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Introduction and outline of the review

Particle beam irradiation is increasingly popular due to its phys-
ical characteristics. It has an inverted dose profile with low dose
absorption on tissue entry and the point of maximum dose deposi-
tion at the Bragg-peak. Therefore, it decreases the dose to normal
tissues and is expected to also decrease treatment-related side
effects. Moreover, the deposited integral dose is lower compared
to modern photon-based therapies (i.e., intensity modulated radia-
tion therapy or volumetric modulated arc therapy) and thus holds
the potential of reducing the risk of secondary neoplasms.

In recent years, proton beam therapy is being introduced for
treatment of tumors of the central nervous system (CNS) in chil-
dren and adults, e.g., ependymoma, medulloblastoma, menin-
gioma, craniopharyngioma and glioma grade II–IV [10]. For
chordoma and chondrosarcoma of the skull base and sacrum as
well as for adenoid-cystic carcinomas, highly conformal proton
therapy is considered the gold standard since even modern photon
techniques fail to deliver the required radiation doses while keep-
ing within the dose constraints of adjacent organs at risk
[44,48,56]. Besides the ‘‘standard” indications, the potential benefit
of proton beam irradiation is being investigated within clinical
studies for several other tumor entities, such as esophageal cancer,
non-small cell lung cancer, pancreatic cancer, and squamous cell
carcinomas of the head and neck.

With ever more centers offering proton beam therapy in the
near future and with growing patient numbers and follow-up time,
concerns about the potential side effects of protons have risen dur-
ing recent years. The effectiveness of different radiation modalities,
i.e., photons, particles and carbon ions, regarding their potential to
induce biological effects in the cells is weighted with the relative
biological effectiveness (RBE). For photons, a reference RBE of 1.0
is generally used, whereas for carbon ions, most institutions use
an RBE value of (approx.) 3.0. For protons, an RBE of 1.1 is used
clinically, however, the uncertainty on this dose-weighting factor
is thought to be one of the sources of normal tissue toxicity. The
clinical evidence of RBE variations in patients is scarce since the
complication rates for most treatment sites are low and follow-
up times are currently too short to observe secondary malignant
neoplasms in a sufficiently high number of patients as they typi-
cally arise more than 10–15 years following (radiation) treatment
[15,43,51]. Thus far, (mainly pre-clinical) reports have postulated
the RBE of protons compared to X-rays to be 1.1. However, it
may well be that the RBE is higher than 1.1 and that it may vary
depending on the position relative to the Bragg-peak, characterized
by an increased linear energy transfer (LET). This uncertainty may
lead to substantial dose increases to organs at risk, e.g., brainstem,
temporal lobe, optic chiasm, in particular if they are in vicinity of
the target volume.

This review summarizes recent abstracts from international
meetings and international peer-reviewed publications on the
potential variation of RBE and its possible side effects, and com-
pares these with past publications on photon beam irradiation.
Moreover, recent literature on how to deal with potential RBE vari-
ations and the resulting uncertainty during treatment planning, as
well as solutions to correlate dose and LET distributions to subse-
quent (magnetic resonance) imaging changes, are presented.
Finally, the current status on RBE measured in vitro and in vivo is
reviewed with further discussion on how to bridge the existing
gap between the laboratory and clinic.
Clinical reports on toxicity and RBE

In present years, increasing numbers of reports on treatment
outcome and toxicity of patients treated with protons have been
published. These encompass (pediatric and adult) chordoma and
chondrosarcoma of the skull-base and axial skeleton, and ependy-
moma and posterior fossa malignancies [8,18,35,44,48,56]. As the
initial publications on the effect of the RBE on toxicity have focused
on brain tumors, this review will also primarily focus on the toxi-
city reported for those tumors, and on the putative association
with RBE.

