared to D1.1 and significantly in mean dose to the target volume of perpendicular and
opposing field arrangements (p< 0.05). Harmonizing LET reporting (dose-averaging, all protons, LET to
water or to unit density tissue) reduced the inter-center variability in LET to the order of 10–15%
within and outside the target volume for all beam arrangements. Consequentially, inter-institutional
variability in DRBE decreased to that observed for D1.1.
Conclusion: Harmonizing the reported LET among PT centers is feasible and allows for consistent
multi-centric analysis and reporting of tumor control and toxicity in view of a variable RBE. It may
serve as basis for harmonized variable RBE dose prescription in PT.
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Background

In proton radiotherapy, a generic relative biological effective-
ness (RBE) of 1.1 is applied to account for the higher bio-
logical effectiveness of protons over photons [1]. However,

particularly for normal tissue, a growing body of clinical evi-
dence shows that RBE in proton therapy (PT) varies with lin-
ear energy transfer (LET) [2–7]. This challenges current
clinical practice and poses the need to quantify the RBE-
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driving LET in proton treatment plans. However, LET calcula-
tions are not yet implemented in clinical treatment planning
systems (TPS) [8], which hampers their routine clinical use in
the treatment planning process [9].

LET is defined as the expectation value of the energy loss
per unit length by a charged particle in material [1,10] and
used as a macroscopic measure for radiation quality. LET val-
ues are typically derived by analytical computation or Monte
Carlo (MC) simulations [11]. While LET values of monoener-
getic particles can be determined with high precision, LET
calculations based on a computed tomogram (CT) of, e.g., a
patient, and for a mixed radiation field of a real clinical
machine imply an averaging over the entire energy spectrum
of the particles traversing the CT voxel. However, averaging
approach and LET reporting are ambiguous and depend on
numerous parameters, such as: (A) the weighting in LET aver-
aging (track-averaging vs. dose-averaging), (B) the choice of
considered secondary particles, (C) the calculation method
(e.g., scoring technique) and (D) the physics model and
parameters (e.g., electron production threshold and range
cuts, step limits) set in the specific LET simulation environ-
ment. The influence of these parameters on averaged LET,
hereafter denoted as LET, has been investigated in mono-
centric research works [11–16], where their effects can be
isolated and investigated systematically. However, despite of
their evident impact on LET, so far, no standard has been
established for calculating and reporting LET in experiments,
in clinical practice or for evaluating patient follow-up data
[17,18]. Therefore, it must be evaluated whether the calcula-
tion and reporting of LET at different PT centers are coherent
for the same treatment planning situation and whether LET
distributions can currently be exchanged between centers in
addition to dose.

This multi-centric study, including eight European PT insti-
tutions capable of center-specific LET simulations, presents a
current status of applied frameworks for LET calculation at

European PT institutions. It analyses the variability in institu-
tional LET determination and its impact on variable RBE-
weighted dose. A consensus how to harmonize LET reporting
is proposed.

Material and methods

All institutions active in work package 9 of the European pro-
ject Infrastructure in Proton International Research (INSPIRE)
and technically capable to perform the simulations were eli-
gible to participate and jointly agreed to take part in this
multi-centric study (Table 1). Each of the eight institutions
independently generated clinical-like treatment plans in a
water phantom using a suitable TPS with their center-specific
beam model. For a given target volume, treatment plans for
three pre-defined beam setups had to comply with strict
dose-objectives. Using their center-specific simulation envir-
onment available for LET calculations, all institutions pro-
vided LET and dose data, which were centrally stored
and analyzed.

