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Abstract

The therapeutic management of local tumour recurrence after a first course of radical radiotherapy is always complex. Surgery and reirradiation carry increased
morbidity due to radiation-induced tissue changes. Proton beam therapy (PBT) might be advantageous in the reirradiation setting, thanks to its distinct physical
characteristics. Here we systematically reviewed the use of PBT in the management of recurrent central nervous system (CNS) and base of skull (BoS) tumours,
as published in the literature. The research question was framed following the Population, Intervention, Comparison and Outcomes (PICO) criteria: the pop-
ulation of the study was cancer patients with local disease recurrence in the CNS or BoS; the interventionwas radiation treatment with PBT; the outcomes of the
study focused on the clinical outcomes of PBT in the reirradiation setting of local tumour recurrences of the CNS or BoS. The identification stage resulted in 222
records in Embase and 79 in Medline as of March 2023. Sixty-eight duplicates were excluded at this stage and 56 were excluded after screening as not relevant,
not in English or not full-text articles. Twelve full-text articles were included in the review and are presented according to the site of disease, namely BoS, brain
or both brain and BoS. This review showed that reirradiation of brain/BoS tumour recurrences with PBT can provide good local control with acceptable toxicity
rates. However, reirradiation of tumour recurrences in the CNS or BoS setting needs to consider several factors that can increase the risk of toxicities. Therefore,
patient selection is crucial. Randomised evidence is needed to select the best radiation modality in this group of patients.
� 2023 The Authors. Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Statement of Search Strategies Used and
Sources of Information

The following search strategy was run in EMBASE and
Medline with the support of the Christie library and the
returned records were screened for relevance: (Proton
Therapy/or (“proton therap*" or “proton beam therap*" or
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protontherap* or “proton beam radiation therap*" or
“proton radiotherap*"). mp) and ((reirradiat* or “re irra-
diat*"). ab, ti or *Re-Irradiation/) and (neoplasm recurrence,
local/or recurrence/or neoplasm, residual/or recurrent dis-
ease/or (“local failure*" or recurrence* or relapse*). mp).
Introduction

The therapeutic management of local tumour recur-
rence after a first course of radical radiotherapy is always
complex [1]. Surgery and reirradiation carry increased
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Fig 1. A Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) flowchart. The identification stage resulted in 222
records in Embase and 79 in Medline as of March 2023. Sixty-eight
duplicates were excluded at this stage and 56 were excluded after
screening as not relevant, not in English or not full-text articles.
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morbidity due to radiation-induced tissue changes (i.e.
fibrosis, hypoxia, altered vascularisation) [2]. Reirradiation
is a delicate balance between safety and efficacy, with the
potential for decreased efficacy and increased burden of
toxicity compared with first-time irradiation [3]. On a
doseeresponse curve, this is often described as a narrower
therapeutic window, with tumour control probability and
normal tissue complication probability curves close
together. The decision to perform reirradiation should
consider many factors: the time interval between the two
irradiation courses, the late effects from first irradiation,
tumour recurrence histology, volume and its location,
normal tissue architecture (serial or parallel), as well as the
existence of other treatment options [4]. An accurate es-
timate of the risks from reirradiation cannot disregard
radiobiological considerations, as described by the linear
quadratic model. The central nervous system (CNS) is the
classic example of a late-responding tissue, with slow
renewal capability and high sensitivity to fractionation
(low a/b ratio) [5]. In the reirradiation setting, the cumu-
lative dose from the two radiotherapy treatments can be
estimated by converting the dose into the biologically
equivalent dose in 2 Gy per fraction (EQD2) if different
fractionation schedules are used. The ‘historical’ threshold
of a 5% risk of severe complications at 5 years described by
QUANTEC to identify organs at risk (OAR) constraints is
hardly applicable in the reirradiation setting [6]. Even
though many OARs in the brain have a serial architecture
with increased risk of toxicity above a maximum point
dose (Dmax), the summation of the Dmax from multiple
treatments does not take into account a recovery factor or
the increased sensitivity of tissues that have previously
been irradiated. Reirradiation is also technically chal-
lenging, as it requires the reconstruction of previous
radiotherapy volumes and the accurate estimate of treat-
ment overlap [4].

In reality, there will always be recurrences and a
rational and evidence-based approach to their manage-
ment is therefore of benefit to patients. In the base of skull
(BoS) and brain many tumours are relatively radio-
resistant and some patients are not cured because dose is
limited by the proximity and tolerance of normal tissue
structures (OARs). Moreover, a few patients will develop
second tumours as a result of treatment with cranial
radiotherapy often combined with clastogenic chemo-
therapy agents.