The first studies discussed did not include a correlation with
RBE. Murphy et al. [34] assessed a cohort of 236 patients with
embryonal tumors who were treated with surgery, chemotherapy
and proton beam therapy of the craniospinal axis and an additional
boost to the primary tumor [(cumulative dose 55.8 Gy(RBE)]. In
total, 8 patients developed brain necrosis (7 of the brainstem, 1
cerebellar), representing 3.7% of the entire cohort and 4.4% of those
patients with an infratentorial tumor. A detailed analysis of the
spectrum of brainstem injuries occurring in a cohort of 313
patients with tumors of the brain and skull base [dose > 50.4 Gy
(RBE)] was published by Indelicato et al. [21] and reported a 2-
year-incidence of brainstem toxicity �grade 2 of 3.8%. Risk factors
for brainstem necrosis included a tumor location in the posterior
fossa (actuarial rate 10.7%), age <5 years (12.5% versus 7.2% aged
�5 years), ependymoma as primary tumor (crude rate 10.9%), but
not chemotherapy. Notably, patients with ependymoma of the pos-
terior fossa tend to be at higher risk since surgeons strive to
achieve a (near-) complete tumor resection for better disease con-
trol. Higher risk is also due to the proximity of ependymoma to
critical cranial nerves and vessels. Moreover, the authors estab-
lished useful dosimetric constraints, including, (i) the maximum
dose to the brainstem should not exceed 56.6 Gy(RBE) and, (ii)
the mean dose to 50% of the brainstem should not be above 52.4
Gy(RBE). These parameters have since been incorporated in the
Children’s Oncology Group (COG) proton therapy guidelines. The
same first author has recently summarized the outcome of UK chil-
dren referred for proton therapy to a North American facility [20].
Of the 166 patients in total, only 1 (0.6%) patient with a posterior
fossa ependymoma developed a symptomatic brainstem necrosis
with a dose of 55.1 Gy(RBE). In a retrospective review of clinical
and radiological data in 60 pediatric patients with primary brain
tumors treated with proton therapy [to the tumor (bed), in 21
patients combined with proton-based craniospinal irradiation to
a mean total dose of 54 Gy(RBE); range 21 Gy-59.4 Gy(RBE)],
Kralik et al. [24] reported an imaging-based radiation necrosis rate
of 31% with a median onset time of 5.0 months (range, 3–11
months). They identified multiple (>3) chemotherapeutic agents
and atypical teratoid rhabdoid tumor pathology as risk factors for
developing radiation necrosis (p = 0.03, respectively). The median
time to complete resolution was 5.3 months (range, 3–12 months),
with complete resolution of enhancement seen in 50% of patients
at 3 months, in 75% of patients at 6 months, and in 100% of patients
at 12 months. Twenty-five percent of the patients with imaging
changes (i.e., 8% of the whole patient group) of radiation necrosis
required medical intervention for severe symptoms. The small
locations of necrosis (largest focus of contrast enhancement mea-
sured 0.9 cm) did typically not occur immediately adjacent to the
resection cavity, but instead in the periventricular white matter
and corpus callosum as well as the pons and cerebellum.

The recent reports on toxicities following proton therapy may
suggest that these unwanted side effects, even though still few in
number, only occur when having applied proton beam therapy.
In past series on 3D-conformal photon therapy, however, the rate
of brainstem toxicity was also reported to be in the range of 2.5–
18%, even though the definitions of the endpoint were heteroge-
neous [28,45]. Contrary to the argument that increased precision
using intensity-modulated radiation therapy (IMRT) or volumetric
modulated arc therapy (VMAT) may overcome this issue of toxic-
ity, Nanda et al. [35] recently reviewed 60 pediatric patients with



Table 1
Reports on toxicity potentially attributed to the RBE effect.

First Author
[reference]

Tumor site; cohort size Observations

Harrabi [19] Meningioma, low grade glioma;
430 patients (276 protons, 154 photons)

Correlation of MRI findings (minimum follow-up 12 months) with LET and RBE distributions
Cumulative incidence of necrosis after proton beam therapy: 3.3%
No correlation with technique, number of beams, dose, concomitant chemotherapy
Significant association with periventricular border and distal edge of SOPB

Zhang [60] Nasopharyngeal carcinoma;
75 patients (61 protons, 14 IMRT)

Incidence temporal lobe necrosis (TLN) at 5.6 years: 7% for IMRT versus 14.8% in PBT;
median interval 34 months (9–82 months). Asian race is the only clinical risk-factor for TLN.
RBE estimated 1.12–1.25

Merchant [29] Craniopharyngioma; 97 proton patients
(subset of NCT01419067) and 101 photon patients

