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Abstract

The rapid rise of particle therapy across the world necessitates evidence to justify its ever-increasing utilization. This
narrative review summarizes the current status of these technologies on treatment of both meningiomas and
gliomas, the most common benign and malignant primary brain tumors, respectively. Proton beam therapy (PBT)
for meningiomas displays high rates of long-term local control, low rates of symptomatic deterioration, along with
the potential for safe dose-escalation in select (but not necessarily routine) cases. PBT is also associated with low
adverse events and maintenance of functional outcomes, which have implications for quality of life and cost-
effectiveness measures going forward. Data on carbon ion radiation therapy (CIRT) are limited; existing series
describe virtually no high-grade toxicities and high local control. Regarding the few available data on low-grade
gliomas, PBT provides opportunities to dose-escalate while affording no increase of severe toxicities, along with
maintaining appropriate quality of life. Although dose-escalation for low-grade disease has been less frequently
performed than for glioblastoma, PBT and CIRT continue to be utilized for the latter, and also have potential for
safer re-irradiation of high-grade gliomas. For both neoplasms, the impact of superior dosimetric profiles with
endpoints such as neurocognitive decline and neurologic funcionality, are also discussed to the extent of requiring
more data to support the utility of particle therapy. Caveats to these data are also described, such as the largely
retrospective nature of the available studies, patient selection, and heterogeneity in patient population as well as
treatment (including mixed photon/particle treatment). Nevertheless, multiple prospective trials (which may partially
attenuate those concerns) are also discussed. In light of the low quantity and quality of available data, major
questions remain regarding economic concerns as well.
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Background
Gliomas are the most frequent primary brain malignan-
cies, and are a diverse constellation of disease ranging
from relatively indolent (World Health Organization
(WHO) Grade 1 pilocytic astrocytoma) to the almost
universally fatal glioblastoma (WHO grade IV). These
also encompass the equally diverse low-grade gliomas
(LGGs, WHO grade II) and anaplastic gliomas (WHO
grade III). Although the prognosis of gliomas varies
based on grade and molecular signature [1], among
other factors, a common element of delivering radiation

therapy (RT) to these neoplasms is the necessity to spare
surrounding organs-at-risk (OARs) from RT dose. To
this extent, the emerging modality of particle therapy,
chiefly comprised of proton beam therapy (PBT) and
carbon ion RT (CIRT), are appealing. The signature
Bragg peak of both beams result in reduced dose distal
to the target of interest, together with a relatively narrow
lateral penumbra, thus sparing adjacent OARs to a
greater degree as compared with photon RT [2].
Meningiomas account for 15–20% of all primary

brain tumors in adults, and are the most common
benign primary neoplasm of the brain [3]. Tumor
classification is highly meaningful, as early RT may be
withheld in low-grade disease, whereas higher-grade
meningiomas (atypical and malignant disease) may
benefit from immediate RT [4]. The high survival
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associated with meningiomas leads to an increased
emphasis on sparing adjacent OARs, in efforts to
maintain neuronal functionality and quality of life
(QOL) in a population that may experience substan-
tial detriment if this is not achieved.
The use of PBT and CIRT is rapidly rising across the

world, and the implementation of this technology has
outpaced the completion of prospective trials that
support its utility. The goal of this review is to highlight
the existing data of PBT and CIRT in meningioma and
adult glioma, as well as postulate future applications and
implications for prospective studies going forward.

Meningioma
PBT for meningioma displays superior dosimetric
profiles as compared to photon-based RT. A planning
study of 10 patients utilizing conventionally-fractionated
RT showed decreased doses to bilateral hippocampi,
cochleae, and whole brain, among many other structures
[5]. Although most cases in the photon group were
intensity-modulated RT (IMRT), there were a couple
patients receiving 3D conformal RT (3DCRT). Neverthe-
less, the study also estimated that the risk of secondary
radiation-induced malignancies could be halved with the
use of PBT.
Clinically, PBT has been utilized to treat meningiomas