Treatment planning

Treatment planning was conducted on a CT scan (1 � 1 �
1mm3) of a homogeneous water phantom (40 � 50 �
38 cm3). A coherent set of TPS-specific look-up tables was
used to ensure a consistent Hounsfield Unit to material
assignment (based on mass density, material composition)
and stopping-power ratio prediction among the different TPS
and simulation environments used at the participating insti-
tutions (Table 1) [32,33]. Every PT institution generated three
non-robust pencil beam scanning (PBS) treatment plans that
homogeneously dose-cover a cubic target volume (5 � 5 �
5 cm3) in the water phantom applying single-field uniform
dose. The beam arrangements were (A) a single-field spread-
out Bragg peak (SOBP), (B) two perpendicular fields and (C)

Table 1. Specification of simulation environments employed for dose and linear energy transfer (LET) calculation (#: nonharmonized,§: harmonized) and proton
therapy system used at each of the eight proton therapy institutions.

Simulation environment
Energy range/

MeV [Emin ; Emax]Institution for dose for LET Nozzle Design

University Proton
Therapy Dresden

� RayStation v5.99.50 � RayStation v5.99.50 [8,19]#,§ IBA Universal Nozzle [100.0; 226.7]

The Skandion Clinic � RayStation v8.99.30 � RayStation v8.99.30 [8,20]#,§ IBA Dedicated Scanning Nozzle [60.0; 226.0]
Danish Center for Particle

Therapy Aarhus
� Eclipse v13.7 � FRoG [21,22]#

� TOPAS v3.5 [23,24] with GEANT4
v10.6 [25]§

Varian ProBeam [70.0; 245.0]

Institut Curie � Eclipse v15.5 � TOPAS v3.5 [23,24] with GEANT4
v10.6 [25]#,§

IBA Universal Nozzle [100.0; 226.9]

Christie/Manchester � Eclipse v15.6.03 � GATE v8.1 [26–28] with GEANT4
v10.3.3 [25]#,§

Varian ProBeam [70.0; 245.0]

I-SEE � PlanIt_v3#

� 4SeePlan research v3_stable§
� PlanIt_v3 [29]#

� 4SeePlan_research_version
(Bio4Dose) [30]§

PBS sample nozzle [50.0; 250.0]

GSI Helmholtz Center for
Heavy Ion Research

� TRiP98 v1805a � TRiP98 v1805a#,§[31] GSI nozzle Up to 4.5 GeV

Institute of Nuclear Physics
Krakow

� TRiP98 v1310 � TRiP98 v1310#,§[31] IBA Dedicated Scanning Nozzle [70.0; 226.0]

For definition of harmonized LET, please see section on Simulation of LET.
RayStation, RaySearch Laboratories AB, Stockholm, Sweden; Eclipse, Varian Medical Systems, Palo Alto, CA, USA; FRoG: Fast dose Recalculation on GPU (Graphics
Processing Unit); TOPAS: TOol for PArticle Simulation; GEANT4: GEometry ANd Tracking; GATE: GEANT4 Application for Emission Tomography; TRiP: TReatment
plannIng for Particles.
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two opposing fields, respectively (Figure 1). The isocentre
was at target volume center in 12.5 cm depth for the single-
field SOBP and both perpendicular fields and 20 cm for
opposing fields. Hence, no range shifter was applied.
Prescribed mean dose to the target volume was 60Gy(RBE)
in 30 fractions for each beam arrangement, assuming a con-
stant RBE of 1.1. Biologically equivalent doses using a con-
stant RBE of 1.1 are denoted as D1.1. Treatment plans were
optimized to cover 94% of the target volume with 100 ± 1%
of the prescription dose (D1.1,94% ¼ 100 ± 1%), as well as
D1.1,1% < 102% and D1.1,99% > 98%. Distal dose fall-off,
defined as the distance between distal 80% and 20% isodose
lines, and distance of lateral 50% isodose to the target vol-
ume were optimized to be within 5–7mm and less than

10mm, respectively. No critical structures had to be spared
in treatment planning. Institution-specific grid sizes for scor-
ing of dose and LET were � 2 � 2 � 2mm3.