Incidence of necrosis 2.68% (± SE 1.89%) for protons versus 1.98% (± SE 1.39%) for photons;
permanent neurological deficits 4.15% (± SE 2.38%) versus 2.97% (± SE 1.70%)
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infratentorial ependymomas (N = 16) and medulloblastomas
(N = 44) who were treated with IMRT or VMAT following gross/
near total resection (N = 43) or subtotal resection (N = 17). The
median follow-up was 33.8 months, and 24.1 months for follow-
up imaging studies, i.e., cerebral MRI with intravenous contrast
agent. Fourteen patients (23.3%) experienced brainstem toxicity
attributable to IMRT/VMAT, being grade 1 in 3 patients, grade 2
in 9 patients and grade 3–5 in 2 patients. One patient with grade
3 toxicity developed a radiation necrosis 118 days following radio-
therapy requiring surgical intervention. The other patient died of
sepsis and multi-organ failure after having developed severe brain-
stem toxicity 378 days after radiotherapy. No correlation between
development of acute or late brainstem toxicity and clinical covari-
ates was found. Merchant and colleagues [30] reported a brainstem
necrosis rate of 2.5% at 7 years in a cohort of 153 ependymoma
patients being treated to photon radiation doses of 54 Gy (below
the age of 18 months) and 59.4 Gy (all other patients). Remarkably,
none of these patients had received chemotherapy, but they all
experienced peri-operative morbidity, which the authors con-
cluded to be the cause of these side effects. Both studies had not
considered constraints to the brainstem.

At present, there are 3 peer-reviewed publications that corre-
lated CNS injury with LET or RBE in brain tumor patients
[15,18,43]. Moreover, abstracts on this subject that were submitted
to the 2017 ESTRO or ASTRO conferences are summarized in
Table 1. The Boston group published the associations of CNS injury
with LET and RBE in 111 medulloblastoma patients having under-
gone a craniospinal irradiation (passively scattered technique with
involved field or whole posterior fossa boost) [16]. Patients with
clinical symptoms of CNS injury (explicitly not only necrosis) were
selected and the MRI findings for all patients were contoured on
the original planning CT-scans. Ten patients had post-treatment
changes on the MRI, of whom 4 patients developed CNS injury at
a median of 9 months from the start of RT. Three of those patients
developed brainstem injury 27.4 months from the start of RT, all at
a median dose to the brainstem of >52.4 Gy(RBE). The LET distribu-
tions of these 3 patients did not differ from those of the remaining
asymptomatic patients. Conversely, the RBE-weighted dose for the
boost target and total craniospinal axis (according to the Carabe
model [6]) was higher than that, assuming the constant RBE value
of 1.1. The group from MD Anderson Cancer Center in Houston
published 2 sequential papers, in which part of the data was re-
used for a second, image-based analysis. First, Gunther et al. [18]
assessed imaging changes (MRI at least 6 months after RT) in 72
ependymoma patients treated with postoperative RT (protons 37
patients, IMRT 35 patients). Twenty-two patients were found to
have imaging changes (protons 16 and IMRT 6 patients, respec-
tively), of whom 11 had changes in the brainstem. Grade 3 (evi-
dence of hemorrhage) and 4 (encephalomalacia or focal necrosis)
changes mainly occurred in the proton cohort. On multivariate
logistic regression analysis (not specified for symptomatic patients
or those with necrosis only), adverse factors for MRI detected
changes were proton beam therapy (OR: 3.89, p = 0.024), early ini-
tiation of RT after surgery (31.0 versus 46.0 days; OR: 0.70, p =
0.068), and age below 3 years at diagnosis (OR: 0.38, p = 0.096).
In the 16 proton patients, imaging changes were more frequently
found in patients with higher mean doses [48.6 Gy(RBE) versus
36.8 Gy(RBE)] and higher median doses to the brainstem [56.0 Gy
(RBE) versus 42.8 Gy(RBE)]. Second, the possibility of a variable
RBE was further investigated in 34 ependymoma children (a subset
of the aforementioned study) treated with proton beam therapy
and followed up with T2-weighted MRI [43]. The T2-FLAIR hyper-
intensity (grade �1) was delineated, and the dose and LET distribu-
tions were calculated. Voxel-based changes on the post-treatment
MR images were found to depend on the physical dose and the
track-averaged LET. Furthermore, the authors developed a general-
ized linear model that describes the decrease in TD50% (tolerance
dose at which a toxic effect is expected in 50% of the patients)
for image changes as the proton LET increases. Validation of this
model in independent cohorts as well as development of similar
models for other body sites is still pending.
Correlation of imaging with side effects