Proton beam therapy (PBT) might be advantageous in
the reirradiation setting thanks to its distinct physical
characteristics, provided that physical and biological
uncertainties (linear energy transfer, radiobiological
effectiveness) are recognised and uncertainty scenarios
are integrated into the proton plan [7]. The use of the
most advanced pencil beam scanning (PBS) PBT, together
with multifield optimisation, allows highly conformal
dose painting and steep dose gradients. Some authors
suggest that out-of-field and marginal relapses could be
ideal situations for PBT, as previously irradiated
healthy tissues would be optimally spared (reduced
loweintermediate dose bath), whereas in-field
recurrences would be best managed with conventional
photon radiotherapy (XRT), due to radiobiological effec-
tiveness uncertainties at the distal edge of the beam path
that could potentially increase the risk of toxicities.
There may, however, be advantages for the use of PBT for
in-field relapses, to reduce dose to adjacent and dose-
limiting OARs. We systematically reviewed the use of
PBT in the management of recurrent CNS and BoS tu-
mours, as published in the literature.
Methods

To facilitate the identification of relevant information,
the research question was framed following the Population,
Intervention, Comparison and Outcomes (PICO) criteria [8].

The study population was cancer patients with local
disease recurrence in the CNS or BoS. The intervention was
radiation treatment with PBT. There was no specific com-
parison for this study; a comparison with conventional XRT
was outside the scope of this review. The outcomes of the
study focused on clinical outcomes of PBT in the reirradia-
tion setting of local tumour recurrences of the CNS or BoS.
The search strategy was framed as follows.

(Proton Therapy/or (“proton therap*" or “proton beam
therap*" or protontherap* or “proton beam radiation
therap*" or “proton radiotherap*"). mp) and ((reirradiat*
or “re irradiat*"). ab, ti or *Re-Irradiation/) and
(neoplasm recurrence, local/or recurrence/or neoplasm,
residual/or recurrent disease/or (“local failure*" or
recurrence* or relapse*). mp)

The process of obtaining the relevant papers for this
study can be shown in the PRISMA diagram (Figure 1).
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Results

The selected articles will be presented here according to
the individual studies’ inclusion criteria regarding the site
of disease, namely BoS, (2) brain or both brain and BoS
(Table 1).
Base of Skull

Ng et al. [9] described a cohort of patients treated for
small BoS tumour recurrences [of mixed histology squa-
mous cell carcinoma (SCC) and non-SCC] treated with
either intensity-modulated radiotherapy (IMRT), stereo-
tactic body radiotherapy or PBT. The 2-year local control
rate for the 15 patients treated with PBT was 59%. Despite
the differences in patient characteristics among tech-
niques (there was a higher proportion of non-SCC histol-
ogy in the PBT subgroup), univariate analysis showed no
significant differences in local control, overall survival
rates or toxicity incidence between techniques. There were
three grade 3 Common Terminology Criteria for Adverse
Events acute toxicity events in the PBT subgroup (con-
sisting of mucositis or dermatitis) and four grade 3 late
toxicity events (osteoradionecrosis and dysphagia
requiring percutaneous endoscopic gastrostomy, glau-
coma, trismus and skin fibrosis), without any grade 4 or 5
reported toxicity events.

McDonald et al. [10] presented the outcomes of 16 pa-
tients reirradiated with radical PBT doses for BoS or spinal
chordomas. Of these, eight were BoS (clival). The median
doses from the first and second courses of radiotherapy are
reported in Table 1, as well as the median time interval
between the two and the gross tumour volumes (GTV) at
the time of reirradiation (reported for the whole cohort,
including spinal chordomas). All but two were treated with
conventional fractionation (1.8e2 Gy), with the two ex-
ceptions being recurrent tumours abutting the brainstem
not amenable to surgery, which received hyperfractionated
schedules (1 and 1.2 Gy per fraction twice daily). The 2-year
reported overall survival rate was 80% for the whole cohort,
with a 2-year local control rate for the BoS subgroup of 85%
(the majority of local failures being in-field). A GTV (with a
threshold of more than 30 cm3) was found to be associated
with a higher risk of distant metastases and decreased
chordoma-specific survival. With regards to moderate to
severe toxicities, one patient developed acute grade 4
obstruction of the fourth ventricle, one experienced late
grade 3 radiation necrosis and one had grade 4 cerebro-
spinal fluid leak with meningitis. The authors concluded
that high-dose PBT in recurrent chordomas provides
encouraging results in terms of tumour control, but that any
expected survival benefit needs to be balanced against the
higher risk of moderateesevere toxicities.