since the early 1980s, albeit with non-modern technol-
ogy, imaging, and planning tools. Nevertheless, these
reports have accrued long-term follow-up, demonstrat-
ing expectedly high 5-year recurrence-free and overall
survival (OS) figures of 100% and 93%, respectively [6].
Photon data illustrate local control (LC) rates of 91% at
10 years for benign meningiomas and 81% at 5 years and
53% at 10 years for high-grade disease [3]. A more
contemporary report of PBT for meningioma is largely
associated with critical anatomical areas such as the
skull base [7]. These utilized either single-fraction PBT
radiosurgery (n = 18) or hypofractionated (3-fraction, n
= 5) PBT, and demonstrated 100% LC at median
31 months follow-up in patients treated with PBT radio-
surgery. The LC was 88% in the five patients undergoing
hypofractionated therapy, likely a consequence of the
larger volume of disease treated with fractionation.
Long-term data presented by the Centre de Protonthér-

apie d’Orsay support these results [8]. The investigators
utilized combined photon (2/3 of the total dose) and
proton (1/3 of the total dose) therapy, while displaying the
ability of PBT-mediated dose escalation with a median
dose of 61 Gy relative biological effectiveness (RBE) and
observed a 4-year LC rate of 88%. This is encouraging in
light of the inclusion of atypical and anaplastic histologies.
Importantly, the group published a secondary analysis
displaying that PBT affords low adverse events and main-
tenance of functional outcomes following PBT, which has

high implications for QOL [9]. This group’s work was
updated (n = 24) with more novel techniques as well as
utilization of a more balanced ratio of photons to protons
(mean doses 30.96 and 34.05 Gy(RBE), respectively),
displaying several findings. The most important was the
association of total dose with survival, adding further
significance to the notion of dose-escalation [10]. This
finding is in line with a recent publication from Indiana
University. Despite including patients treated in the
adjuvant and nonoperative setting, the authors determined
that doses of over 60 Gy(RBE) were associated with a
5-year LC of 88%, as compared to just 50% with doses
≤60 Gy(RBE) (p = 0.038) [11]. However, that association
was not evaluated on multivariable analysis; it thus could
have been likely that larger tumors (which are more likely
to recur) received lower doses on account of their size.
Nevertheless, the concept of safe dose-escalation must be
further explored; if proven, it would give particle therapy a
major advantage insofar as permitting safer dose–escal-
ation [12].
Other institutions’ publications have also added to the

encouraging safety and efficacy profiles of PBT for
meningiomas. The Harvard experience from 1996 to
2007 (n = 50) evaluated a single fraction of 13 Gy (RBE),
with just under two-thirds of cases being primary/non-
operative [13]. The 3-year LC was estimated at 94%, with
low rates of RT-associated morbidity; symptomatic
worsening occurred in less than 10% of patients. Next,
an updated report from the Paul Scherrer Institute of 32
patients, mostly treated in the postoperative setting, and
a median dose of 56 Gy(RBE), described long-term out-
comes with a mean follow-up of 62 months [14]. The
treatment was tolerated well, with 5-year LC of 85%,
partially attributed to the higher proportion of postoper-
ative cases and grade I disease, among other salient
factors. Lastly, a large (n = 72) experience of cavernous
sinus meningiomas from Loma Linda University demon-
strated excellent 5-year LC rates of 96% for benign
histology and 50% for atypical histology [15]. Although
most patients were grade I, a token observation was that
larger volumes of disease were still satisfactorily
controlled. Therein, 5-year LC was 100% in patients with
disease ≤20 cm3 versus 95% with tumors over 20 cm3.
Importantly, RT-induced optic toxicities were restricted
to just three patients, all of whom had direct optic nerve
involvement and hence received full dose.
Studies of carbon ion irradiation for meningiomas are