Systematic toxicity studies with an adequate number of
patients to reach a detectability threshold are needed to investi-
gate potential correlations between RBE and clinical side effects.
This is especially true when absolute numbers of reported toxici-
ties are small. Also, due to the variable nature of RBE, with typically
locally pronounced effects, it is important to be able to spatially
resolve the biological effect in each patient. In this context, the
analysis of follow-up imaging appears to be an appropriate
approach for multiple reasons: (i) it allows for a spatially resolved
analysis at the voxel level, (ii) direct correlation with treatment
planning data on physical dose and LET, and iii. a quantitative anal-
ysis, due to the large number of voxels per patient. While quanti-
tative MRI studies have been used earlier to verify proton beam
ranges, e.g., by assessing MR changes of the vertebral spine [14],
similar approaches can be applied to analyze the potential occur-
rence of fibrosis or necrosis after proton treatment. Apart from
hyperintensity on T2 Flair images, as used in [43], T1 images with
contrast agent may be relevant for detection of brain necrosis. To
correlate the dose and LET (obtained from detailed Monte Carlo
treatment plan simulations), MR images need to be co-registered
with the treatment CT (voxel wise with MR grey values). An inher-
ent difficulty in the analysis of MR images is the univocal differen-
tiation between tumor recurrence and radiation induced injury.
For improved differentiation, functional MRI, e.g., diffusion-
weighted MRI, diffusion tensor imaging or magnetic resonance
spectroscopy, or MRI combined with positron emission tomogra-
phy (e.g., using 11C-methionine), has been proposed [17,42]. Apart
from MRI, quantitative changes may also be analyzed on follow-up
CTs, e.g., comparing late-phase lung-density changes (indicative of



Fig. 1. Proton treatment plan for a primary brain tumor patient with a prescribed dose of 60 Gy(RBE) to the CTV. (A) Absorbed physical dose Dphys; (B) LET distribution; (C)
variable RBE distribution based on measured in vitro RBE data [7], which depend on dose and LET; (D) difference in RBE-weighted dose: Dphys � RBE � Dphys � 1.1. Courtesy of
Jan Eulitz and Christian Hahn.
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asymptomatic fibrosis) for chest wall patients treated using pro-
tons and X-rays [50].
Factors influencing RBE

To acknowledge the elevated biological effectiveness of proton
therapy, it is common practice to use a constant generic RBE of
1.1 (recommended by the ICRU Report 78) when planning treat-
ments and analyzing outcomes, even though the RBE in preclinical
studies varies across the spread-out Bragg-peak (SOBP). More pre-
cisely, the RBE for proton therapy is considered a complex function
of radiation dose, LET, cell type, endpoint, etc. [40]. Hence, the
assumption of a fixed RBE, together with the effects of physical
uncertainties, may result in a biologically effective dose distribu-
tion experienced by the patient that significantly differs from that
approved during treatment plan evaluation. This may contribute to
unforeseen toxicities and/or failure to control the disease [32].

The assumption of a fixed RBE for protons is often justified with
the uncertainties in the available RBE data, especially, the depen-
dence on biological and clinical factors. On the other hand, the
dependence on physical parameters as demonstrated in vitro is
more accepted as a systematic effect. The analysis of large amounts
of experimental data suggests that, averaged over all cell lines, the
RBE for cell survival varies from 1.1 in the SOBP entrance, to 1.15 at
its center, to 1.35 at the distal edge, and to 1.7 or even 4–6 in the
distal fall-off at 2 Gy/fraction [11,40]. This RBE increase is found to
correlate with increasing dose-averaged LET. In other words, the
proton RBE varies significantly with the LET along the beam path,
especially near the end of the particle range. Accordingly, the pre-
dominant RBE effect would be expected in the normal tissue
beyond the clinical target volume (CTV) as discussed by [24]. This
is also shown in Fig. 1 for a clinical treatment plan of a primary
brain tumor patient, where the physical proton dose used for
patient treatment was weighted with variable in vitro RBE data
for glioblastoma and normal tissue cells.