Nangia et al. [11] reported the results of three patients
reirradiated for BoS recurrences of adenoid cystic carci-
nomas and suggested that for each of these radioresistant
tumours, which have a high propensity for locally aggres-
sive behaviour, image-guided pencil beam scanning (PBS)
PBT achieved superior outcomes compared with XRT tech-
niques, with no additional moderateesevere toxicities (no
acute nor late grade �3 toxicities reported).
Brain

Eaton et al. [12] reported the results of a cohort of 20
patients retreated for recurrent or metastatic ependymo-
mas,11 of whomwere re-treated for a local, two for a localþ
distant and seven for a distant recurrence. After a median
follow-up of 30.9 months after reirradiation (1.7e98), five
of the 11 patients with isolated local failure experienced a
second local failure; of the nine patients with distant failure,
six experienced a second distant failure. The pattern of
second failure after reirradiation was directly related to the
pattern of first failure and overall survival was significantly
improved with surgical resection of recurrent disease, with
3-year overall survival rates of 78.6%. Three of the 13 pa-
tients locally re-treated experienced grade 2 radiation-
associated toxicity, but no grade �3 toxicities were
toxicity attributable to PBT treatment. Therefore, Eaton et al.
[12] concluded that PBT is safe and effective for the re-
treatment of recurrent intracranial ependymoma.

The use of PBT for the reirradiation of highly aggressive
primary brain tumours, such as glioblastomas (GBM), has
been considered in two prospective series [13,14]. Both
concluded that PBT is potentially effective in delaying
further tumour progression. They reported either a low
incidence of late grade 3 toxicities or no grade >3 toxicity
events, respectively. In addition, Scartoni et al. [14] sug-
gested that PBT could potentially help preserve health-
related quality of life until the time of disease progression.
Gulidov et al. [15], based on the results from a retrospective
cohort of mixed low- and high-grade gliomas, suggested
that reirradiation of recurrent brain gliomas with PBT can
achieve reasonable tumour control with low adverse events
rate, with overall survival rates being correlated to the
initial pathological diagnosis.

Mizumoto et al. [16] examined the efficacy of reirradia-
tion, including conventional XRT, stereotactic radiotherapy
and PBT, in 26 patients with recurrent malignant brain tu-
mours of various histologies, concluding that all these
techniques had acceptable toxicity profiles, with local con-
trol/overall survival rates related to tumour histology.
However, due to its increased costs, the authors’ opinion is
that PBT should be reserved for the treatment of large or
irregularly shaped lesions that are difficult to treat with
hypofractionation.

By exploiting the physical characteristics of PBT (lack of
exit dose), McDonald et al. [17] developed a technique for
salvage craniospinal irradiation with PBT, which can be
adopted to provide optimal sparing of previously irradiated
OARs, of particular importance when cumulative dose is a
concern. In this technique, lateral PBT field apertures block
the structures of concern while inverse apertures treat the
portion of target brain, lateral to the OAR, that would
otherwise be underdosed with XRT techniques. However,
the implementation of intensity-modulated PBT since the



Table 1
Reirradiation studies presented in the review

First author,
year
[reference]

Country Primary
tumour

Site Age Time to
reirradiation
(median, range)

Tumour
volume

Type of study Total dose first
radiotherapy
course (Gy:
Median, range)

Total dose second
radiotherapy
course (GyRBE:
Median, range)

No.
fractions

Dose per
fraction
(GyRBE)

Local
control/
overall
survival
rates

Acute and late
toxicitiesNo.

patients/
reirradiation
courses

Brain
Saeed, 2022

[13]
USA GBM Brain Adult 45 20 months

(3e77)
NS Prospective 60 (25e60) 46.2 (25e60) NS 2.2 (1.2

e4)
Median PFS
13.9
months;
median OS
14.2 months

AT: 3 grade 3;
LT: 4 grade 3

Scartoni, 2020
[14]

Italy GBM Brain Adult 33 21.3 months
(5e96)

Median CTV
75 cm3

Prospective 60 36 18 NS Median PFS
5.9 months;
median OS
8.7 months

AT: 3 grade 2

Gulidov, 2021
[15]

Russia Glioma Brain Adult 44 28 months
(12e173)