limited to single-institution retrospective reports lump-
ing these cases with other histologies and/or co-
administration of photon-based RT [16, 17]. However,
existing data of atypical/anaplastic meningiomas after
mixed photon-carbon ion treatment (median 50.4 Gy
and 18 Gy(RBE), respectively) with long-term follow-up
(median 77 months) show high rates of primary local
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control (86% at 5 years) with virtually no high-grade
adverse events [12]. Irradiation with photons followed by
a carbon ion boost in the recurrent setting also displays
a 67% rate of local control at 1 year, with no high-grade
toxicities [18]. This question is currently addressed in
the MARCIE trial at the Heidelberg Ion-Beam Therapy
Center (HIT) where subtotally resected high-grade men-
ingioma receive a carbon ion boost with 16 Gy(RBE) in
3 Gy(RBE) fractions combined with an IMRT base plan
of 48-52Gy [19].
There are several analyses and reflections in light of

the overall few existing data for meningioma. Although
PBT has displayed encouraging tumor control rates with
low risk of adverse events, it is important to
contextualize these data. There are multiple discrepan-
cies between the studies discussed herein, including
proportion of patients undergoing surgery prior to RT,
numbers with atypical or malignant disease, and the
large range of irradiated tumor volumes. However,
because RT for meningioma is commonly restricted to
patients who are unsuitable for surgery or incomplete
surgical resection, it is somewhat necessary to lump
heterogeneous patients into a series. It is, nevertheless,
of paramount importance to critically recognize whether
particle therapy actually improves on outcomes of pho-
ton RT for high-risk meningiomas. To this extent, an
additional limitation of these retrospective studies is
clearly related to patient eligibility and selection, which
limits applicability to other cohorts and overall
generalization. Additionally, although it is agreed that
particle therapy offers safer ability to dose-escalate the
tumor while maintaining low doses to OARs, the role of
dose-escalation must be better defined going forward.
This is especially true given the utility of, and recent
increase in, intensity-modulated proton therapy (IMPT),
which can be even more conformal than forward-
planned PBT [20, 21] or single beam optimized proton
plans. Lastly, it remains unresolved whether OAR spar-
ing from the biophysical advantages of PBT translate
into improved clinical outcomes. It is also imperative to
provide long-term functional and QOL data for this neo-
plasm, which may directly impact the perception of
particle therapy by patients and payers.

Glioma
Because PBT affords lower integral brain doses, its dosi-
metric improvements as compared to IMRT may be not-
able in an otherwise largely healthy population of
patients with low-grade gliomas that are expected to
achieve long-term cure with RT-based therapy [22]. For
both LGGs and high-grade gliomas (HGGs), dosimetric
results have predictably shown a dose reduction to
nearby OARs, particularly those farther away from the
target [23–25]. These areas include the hippocampi,

subventricular zones, hearing and visual apparatus, and
pituitary gland. It has also been postulated, similar to
the aforementioned analogous data in meningiomas, that
PBT roughly halves the risk of developing RT-induced
neoplasms as compared with photon-based therapies,
owing to the decreased dose to the whole brain [24],
even though this is of comparatively less importance in
HGGs. Late effects were also studied by Karunamuni et
al., who found a temporal lobe-pronounced dose-
dependent cortical thinning of 0.0033 mm per Gy [26],
which could relate to the higher likelihood of dementia
observed after long-term follow up after radiotherapy
[27, 28]. Hence, dose reductions to potentially every one
of the aforementioned areas have important implications
for the maintenance of QOL and cost-effectiveness
following curative-intent RT, but data are lacking to
support this notion.
Owing to the relative rarity of LGG, the overall volume

of data is comparatively less extensive. However, a
distinct advantage of the available data is the prospective
nature of multiple investigations (discussed subsequen-
tly).The largest study to date, an unpublished retrospect-
ive analysis of 58 patients from the Proton Collaborative
Group registry, illustrated no grade ≥ 3 toxicities when
treated with up to 54 Gy(RBE) (this work did not ascer-
tain clinical outcomes) [29]. The initial Harvard phase I/
II experience (n = 20: n = 7 LGG, n = 13 HGG) demon-
strated several notable findings [30]. First, the ability to
dose-escalate was again apparent, as exemplified by the
cumulative prescribed doses to LGGs and anaplastic
gliomas of 68.2 and 79.7 Gy(RBE), respectively. With
five-year follow-up, despite the fact that just nine
patients received PCV chemotherapy, 5-year OS was a
remarkable 71% (although it is acknowledged that
salvage treatments may impact this figure). Despite
the similarities with contemporary data, treatment
incurred more adverse events than those afforded by
lower doses [22].
A prospective QOL study of 20 patients with LGG