The RBE dependence on different cell lines or tissue types cor-
relates to some extent with their fractionation sensitivity of a/b
for photon irradiation – also due to RBE being defined as a ratio
of photon and particle dose resulting in the same effect
[26,39,40]. Low a/b value biosystems have the widest RBE ranges,
showing a strong decrease of RBE with increases in dose per frac-
tion. At clinical dose levels (�2Gy), the RBE increases with LET
often above 1.1, even within the SOBP [23]. On the other hand,
tumors that are hardly fractionation-sensitive (a/b = 10–25 Gy)
have the lowest RBEs, even below 1.1.
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Incorporation of RBE in treatment planning and dose
evaluation

Given the current knowledge on RBE in proton beam therapy,
the question on how to proceed and deal with the resulting uncer-
tainties in treatment planning and evaluation arises as a distinct
future challenge. To enhance proton therapy and deliver safe
patient treatments, a strategy should be advanced that builds upon
different approaches.

(1) Awareness for RBE uncertainty should be raised during plan
evaluation.

(2) Strategies to mitigate the RBE effect may be used during
treatment planning, e.g., by modification of beam
positioning.

(3) Patient outcome data need to be analyzed to generate clini-
cal RBE data.

(4) Clinically relevant in vivo RBE studies have to be initiated.

While points (1) and (2) are discussed in this section, the last
two points (3) and (4) are covered by the previous clinical and
the subsequent biological section, respectively.

Regarding the first point, it appears important that all proton
therapy practitioners are aware of the potential variability of RBE
and where in the patient it could be expected. There is, on the
other hand, the dilemma that assumptions currently made on
the variability of the RBE already influence treatment planning
decisions, e.g., by omitting certain beam angles. An automated
application of RBE models within a treatment planning system
seems, however, at the moment unfeasible due to the inconsis-
tency of clinically relevant experimental data and the lack of ade-
quate clinical validation of such variable RBE models.
Accordingly, a focus is currently set on the second point, namely,
mitigating the potential impact of proton RBE uncertainties in
treatment planning decisions to ensure a safe treatment. Poten-
tial RBE mitigation strategies can be categorized into (a) beam
angle selection and dose reduction in the distal part of the SOBP,
(b) robust optimization, and (c) LET optimization, which are
briefly presented.
(a) Beam angle selection and dose reduction in the distal part of the
SOBP

In clinical practice, certain beam directions are avoided, e.g.,
proton beams stopping inside or just proximal to the normal tis-
sue at risk [12,15,32]. These approaches are adopted due to con-
cern for risk of injury around the distal edge, resulting from
various uncertainties, such as in proton range, and in RBE, and
by variations in patient anatomy and positioning. Treatment plan-
ning studies, e.g., for pediatric cancer patients, show that chang-
ing the field angles may lead to a reduction of LET and variable
RBE-weighted dose in the brainstem [12]. Alternatively, the phys-
ical dose within the last millimeters of the proton SOBP may be
reduced by a scaling factor based on established average in vitro
sensitivities. However, the reduction of the prescribed doses by
radiation oncologists realizing the potential of increased adverse
effects, as reported in [32], requires acceptance of potentially
compromised tumor control. This approach is counter-intuitive
to health care practitioners and moreover not implemented in
treatment plan optimizers. While the clinical practice of beam
angle selection or dose reduction may be reasons for the still
missing definitive clinical evidence to abandon the convention
of a proton RBE of 1.1, they may also limit the true potential of
proton therapy.
(b) Robust optimization

Robust optimization of the dose can yield treatment plans less
sensitive to range variations, especially in the case of intensity-
modulated proton therapy (IMPT). This is achieved by applying
probabilistic and worst-case robust optimization instead of
range-related uncertainty margins, which mitigate the clinical sig-
nificance of range variations. In a similar way, robust optimization
can be used to also moderate uncertainties associated with the RBE
[52]. In IMPT, these uncertainties can occur anywhere within the
target volume and are therefore more difficult to anticipate com-
pared to passive scattering fields, where large RBE variations are
primarily expected at the margins of the target volume. Accord-
ingly, it appears advisable to also incorporate RBE uncertainties
into proton plan robustness evaluation [36].
(c) LET optimization