Median GTV
62.7 cm3

Retrospective Median BED 93.3
(83.3e100)

55 NS 2 or 3 Median OS
12 months;
median PFS
9 months

LT: 3 grade 3
(6.8%)

Eaton, 2015
[12]

USA Ependymoma Brain Paediatric 20/14 32.6 months
(11.4e126.3)

Retrospective 55.8 50.4 (35e55.8) NS NS 3-year OS
78.6%;
3-year PFS
28.1%

AT/LT: 3 grade
2

Mizumoto,
2013 [16]

Japan Various Brain Adult 8 NS Median GTV
77.2 ml (14.3
e135.3)

Retrospective Median 60
(34.5e94.4)

Median 42.3
(30e60)

NS Median
survival 18.3
months;
median LC
9.3 months

No grade �3
toxicities in the
PBT subgroup

McDonald,
2013 [10]

USA N/A Craniospinal N/A 2 NS NS Comparative
planning

NS NS NS NS NS NS

Base of skull
McDonald,

2013 [17]
USA Chordoma Base of skull Adult 16 37 months

(12e63)
71 cm3 (0
e701)

Retrospective Median 75.2 Gy
(40e79.2)

Median 75.6
(71.2e79.2)

NS Median
1.8 (1e2)

2-year LC
85%; 2-year
OS 80%

AT: 1 grade 4
ventricle
obstruction. LT:
1 grade 3
radionecrosis;
1 grade 4
meningitis (CSF
leak).

Nangia, 2022
[11]

India ACC Base of skull Adult 3 32 months
(26e82)

NS Retrospective NS Median 66
(60.5e70.2)

Median
30
(28e33)

Median
2.16 (2.13
e2.2)

LC 100% at
median
follow-up
11 months
(8e24)

AT: no grade
�3 toxicities
LT: no grade�3
toxicities

Ng, 2020 [9] USA SCC/non-SCC Base of skull Adult 15 41 months
(3e446)

28.3 cm3 (2.9
e59.8)

Retrospective 60 (30e74) 66 33 2 2-year LC
59%

AT: 3 grade 3;
LT: 4 grade 3

Brain/base of skull
Imber, 2019

[18]
USA Meningioma Brain Adult 16 5.8 years

(0.7e18.7)
Median PTV
76 (8e249)

Retrospective 54 (13e65.5) 60 (30e66.6) NS 1.8 or 2 1- and 2-
year PFS 80%
and 43%;
1- and 2-
year OS 94%
and 73%

LT: 5 grade 3
(31%)
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publication of this article (2013) has allowed for the gen-
eration of similar regions of dose avoidance without the
requirement of patient-specific hardware used in this
technique. The resultant dose distribution was favourable
compared with utilising lateral XRT fields or nine coplanar
IMRT fields. The complete sparing of previously irradiated
OARs allowed with this technique would be difficult to
achieve, even with helical or arc techniques (tomotherapy,
volumetric modulated arc therapy), due to their intrinsic
low-bath doses.

Brain/Base of Skull

Recurrent intracranial meningiomas are a therapeutic
challenge, due to the difficult balance between delivering
sufficient dose to achieve local control and respecting the
dose constraints of previously irradiated critical structures,
in patients with a life expectancy that is long enough to
manifest the late toxicities related to reirradiation. To date,
two retrospective series have been published. Imber et al.
[18] reported on 16 patients reirradiated with PBT for
recurrent meningiomas of any grade, a median of 5.8 years
(0.7e18.7) after conventional XRT. The median progression-
free survival (PFS) was 22.6 months, which was correlated
with meningioma grade (improved for grade 1 disease, P ¼
0.03) and the time interval from the previous radiotherapy
(a longer interval predicted improved PFS, P ¼ 0.03). The
incidence of grade 3 late toxicity was high at 31% (five pa-
tients), with hydrocephalus, symptomatic radionecrosis
and cerebrovascular ischaemia being reported in these
cases. Similar conclusions were drawn by El Shafie et al.
[19], who, despite the larger proportion of high-grade his-
tologies (74%), reported a median PFS of 34.3 months in a
cohort of 42 patients treated with particle radiotherapy for
recurrent intracranial meningiomas (eight with PBT and 34
with carbon ions), with two grade 3 radionecrosis and no
severe (grade 4e5) toxicities observed.