Simulation of linear energy transfer

Eight different simulation environments for dose and LET
were used and every center used its site-specific, if available,
clinical beam model for dose optimization and calculation
(Table 1). Each institution used its respective LET simulation
environment with its site-specific characteristic MC imple-
mentation parameters if applicable (Table 2). LET simulation
environment specific parameters available for all institutions
are found in Supplement Table A1. Details on the algorithms

Figure 1. Dose distributions from one institution for a (A) single-field spread out Bragg-Peak, (B) perpendicular and (C) opposing field arrangement, displayed rela-
tive to the prescription dose of 60 Gy(RBE). (D), (E), (F) Dose-volume histograms (DVH) of the six institutions for each field arrangement (A), (B), (C), respectively,
showing the median (dashed) and the interval from minimum to maximum DVH parameters (shaded area). A constant relative biological effectiveness (RBE) of 1.1
was applied to calculate the biologically equivalent dose (D1.1). Regions of interest: (1) target volume, (2) proximal dose build-up region, (3) steep distal dose fall-
off region.

Table 2. Specification of linear energy transfer (LET) calculations as implemented at the eight proton therapy institutions.

LET definition Characteristic implementation parameters for LET calculation

Method
Number Averaging Ions Scoring technique

Unrestricted (U)
or restricted (R) Scoring in Normalization

used for harmo-
nized reporting$

I dose all protons Method 1 from [11] U local material to unit density tissue y
II dose primary protons Method from [29] U WEPL to unit density tissue n
III dose Z¼ 1 Method from [34] U water None n
IV dose Z� 2 Method ‘C’ from [12] U local material to unit density tissue y
V dose all protons Method ‘C’ from [12] U water None y
VI track all protons Method ‘C’ from [12] U local material to unit density tissue y
VII dose all protons Methods from [13,35] U local material None y
VIII dose all protons Method 1 from [11] U water None y
IX dose all particles Method from [31,36] U water to unit density tissue n
X dose all particles Method from [31] U local material None n
harmonized dose all protons U � Water or

� unit density tissue

For restricted LET, only delta-electrons below a defined energy or range threshold are scored. For unrestricted LET, all produced delta-electrons are scored and
absorbed locally. For definition of harmonized LET, please see section on Simulation of LET.
WEPL: Water Equivalent Path Length; Z: atomic charge.; y: yes; n: no; $: averaging technique and scored ions set to ‘dose-averaging’ and ‘all protons’.
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for LET calculations can be found elsewhere (cf. references in
Tables 1 and 2).

In this multi-centric study, LET calculations were divided
in two methodological parts. To assess inter-center variability
in LET calculation, in a first step, every center independently
employed the LET averaging approach and considered the
secondary particles according to their local practice. In the
second part of the study, it was jointly concluded to harmon-
ize LET reporting among the institutions. It was jointly
decided on applying dose-averaging, considering all protons
and scoring the LET to water or to unit density tissue, here-
after also referred to as harmonized LET. Two institutions
changed their respective LET simulation environments
between the two study parts (Table 1). Namely, one institu-
tion changed the applied environment-specific MC imple-
mentations from method II to VII and another institution
from III to VIII (Table 2).

Plan evaluation

Treatment plan evaluation was performed centrally at one
institution. Treatment plans were analyzed as reported, with-
out any rescaling. LET was only evaluated in voxels with a
minimum total absorbed dose of 1.82 Gy. Regions of interest
were created for the dose build-up proximal to the target
and steep dose fall-off distal to the target volume in all CT
slices of the target volume and measured 15mm in beam
direction for all field arrangements (Figure 1).

In addition to the defined clinical goals, the dose hetero-
geneity index (HI)

HI ¼ ðD99% � D1%Þ=Dmean (1)

and the dose conformity index (CI)

CI ¼ VD98%=Vtarget (2)

were used as measures of treatment plan acceptability and
comparability with VD98% and Vtarget being the volume
encompassed by the 98% isodose line and the target,
respectively and DX% being the dose in X% of the volume in
the region of interest. The most homogeneous dose distribu-
tion (with an HI in the target volume closest to zero) was
used as reference dose distribution for three dimensional
global gamma analyses [37] considering the high-dose
region (>50Gy(RBE)). For the gamma pass rate c3,3, 3% of
the prescribed dose and 3mm were set as dose and distance
to agreement criteria, respectively.