Conventionally, the IMPT optimization criteria only include
dose-based objectives assuming a constant RBE = 1.1. Different
IMPT plans with similar physical dose distributions may yield
greatly different LET distributions. Therefore, additional LET-based
objectives can be implemented that aim at maximizing LET in tar-
get volumes while minimizing LET in critical structures and nor-
mal tissues [5,38,52]. The idea to optimize LET in addition to
physical radiation dose is not novel and was suggested earlier
for heavy ions [2,3], to overcome radioresistance in hypoxic parts
of the tumor. Practically speaking, the optimization process aims
at shifting stopping protons from the margins of the treatment
volume and in particular the critical structures towards more cen-
tral regions of the CTV, e.g., by introducing proton track-end objec-
tives [38]. LET optimization methods can be effective for
treatments where serial organs at risk with a maximum dose con-
straint are located within or near the target, e.g., for intracranial
tumors [52].

However, there may be a need for a tradeoff between the
acceptability of physical dose and LET distributions, e.g., steep
dose gradients are typically achieved by placing stopping protons
at field edges [5]. The dosimetric effect of six different either dose-
or LET-sparing treatment planning strategies applied in ependy-
moma patients using 2 or 3 passive scattering fields was com-
pared in [15]. Strategies decreasing the LET values in the
brainstem, e.g., by beam angle variation, were found to result in
significantly higher brainstem volumes receiving high or full pre-
scription dose.

Intra- and interfractional movement and anatomical changes
are likely to reduce the high-LET volume applied to the patient
compared to that predicted by the treatment plan. The resulting
smearing-out of LET hotspots may also be a reason why, so far, only
weak correlations have been established between (calculated) LET
and variable RBE and observed clinical outcome data. However,
proton beam facilities are increasingly implementing image-
guided adaptive proton therapy, which aims at placing the proton
beam spots at the same position in the patient on each treatment
day. Ultimately, the increased precision may lead to more pro-
nounced variable RBE effects. The potential impact of respiratory
motion on variable RBE in proton therapy has been studied theo-
retically. For a patient with a liver tumor, intrafractional motion
did not reduce the effects of variable RBE [49]. For breast cancer,
breathing motion may have an impact on variable RBE, but may
be negligible in most cases where the physical OAR doses are
low [37]. However, more clinically relevant studies are necessary
to investigate the effects of patient motion on RBE.
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Biological considerations on relevance and assessment of a
variable RBE

In the translational biological community, a constant RBE of 1.1–
1.2 for protons and much higher and variable RBEs for heavier ions
have been widely accepted, despite historical data showing very
large variations of proton RBE in the in vitro and in vivo settings
[41]. The translational potential of this historical data to the clinic
was mainly limited by the use of primarily murine tumor cell lines
and the in vivo endpoints of tumor growth delay and normal tissue
complication - the latter being mainly early intestine reactions.
Recently, our understanding of proton RBE has been updated based
on experiments performedwith human cell cultures. Depending on
the position in the Bragg-peak, an increase of the RBE was shown in
a LET-dependent manner being highest at the distal fall off of the
proton Bragg-peak [4,7,40]. The clinical implications of these find-
ings are thus far unclear, as others have found RBE values of 1.1
in a similar experimental setting [47]. However, 2-dimensional cell
cultures may not be representative for the clinical treatment situa-
tion. Experiments with more sophisticated in vitro and in vivomod-
els are therefore needed to evaluate the potential risks for the
normal tumor-surrounding tissue and the potential benefits of an
increased tumor cure. The possible improvement of preclinical
radiobiology experiments to support clinical trials was recently
reviewed for photon-based radiotherapy [9]. Most of the state-
ments made are also true for proton radiobiology experiments,
e.g., comparability of translational pre-clinical results across labora-
tories, which needs the development of thorough assays and cross-
platform validation. Nonetheless, the restricted number of accessi-
ble proton beam lines for experimental purposes will still account
for limited data sets in the nearby future. Therefore, it is of crucial
relevance to design proton experiments for a translation to clinics.
The relevancemay be achieved by first, improving the experimental
cell cultures system including translational endpoints and second,
the use of a clinical exposure situation including sophisticated
dosimetry and beam shaping systems.