Poel et al. [20] conducted the first in-silico planning
study to compare XRT versus PBT for the reirradiation of
recurrent intracranial meningiomas to evaluate dosimetric
differences between volumetric modulated arc therapy and
PBS-PBT. They concluded that the optimal treatment mo-
dality needs to be assessed on an individual basis. In fact, in
most cases, no clinically relevant differences in doses to
OARs were seen between XRT and PBT, with the only
obvious advantage of PBT in all cases being the reduction in
the integral dose.
Discussion

PBT has drawn interest in the reirradiation arena of
diseases of the brain and BoS that present a unique chal-
lenge due to the limits of reirradiation and reoperation [21].
Not only is local failure of BoS tumours the most common
cause of death in these patients, but it also causes signifi-
cant debilitating morbidity, due to the early involvement of
surrounding critical structures (particularly cranial nerves)
[22]. Furthermore, a lack of effective systemic therapy
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options for recurrent BoS tumours means that reirradiation
is often used following treatment failure. The retreatment of
a local tumour recurrence of the BoS in a previously irra-
diated area poses a therapeutic challenge. These re-
currences are usually inoperable and, historically,
radiotherapy has only been considered with palliative
intent because of the prior dose received by critical struc-
tures. However, recent advances in radiotherapy techniques
have allowed a paradigm shift, as the delivery of a highly
conformal dose to the tumour is now possible [23]. On the
basis of published clinical data, the recently released ASTRO
model policies support the use of PBT for reirradiation
cases and have included these in Group 1 indications [24].
This means that there is no need for comparative effec-
tiveness analyses for using PBT in these cases, being its use
justified by the reduction in cumulative dose to critical
organs.

In specific clinical scenarios, such as high-grade gliomas
(including GBM) that have a high rate of recurrence, the
interval between the radical treatment and reirradiation is
often short, and toxicity is a major concern. Nevertheless,
reirradiation remains an option in selected patients who
have failed second-line treatment with a systemic agent,
where operation is not possible. A recent phase II trial
showed improved PFS at 6 months e but no overall survival
benefit e when reirradiation was used in combination with
bevacizumab as compared with bevacizumab alone in
recurrent GBM [25], with an acceptable toxicity profile. In
this setting, PBT could be appropriate for minimising inte-
gral dose to previously irradiated tissue. Despite not being a
comparative XRT versus PBT study, the prospective study
published by Scartoni et al. [14] suggests that PBT is an
acceptable option to treat GBM recurrences, highlighting
that the reduction of the integral dose can potentially
mitigate the detrimental impact of reirradiation on neuro-
cognition and preserve the health-related quality of life
until the time of disease progression. The severity of late
toxicities (particularly radionecrosis) seems to be higher
when reirradiation doses are higher, as reported in the
retrospective PBT series by Saeed et al. [13] (who delivered
reirradiation doses of up to 60 Gy depending on the tumour
World Health Organization grade). These preliminary data
suggest that the rationale for the use of PBT in this setting is
the reduction of acute and late side-effects through the
reduction of integral doses, rather than overcoming the
radioresistance of high-grade gliomas through dose esca-
lation, which comes at a cost of increased toxicity. This is in
line with the results of two phase IeII randomised trials of
dose escalation in treatment-naïve GBMs, suggesting that
dose escalation to >90 Gy may be beneficial for local con-
trol. However, the risk of severe adverse events, particularly
radiation necrosis, increases dramatically [26,27]. The first
ever trial of PBT versus IMRT in newly diagnosed GBM pa-
tients failed to show significant difference in the primary
endpoint of time to cognitive failure. However, reported
grade �2 toxicities were lower in the PBT group as
compared with IMRT (particularly fatigue and lymphope-
nia) [28,29]. These clinical results were supported by dosi-
metric analysis showing that PBT was effective at reducing
the minimum, average and maximum dose to essentially all
analysed structures outside the treatment field. Neverthe-
less, the potential long-term cognitive benefits of reducing
exposure of normal tissues may simply be masked by the
short life expectancy of GBM.

Although there is no direct evidence comparing PBT to
XRT in the reirradiation context, early data from retro-
spective series, as presented in this review, for the treat-
ment of recurrent high- and low-grade gliomas indicate
that PBT is an alternative to photons and, by reducing in-
tegral and exit radiotherapy dose, may have an advanta-
geous side-effect profile [13e15]. The extrapolation of
toxicity data from currently ongoing trials investigating the
role of PBT in de-novo glioma patients will probably help in
the reirradiation setting as well (e.g. NRG-BN001; NRG-
BN005). However, prospective direct-comparison studies
will be needed to better understand how PBT compares to
XRT and, in general, more randomised data of reirradiation
in glioma is needed to guide practice.