Inter-institutional differences in dose- and LET-volume
histogram parameters were assessed by using the relative
standard deviation rn, defined as one standard deviation div-
ided by the arithmetic mean across the institutions, also
known as coefficient of variation. It was observed that
D1.1,99% in the distal region is not well defined as it is sensi-
tive to the dose cutoff set and it was therefore excluded
from the analysis. The in-vitro data-based model from
Wedenberg and others [38] was applied for voxel-wise vari-
able RBE estimation and a/b was set to 2Gy for the entire
water phantom. Hereafter, biologically equivalent doses
using a variable RBE are denoted by DRBE. A Levene test with

a significance level of 0.05 was used to compare the varia-
tions of center-specific dose-volume parameters for different
RBE-weighted doses.

Results

Seven out of eight institutions performed treatment planning
for all cases. Six institutions provided their dose and LET
results in an inter-operable clinical standard format (DICOM)
allowing for an unambiguous common analysis of these six
datasets. Results from two centers were, thus, excluded from
the quantitative analysis (Methods IX and X, Table 2).

For all three beam arrangements, institutions achieved
adequate target coverage (D1.1,94% � 95.6%, D1.1,95% �
95.1%, D1.1,99% � 92.0%) and dose hotspots were within clin-
ical tolerance (D1.1,1% � 105.4%) (Figure 1). Hence, despite
minor deviations in DVH parameters compared to the
defined study goals, these six treatment plans were
deemed acceptable.

D1.1 distributions from the different institutions were com-
parable within the target volume (Figure 1) with maximum
relative inter-center variations and absolute differences in
dose-volume histogram (DVH) parameters (D1.1,99%, mean
D1.1, D1.1,1%) of 2.7% and 3.6 Gy, respectively (Supplement
Table A2). In the high-dose region (> 50Gy(RBE)), c3,3 pass
rates were above 91.8%, except for one single field SOBP
dose distribution with a c3,3 pass rate of 81.9%. In the target
volume, all institutional D1.1 distributions were homogeneous
(HI � 0.13) and conformal with deviations from CI ¼ 1 gen-
erally smaller than 0.16, except for two planning cases of
one institution presenting maximum CI deviations of 0.22
and 0.32. In the proximal dose build-up and the steep distal
dose fall-off regions, inter-institutional variations in DVH
parameters were up to 33.5% and 18.8%, respectively, as
they were not explicitly included in plan optimization (Figure
1, Supplement Figure A1).

Compared to D1.1, inter-institutional variation increased
for DRBE using non-harmonized LET calculations. A significant
increase in mean dose variation in the target volume by 5.6
percentage points (pp) and 6.5pp was observed for the per-
pendicular and opposing field arrangement, respectively.
Additionally, variations in non-harmonized DRBE were sub-
stantially higher (0.6pp to 10.4pp) than with D1.1 for all vol-
ume-histogram parameters except for proximal D99 of the
perpendicular field arrangement (Supplement Table A2).

Center-specific LET reporting differed in the applied LET
averaging technique and the considered secondary particle
spectrum (Figure 2). While one institution considered track-
averaged LET, all others performed dose averaging LET
calculations. The different types of secondary particle spectra
considered by the centers could be categorized into four
groups: (a) only primary protons, (b) all protons, i.e., primary
protons and later proton generations, (c) primary protons
and all ions with atomic charge Z¼ 1 (protons, deuterons, tri-
tons) and (d) primary protons and all ions with Z� 2 (pro-
tons, deuterons, tritons, alphas). Differences in averaging
technique and secondary particle spectra resulted in inter-
institutional LET variability (rn) in volume-histogram
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parameters by 13.9–57.1% (Supplement Table A2). Absolute
LET differences increased from proximal dose build-up and
target to distal dose fall-off region for single-field SOBP (and
perpendicular fields) with inter-institutional differences in
arithmetic mean of 1.0, 1.6, 2.8 keV/mm (and 1.5, 1.7, 4.2 keV/
mm), respectively. Absolute differences in mean LET for
opposing fields were 1.8 keV/mm and 4.8 keV/mm in the tar-
get and the proximal dose-build up region, respectively.

