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Commentary: RBE in proton therapy - where is the experimental in vivo data?
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The clinical treatment with protons rely on the relative bio-
logical effectiveness (RBE) in order to convert from a physical
dose to a biological equivalent dose. Currently, in proton
therapy a constant RBE of 1.1 is generically used, as recom-
mended by the International Commission on Radiation Units
[1], meaning that a given proton dose is expected to be
equivalent to a 10% higher X-ray dose for all tumors, tissues
and doses. However, whether this is an adequate solution is
under debate [2-4]. There is currently no doubt that an RBE
of 1.1 is an oversimplification of the actual biological
response to proton irradiation, as it was illustratively demon-
strated by Paganetti and coworkers in 2002, where experi-
mental determinations of the RBE in vitro and in vivo was
examined [5].

The RBE is a complex figure, which is influenced by a
number of factors. Tissue type, dose and fractionation, and
LET are some of the factors known to affect the RBE [6,7].
The LET increases moderately through the Spread Out Bragg
Peak, SOBP, with a substantial increase in the very distal
edge of the SOBP. This has shown to translate into an
increased distal edge RBE in vitro [8-11]. This is a critical
issue, as the distal edge of the SOBP may be situated in the
surrounding normal tissue.

A number of reviews and reports on the possible clinical
effects of the RBE have been published in the last few years
[2,12-18], and an international expert workshop was held in
Dresden with the aim of discussing these issues [19]. Most of
the reviews include the conclusion that there is a need for
more experimental data in order to shed light on the
RBE issue.

The question is which data is needed, and how these are
experimentally obtained. It is an open discussion if the in
vitro effects on the increased RBE in the distal edge can be
expected to translate into a clinical impact, and what the
magnitude of this increased RBE is in different tissues.

The overall rationale for using proton therapy is to minim-
ize radiation induced morbidity in the normal tissue, but it
cannot be avoided that normal tissue receive any radiation,
and the RBE of this may be the Achilles heel of the regime.
It is possible to extract important information from in vitro
experiments, as the majority of experimental data within pro-
ton radiobiology is based on. However, there is a lack of in
vivo experiments, which in general are considered a neces-
sary translation from the more hypothesis generating in vitro
experiments into patient treatment, as in vivo studies enable

simulation of clinical treatments, and the much more com-
plex biology is taken into account. A substantial part of the
in vivo data previously obtained for proton irradiation is
based on acute endpoints, such as crypt regeneration, acute
skin reactions and acute lung pneumonitis, as reviewed in
[5]. The data on late endpoints, which is the dose-limiting
factor in radiotherapy, are still to a large extent missing.

What is currently needed to shed light on the questions
on proton RBE is a thorough experimental evaluation of the
radiation induced effects to the normal tissue effects in vivo.
This needs to be done in a panel of relevant normal tissues
models, including functional and tissue endpoints represent-
ing both acute and late radiation induced reactions. It should
simulate the clinical situation, including normal tissue in the
distal edge of the SOBP by examining the effect in different
positions in the beam. This has previously been done in the
studies on the spinal cord, with radiation-induced myelop-
athy as endpoint, demonstrating an increased RBE towards
the distal edge of the SOBP, although not to the same scale
as has previously been observed in vitro [20]. Also in order
to simulate the clinical situation, dose per fraction needs to
be taken into account. Previously obtained in vivo data has,
beside the spinal cord data from Heidelberg [20], almost
exclusively been single fraction studies, using very high
doses. The RBE is however influenced by dose and fraction-
ation [21], and it is of importance to perform studies with
clinically relevant fractionation schemes in order to obtain
relevant data, as single fraction studies may very well under-
estimate the RBE [22].

The lack of the RBE in vivo data has been discussed for
years, so why is the appropriate data still not available? In
vivo experiments are expensive and time consuming, espe-
cially when looking at late endpoints, where follow up may
be year long. To do the appropriate comparisons, single
dose experiments are not covering, instead full dose
response curves needs to be obtained, which requires a high
number of animals. Furthermore, fractionated animal studies
are difficult to do, as they require even more animals and
are logistically very demanding. Add to this, that experimen-
tal beam time for animal experiments have so far been quite
hard to obtain. Luckily, at least the situation with experimen-
tal beam time is resolving, with more clinical facilities includ-
ing experimental rooms [23], and initiatives like KVI-CART, an
experimental facility in Groningen with transnational access,
and INSPIRE (https://protonsinspire.eu/), a Horizon 2020
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supported European Research project on infrastructure in
Proton International Research, is facilitating an increase in
beam time for in vivo experiments.

To a large extent, the experimental design for proton
radiobiology can be built upon the knowledge gained from
years of photon radiobiology experience. However, there are
some significant differences. Importantly, proton research
requires a very high degree of precision in positioning the
target. To be able to resolve the differential effects in the
very distal edge of the SOBP, precision is a crucial subject. It
also raises considerations about the used models. As the LET
is increasing through the SOBP, looking at the effect in larger
targets will be an average RBE of a range of LET values. This
was the issue in the studies of crypt regeneration in whole
body irradiated mice [24], where the obtained RBE values do
not reflect the spatial distribution of the RBE. To do this it
will be necessary to determine independent RBE values at
different depth in the SOBP, by using an endpoint that can
be quantified in small volumes, for example, by imaging, or
by using targets that are only a few millimeters, as this will
give the spatial resolution through the SOBP. New solutions
to this spatial issue is currently emerging, as Parodi et als
setup for high precision image-guided proton irradiation of
small animals [25], which enables studies of differential
effects in different positions in animals.

In DCPT, the Danish Center for Particle Therapy, we are
using a setup used for many years for photon research in
Aarhus for our proton RBE in vivo experiments. This is based on
irradiating mouse legs, with endpoints of both acute skin dam-
age [26], and radiation induced fibrosis, a late damage, esti-
mated with the leg contracture assay [27,28]. We have fine-
tuned this setup to be able to move the target in 4mm steps
in through the SOBP, and determined an increased effect
towards the distal edge using acute damage as endpoint [29].

A large amount of valuable radiobiological photon data
have been obtained using orthovoltage X-ray irradiation,
which has been the most common experimental platform.
Also today, small animal irradiators are commonly low
energy [30]. However, a differential radiobiological effect
between orthovoltage and megavoltage irradiation has been
known for many years, and doing comparison studies, it is
necessary to be aware what the data are comparing to. As
for the proton response, the differential normal tissue
response between orhtovoltage and megavoltage X-ray are
also tissue dependent. It is hence recommended to use high-
energy reference radiation, with 6 MV photons being the clin-
ically most relevant radiation source [19].

The final evaluation on the impact of variable proton RBE
lies within the clinic and in clinical data, as in the study by
Peeler and colleges demonstrating a correlation between
MRI changes and LET in pediatric patients treated for epen-
dymoma [18], and in the publication on MRI changes in gli-
oma patients after proton therapy [31]. Nevertheless,
important information should be obtained from experimental
in vivo data. Current RBE models are to a considerable
degree based on in vitro data on clonogenic survival [13,32],
which is most likely not a very good surrogate for normal tis-
sue damage. For this, high quality, clinical relevant in vivo

data are needed. As the request for in vivo data on proton
RBE has been a topic of interest for several years, the experi-
mental platforms and knowledge has been on the way, and
the next years will hopefully show a plethora on experimen-
tal normal tissue data on proton RBE.
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