Besides standard 2-dimensional mono-cultures, more physio-
logical normal tissue equivalents for, e.g., skin have been developed
and used to study irradiation effects [1,46,55]. These models con-
tain generally more than one cell type in its organotypic differen-
tiation state and allow for monitoring the cellular behavior over
several days. The life span is limited since the stem cell compart-
ment is missing. In the future, human pluripotent stem cell-
derived 3-dimensional organoid culture system such as cerebral
organoids may close this gap [25]. Currently, the technical chal-
lenges and high costs associated with growing those models
impede routine use. For studying tumors in vitro, cell line derived
3-dimensional tumor spheroids are available which resemble the
oxygen and nutrient gradients similar to small tumors [13,57]. Clo-
ser to the clinic are patient-derived tumor organoids [22,31]. In the
past, a treatment individualization based on patient derived xeno-
grafts (PDX) was performed, however, the varying success rates,
long latency times and slow growth rates of PDX hampered the
high expectations of this approach for radiotherapy [59]. More reli-
ably growing tumor models such as heterotopic and orthotopic cell
line-derived xenografts seem to be more applicable for studying
in vivo effects of proton irradiation. However, the need for immune
deficient hosts to grow human tumor models conflicts with the
increasingly recognized importance of the modulatory response
of the immune system following irradiation [58]. Clinically, the
biggest benefit of proton therapy is believed to be the protection
of the normal tissue due to the volume effect: the inverted
depth-dose profile of protons leads to less normal tissue exposed
to low and intermediate doses. The proton beam used for such
experiments should resemble a clinical composition of energies
covering the target volume with a homogeneous dose. For 2- and
3-dimensional cell culture systems as well as organoids growing
in regular cell culture plastic, this might be achieved with large
field spread-out Bragg-peaks. However, the target volume in a
rodent model will be much smaller when specific organs or subvol-
umes of organs are to be irradiated [53]. Partial body irradiation
might be a first approach, but does not sufficiently simulate the
clinical situation where attempts are made to expose the least
amount of normal tissue. A particular challenge is the conformal
exposure of experimental tumor/xenografts, e.g., 6 mm heterotopic
subcutaneous tumors or <4 mm orthotopic brain tumors. In part,
the challenge arises due to the limited accessibility to the proton
facility, which is generally outside the animal housing unit. This
requires an anesthetized and/or an immobilized animal in a sealed
and transportable containment, which guarantees the stable
hygiene status of the immunocompromised animal outside the
facility. Furthermore, imaging devices for position verification at
experimental beam lines is usually not available, while at clinical
beam lines the installed imaging devices are not scaled for the vol-
ume resolution needed for small animals [33]. Dual-energy proton
radiography might be a solution for inline positioning verification
and treatment planning [33]. Dosimetry of small fields needed
for experimental tumors, e.g., 5 mm in diameter, is the second part
of the challenge. Independent of passive beam shaping or spot
scanning proton application systems, the target volume in the
rodent model will be in most cases smaller than the beam spot
demanding for a collimation system. On the scale of a small animal,
the dose gradient of a proton Bragg-beam is only moderate so that
several millimeters of tissue will be irradiated with ‘‘the effective
end” of a clinical proton beam. Additionally, the radial dose distri-
bution of a low-energy 5 mm beam spot does not present a flat
dose plateau but rather a Gaussian shape of the dose distribution.
These particular features of a small proton field might call for a
new concept for defining the applied dose to the animal, which
might be orientated on the clinical standard for stereotactic body
radiotherapy. However, recently an analytical treatment planning
system was developed, which aimed at fulfilling the target accu-
racy constraints relevant for small-animal irradiation by improving
the proton range calculations [54]. Differences between simulated
and experimental proton stopping powers lead to proton range
uncertainties and therewith to target accuracy deviations, which
exceed the tolerable limit for mice of 0.1 mm, but might be suitable
for irradiating rats or rabbits. Irradiation of spontaneous tumors of
larger companion animals, e.g., dogs, may be more appropriate to
test clinically relevant treatment planning and exposure tech-
niques [27]. Lastly, all experimental proton results need to be eval-
uated in the context of a reference beam resulting in the same
biological effect. In radiobiology, X-ray tubes (200–250 kVp) and
photon sources (Co60, Cs137) are in use, which differ from the pho-
ton spectrum applied by clinical 6–18 MV photon linear accelera-
tors. Therefore, parts of the discrepancies found in the literature
on the RBE variabilities might be attributed to the reference beams.
At least experiments aiming for clinical translation should consider
using a clinical reference beam for RBE determination.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ctro.2018.01.006.
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