Applying the harmonized LETd to derive DRBE reduced
inter-center variations in DRBE substantially. Compared to

using non-harmonized LET, the variation decreased in the
proximal, target and distal volume by up to 6.1pp, 5.5pp and
4.6pp, respectively (Figure 3). In the target volume, the inter-
institutional variability in harmonized mean (near-min, near-
max) DRBE fell below 1.7% (2.9%, 3.3%). c3,3 indices were
above 89.2%, except for one single field SOBP dose distribu-
tion with a c3,3 pass rate of 85.9%. Harmonized LETd report-
ing reduced the inter-institutional LETd variability (rn) by at
least 9.0pp and up to 52.8pp resulting generally in a variabil-
ity below 10% (Figure 3, Supplement Figure A2). Exceptions

Figure 2. (A) Example of a linear energy transfer distribution (LET, dose-averaged, all protons), corresponding to the dose distribution in Figure 1(A). Line profiles
of the six institutions along beam central axis are depicted in (B) for biologically equivalent dose with relative biological effectiveness of 1.1 (D1.1, gray, upper) and
non-harmonized LET distributions (color-coded, lower). Median D1.1 (dashed, black) with minimum and maximum values (shaded area) and detailed depiction of
LET line profiles for all six institutional non-harmonized LET calculations show inter-institutional variability. Roman numerals correspond to characteristic implemen-
tation parameters for LET calculation according to Table 2. Z: atomic charge.

Figure 3. Line profiles from the six institutions along beam-central axis of the single-field spread-out Bragg peak for linear energy transfer (LET, red, lower) and for
variable relative biological effectiveness (RBE)-weighted dose (DRBE, blue, upper) considering (A) non-harmonized LET and (B) harmonized LETd. DRBE was calculated
with the Wedenberg RBE model (a/b¼ 2 Gy). Median (dashed) DRBE and LET are shown together with their minimum and maximum values (shaded area) showing
inter-institutional variability. For definition of harmonized LET, please see section on Simulation of LET.
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were near-max LETd in the target volume for all beam
arrangements with a remaining maximum difference of up
to 14.0% and near-min LETd in the proximal region for
opposing fields of 30.3% and 1.64 keV/mm (Supplement
Table A2).

Using the harmonized LET definition, no inter-center DRBE

variation was significantly different from the corresponding
variation in D1.1 for any of the investigated DVH-parameters,
regions or field arrangements. Inter-institutional variability in
DRBE volume parameters exceeded that in D1.1 by less than
2.0pp in all evaluated regions and field arrangements, except
for the near-min in the proximal region of opposing fields
which differed by 4.3pp. Thus, the remaining inter-center
DRBE variability was driven by the variability in
absorbed dose.

Discussion

This multi-centric study presents a current status of LET cal-
culations at European PT institutions. It harmonizes LET
reporting among these institutions to enable consistent ana-
lysis and reporting of tumor control and side effects after PT
in view of a variable biological effect. Harmonizing the
reporting of LET reduced the LET and DRBE variability among
the centers considerably. The observed inter-center variability
in DRBE using harmonized LET was comparable to that of the
underlying absorbed dose. In other words, DRBE and D1.1 can
be obtained with equivalent precision.