was notable for assessing a diverse array of QOL
measures at many subsequent time points [31]. With a
median follow-up of 5.1 years, there were no declines in
several neurocognitive QOL parameters, along with
statistical improvements in QOL scores for fatigue and
visuospatial parameters. This study had notable limita-
tions, including a relatively heterogeneous cohort com-
prised of both primary (n = 8) and recurrent (n = 12)
LGGs, as well as patients with prior symptomatology lead-
ing to PBT initiation (thus, a potentially altered baseline).
Patients that progressed were also removed from the
study, and QOL for those patients was not included. The
group expanded upon these results by illustrating the
impact of tumor location on improvement in neuro-
psychological testing at long-term follow-up [32].
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Initial evaluation of PBT for glioblastoma was chiefly
in the context of safe dose-escalation. In a phase II study
of 23 patients receiving 90 Gy(RBE) (57.6 Gy(RBE) of
which was delivered with PBT), the median OS was
highly encouraging at 20 months [30]. However, patterns
of failure analysis demonstrated that most recurrences
remained in-field. Thirty percent of patients experienced
radiation necrosis with such high doses.
Dose-escalation for glioblastoma, by means of a hyper-

fractionated concomitant boost technique, was echoed
by both retrospective and prospective reports from the
University of Tsukuba [33, 34]. Concomitantly with de-
livery of 50.4 Gy in 28 fractions with photons,
23.4 Gy(RBE) to a coned-down volume was administered
for the first half of treatment; in the second half, the
same boost dose was given to the entire initial volume.
Thus, the cumulative dose was 96.6 Gy(RBE) in 56 total
fractions. Of 20 patients, there were two cases of nonhe-
matologic grades ≥3 toxicity (leukoencephalopathy and
radiation necrosis), and median OS was 22 months.
Even though the first dose-escalation studies with par-

ticles showed promising results [34–36], there are cur-
rently no high-level data that substantiate the benefit of
dose escalation in this setting [37]. This question will in
part be addressed by the prospective CLEOPATRA trial
at the Heidelberg Ion-Beam Therapy Center (HIT). After
receiving a photon base plan of 50.0 Gy, patients are
randomized to a proton boost (up to 10.0 Gy(RBE) in 5
fractions) versus carbon ions (escalating doses up to
18.0 Gy(RBE) in 6 fractions) [38]. Retrospective data of
this approach using 50.0Gy base plans followed by a
10Gy(RBE) proton boost plan on a reduced target
volume revealed at least equivalent acute and chronic
toxicity rates compared to standard photon plans
(60.0Gy in 2Gy fractions), achieving similar progression
and survival rates [39]. These results are appealing since
smaller target volumes might be associated with im-
proved QOL, neurocognitive- and neuronal function.
Next, because both LGGs and HGGs may recur, a

retrospective investigation evaluated re-irradiation of
26 diverse cerebral cases, 8 of which were re-treated
with PBT (n = 5 glioblastoma, n = 1 anaplastic glioma,
n = 1 ependymoma, n = 1 meningioma) [40]. The me-
dian dose of initial photon RT was 55 Gy, and the
median interval to re-treatment was 16 months in all
patients. The median re-irradiation dose was relatively
low (33 Gy(RBE)), which is important to understand
in the context of no observed grade ≥ 2 toxicities and
two cases of uncomplicated radiation necrosis.
Median OS in the PBT re-treated patients was
19.4 months, which the authors reported as favorable
compared to existing photon literature.
Two phase I/II trials from Chiba University will be