In the recurrent meningioma setting, both the retro-
spective series included in our review [18,19] reported that
disease control, and consequently overall survival, are
significantly associated with World Health Organization
grade and the time from previous radiotherapy. In brain
diseases associated with a long life expectancy, such as
benign meningiomas, the impact of radiation-induced late
adverse events can be significant over the lifespan,
including, but not limited, to cognitive impairment, pitui-
tary dysfunction and secondary cancers. The characteristics
of the Bragg peak may allow decreased integral dose to be
delivered to critical structures within the brain, as shown in
two comparative planning studies [17,20]. Substantial clin-
ical evidence as well as modelling studies support the cor-
relation between the dosimetric advantage to critical
structures in the brain (e.g. hippocampi, brain parenchyma)
and the reduced risk of late radiation-induced adverse
events, such as secondary cancers and cognitive impair-
ment [30e32]. Even if, at present, the level of clinical evi-
dence justifying the use of PBT for reirradiation is low, the
lack of other salvage options might push the clinician to-
wards considering reirradiation, accepting the higher risk of
toxicities. When used, reirradiation should be carried out
using highly conformal radiation techniques and, where
available, PBT could be considered in selected patients who
would probably benefit the most from the integral dose
reduction (Figure 2). In a comprehensive review on the role
of PBT in intracranial meningiomas, Weber et al. [33] sug-
gested that reirradiation of progressing/recurring tumours
with PBT should be discussed on a case-by-case basis, and
younger patients with benign tumours will probably benefit
the most. Other authors have suggested that the GTV also
needs to be taken into account, as the larger the meningi-
oma, the higher the theoretical advantage offered by PBT.
From evaluating the characteristics of patients who devel-
oped late toxicity in the retrospective series of meningi-
omas reported by Imber et al. [18] and included in our
review, it seems that age and previous administered dose
are also important factors to consider when assessing the
possibility of reirradiating recurrent meningioma.



Fig 2. Representative two-dimensional dose distributions in a patient reirradiated for a secondary atypical (World Health Organization Grade II)
meningioma of the base of skull (prescription dose 54 GyRBE in 30 fractions). The patient had received conventional photon radiotherapy as an
infant for the treatment of retinoblastoma of the right eye (40 Gy in 16 fractions).
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The only grade 4 toxicities observed in the presented
series have been reported by McDonald et al. [10] in their
cohort of BoS and sacral chordomas. This is probably related
to the higher prescription doses and anatomical challenges
in both the first-line and reirradiation settings due to the
well-known radioresistance of these tumours. However, no
lethal events directly attributable to radiation-induced
toxicities have been described in the presented articles.
This might be related to the median time interval allowed
between the first and the second course of radiation, not
inferior to 20 months which has allowed some tissue re-
covery, but a higher incidence of toxicities with longer
follow-up times cannot be excluded.

In consideration of the high cumulative doses, the
proximity of critical structures as well as young patient age,
PBT is expected tominimise the probability of normal tissue
complications in the reirradiation setting of paediatric
ependymomas, as postulated by modelling studies [32] and
described in the retrospective series by Eaton et al. [12]. This
work reiterates the value of macroscopic surgical resection
at the time of disease recurrence prior to reirradiation, to
optimise patient survival, in line with literature evidence
[34,35]. Due to the small number of toxicity events in this
series, the authors could not draw definitive conclusions
about recommendations for OAR constraints with PBT
reirradiation. This reinforces the need for collecting pro-
spective high-quality toxicity data in PBT, to inform the
development of toxicity models, guide patient selection and
plan optimisation [36e38].
Conclusions

This review has shown that reirradiation of brain/BoS
tumour recurrences with PBTcan provide good local control
with generally acceptable toxicity rates. However, reirra-
diation of tumour recurrences in the brain or BoS setting
needs to consider several factors that can increase the risk
of toxicities. Therefore, patient selection is crucial. In line
with the recently released ASTRO model policies for PBT
reirradiation cases have been included in group 1 in-
dications [24]. In such cases, PBT is justified by the necessity
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to sculpt the dose around the target volume to avoid
exceeding the cumulative tolerance dose of nearby normal
tissues. Nevertheless, long-term follow-up within a well-
designed and standardised surveillance schedule,
including a detailed collection of OAR dose data, is required
to better assess clinical outcomes and late toxicity rates and
their trend over time. Randomised evidence is needed to
select the best radiation modality in this group of patients.
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