Independent mono-centric studies showed a spatial cor-
relation of radiation-induced injury with elevated LET in brain
tumor, breast tumor and chest-wall patients after PT
[2–4,6,7,20]. However, and in contrast to absorbed dose and
therefore D1.1, these follow-up studies reported inconsistently
on LET: they differ particularly in averaging method and sec-
ondary particle spectra. Additionally, a recent review
observed highly inconsistent LET reporting in 354 studies
quantifying RBE [17]. Such diversity in LET reporting is in line
with the findings in the first part of this study in which the
participating institutions initially chose to report LET inde-
pendently. The current inconsistent LET reporting compli-
cates the inter-center transferability and comparison of
clinically derived LET-driven variable RBE models and poses
the need for a standardized reporting of LET in the clinics.

The inter-institutional variability in DRBE was primarily
reduced by harmonization of LET averaging technique and
secondary particle spectrum. The remaining increase of
about 1.0pp in inter-center variability from using a constant
RBE of 1.1 to harmonized DRBE calculations appears remark-
ably low, given that different beam models, planning sys-
tems, LET simulation environments, scoring techniques and
individually optimized treatment plans were used among the
institutions. In the target volume, the variability of harmon-
ized mean DRBE between institutions remained below 1.6%
and c3,3 pass rates generally exceeded 90% for high DRBE

regions (>50Gy(RBE)). These findings compare with the
recently postulated requirement before using LETd for RBE
weighted dose calculations [8]. It suggests that LETd calcula-
tion accuracy should impact the average DRBE in the target

volume by less than 1.0% against mono-centric validation
measurements. The observed high inter-institutional agree-
ment in harmonized DRBE suggest the conceptual feasibility
of multi-centric studies to derive clinical tumor RBE data with
increased total patient numbers.

This study confirms that many PT institutions apply their
own set of simulation tools, parameters and LET definitions
complicating inter-institutional LET comparisons [16]. The
potential impact of MC implementation parameters on dose-
and track-averaged LET calculations was investigated in
monocentric studies earlier [11–15]. This study found that
the observed influence of institution-specific simulation soft-
ware, simulation settings, and beam model on LET variability
was relatively small if the same treatment planning situation
was planned by multiple PT institutions. Standardization of
simulation protocols by specifying step length, range cut
and scoring technique in MC simulations, as recently sug-
gested [16], may further reduce differences in harmonized
LETd and thus DRBE calculations. On the other hand, consist-
ent reporting of LET by harmonizing averaging technique
and secondary particle spectrum – both are typically easily
available in LET simulations – resulted already in substantially
increased inter-center LET comparability. Therefore, an adap-
tation of the suggested harmonized LETd calculations and
reporting by other PT institutions appears feasible and could
be the starting point for designing quality control that will
be needed for clinical LET calculations and reporting in PT. It
may also foster consistent reporting for experiments and
modeling of RBE.

This study proposes to report the unrestricted dose-aver-
aged LET for all protons to water or unit density as a meas-
ure for radiation quality in PT and to allow for inter-center
comparisons of LET. This definition supports unambiguous
LET reporting and coincides with the averaging technique,
secondary particles and scoring medium most commonly
specified in radiation biology experiments in PT [17]. LETd is
thought to reflect the LET-RBE relationship better than track-
averaging [11,39,40] and is used as input parameter in sev-
eral in-vitro data-based variable proton RBE models [41].
However, there is an active debate on which particles to
include in LETd scoring in PT [14,15,39] and the biological
relevance of heavier secondaries on proton RBE remains to
be quantified more accurately [17]. Importantly, the LETd-RBE
relationship depends on ion type [42]. Therefore, we suggest
to report LETd for protons only (all generations) to avoid mix-
ing of different ion types and since protons also contribute
most to the total dose (thus biological damage) in PT [14].
Including heavier secondary particles (e.g., helium) in LETd
simulations also slows down MC simulation convergence.
Reporting LETd to water or to unit density tissue, which were
sufficiently similar in our study (Supplement Figure A1),
accounts for the fact that the main biological target, the cell
nucleus, is independent of whether it is a bone or soft tissue
cell [42]. It is also consistent with reporting dose to water in
radiotherapy [43]. LETd to unit density tissue minimizes local
material dependence by multiplying the LETd to material
with the density of water and dividing it by the local density,
in accordance with the report of the American Association of

ACTA ONCOLOGICA 211

https://doi.org/10.1080/0284186X.2021.1992007
https://doi.org/10.1080/0284186X.2021.1992007


Physicists in Medicine on proton RBE [1] and other studies
[42,44,45]. Further endorsement by a broader community
(European Particle Therapy Network (EPTN), Particle Therapy
Co-Operative Group, International Commission on Radiation
Units and Measurements) would support the proposed
harmonized reporting.

A recent systematic review concluded that the current
RBE data basis is insufficient to identify the ‘correct’ LET for
PT [17]. Additionally, model parameters for several phenom-
enological RBE models were fitted to in-vitro data with vari-
ous inconsistent LET definitions. This further complicates the
direct application of many available in vitro-based RBE mod-
els for patient cases. To overcome this limitation and to
allow for an application in patient treatment, it is recom-
mended to update the current parameters of empirical mod-
els based on a consistent analysis of patient instead of pre-
clinical response data – as recently requested by the EPTN
[18]. In the current situation, harmonized LET supports inter-
center comparability when used as input parameter for exist-
ing phenomenological RBE models and when analyzing the
radiation response to dose and LET after PT without chang-
ing center-specific procedures in MC frameworks.

This study primarily aimed at harmonizing reporting
rather than validating institutional LETd calculations.
Nevertheless, MC engines from RayStation and GEANT4 (as
implemented in TOPAS and GATE) were previously bench-
marked against independent MC simulations of LETd as well
as measurements of their microdosimetrical equivalent mean
lineal energy [8,46]. Here, RayStation- and GEANT4-based
simulations provided consistent results with one another and
other utilized simulation environments in terms of harmon-
ized LETd. However, the present inter-center LET comparison
does not replace the validation of a site-specific implementa-
tion of LETd calculations [8,11].

Six out of eight centers were able to convert their LET
simulation data to DICOM format for both non-TPS MC
engines and non-clinical research versions of commercially
available TPS. Firstly, this enables consistent archiving of
both dose and LETd data for upcoming patient outcome ana-
lysis on clinical RBE [18]. Secondly, making LET distributions
accessible in a clinical setting further informs clinicians on
treatment plan safety in view of a variable RBE [1]. Thirdly,
sharing LET in a consistent data format (i.e., DICOM) allows
for inter-center comparisons.

This study was limited to an investigation in a homoge-
neous medium where no critical organs had to be spared to
precisely compare the physical quantities that determine to
a large extent the radiation- induced DNA damage, i.e., dose
and LET. Therefore, it may not fully reflect the treatment
planning situation in patients. However, proton range and
field arrangement primarily determine the spatial LET distri-
bution [44]. The arithmetic mean in LET in the target volume
was 2.8 keV/mm for the studied perpendicular and opposing
field arrangements and thereby comparable to those occur-
ring in brain and prostate tumor patients with typically simi-
lar field arrangements, respectively [19,20,47–52]. Upcoming
multi-centric in-silico patient treatment planning studies may
complement this water phantom study by comparing LET

calculations in patients and assessing the present status of
biological modeling in PT before considering some of the
existing variable RBE models [41] in clinical
patient treatment.

In this multi-centric study, a harmonization of LET report-
ing in PT was proposed to overcome the existing inter-center
differences in reporting LET with respect to averaging meth-
ods and secondary particle spectra. Other center-specific fac-
tors such as beam characteristics and calculation settings
had a minor impact. Harmonized LET reporting reduces
inter-center variability in LET and DRBE to a clinically accept-
able level and can be easily adapted by other PT institutions.
This allows for consistent analysis and reporting of tumor
control and side effects after PT in view of a variable RBE. In
this way, harmonizing LET reporting contributes to a more
rapid and reliable implementation of variable RBE in proton
therapy and may help to exploit the full potential of proton
beam therapy.
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