described pertaining to CIRT. First, an investigation

of 48 (n = 16 anaplastic, n = 32 glioblastoma) gliomas
consisted of treatment with 50 Gy of conventionally-
fractionated photon RT with an 8-fraction CIRT boost
(dose ranging from 16.8 to 24.8 Gy(RBE)) with con-
current nimustine chemotherapy. The authors
observed no grade ≥ 3 toxicities, with median OS of
35 months in grade III disease and 17 months in
glioblastoma. Notably, the median progression-free
survival (PFS) and OS in patients treated with the
highest boost doses was 14 and 26 months, respect-
ively [41]. Next, the same working group described a
more uniform population of 14 diffuse grade II astro-
cytoma cases treated with CIRT (46.2–50.4 Gy(RBE)
or 55.2 Gy(RBE)) [36]. Concomitant chemotherapy
was not routinely utilized, but was performed for
select salvage cases. Of the five patients treated to
55.2 Gy(RBE), median PFS and OS were 91 months
and not reached, respectively; corresponding figures
for the remaining 9 patients were 18 and 28 months.
Although these numbers are clearly encouraging, the
causes of the major differences in survival between
the lower-dose and dose-escalated cohorts is unclear.
Although four patients developed grade 3 acute
events, no patient experienced grade ≥ 3 late effects.
As summarized, despite the relatively few data of par-

ticle therapy for glioma, there are also several reflections.
Both LGGs and HGGs are extremely heterogeneous
populations with differing prognoses. As such, although
clinical outcomes were emphasized herein, there is much
more to the complete story than survival, which can be
influenced by molecular signatures of the tumor, salvage
therapies, and other factors. Toxicity reductions are
arguably just as important, but still suffer from the
dependency on patient selection, regardless of whether
the study is retrospective or prospective [39]. Next, al-
though many studies described in this section pertain to
dose-escalation, without clear clinical benefit other than
inherently faulty comparisons with seminal prospective
trials [42, 43], this should still be considered experimen-
tal with particle therapy until randomized data prove a
benefit. Only then toxicity reductions from particle ther-
apy may be of true clinical benefit. Lastly, despite just
one study, the role of particle therapy in re-irradiation
cannot be understated, as potentially serious complica-
tions may occur to a greater degree using escalated
doses (even with particle therapy). However, there
are other confounding factors that prevent the
generalizability of this statement, such as target margins
in the re-treatment setting, availability of high-quality
image-guidance, and potential administration of concur-
rent therapies (e.g. bevacizumab). The ongoing CIN-
DERELLA trial at the University Hospital Heidelberg
and Heidelberg Ion-Beam Therapy Center (HIT) is the
first study to prospectively evaluate carbon ion re-
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irradiation (escalating doses up to 48.0 Gy(RBE) in 16
fractions) for recurrent gliomas, and will compare this
to fractionated stereotactic photon RT (36 Gy in 18
fractions) [44].

Concluding remarks
The striking rise of particle therapy across the world
necessitates evidence to justify its ever-increasing
utilization. Herein, we summarize the current status of
these technologies on treatment of both meningiomas
and gliomas. Overall, with the notable caveat that the
overall quality and quantity of data are low, particle
therapy offers significant safety and efficacy with which
to treat both neoplasms in either a standard, or less
commonly, a dose-escalated setting. Further work must
verify and build upon the lessons learned from these
data and critically assess whether particle therapy is
indeed a necessity in various clinical settings. These data
also have implications on the cost-effectiveness of
particle therapy [45, 46]. Although a complete discussion
is beyond the scope of this article, there may be substan-
tial cost savings associated with a decrease in doses to
several OARs in the many survivors of neoplasms
discussed herein (e.g. meningioma and LGG). However,
a link between dosimetry and clinical toxicity reduction
remains to be proven. For instance, preservation of
memory and quality of life from decreased hippocampal
doses during whole brain RT (a focus of the Radiation
Therapy Oncology Group 0933 trial) [47] are both asso-
ciated with economic cost reductions. Similarly, it may
be extrapolated that particle irradiation for various
clinical settings, tumor locations, and baseline function-
ality may have differential likelihoods of having cost-
effective RT delivery. However, further data are needed
in order to corroborate this notion.

Abbreviations
3DCRT: 3D conformal RT; CIRT: carbon ion RT; Gy: Gray; HGG: High-grade
glioma; IMPT: Intensity-modulated proton therapy; IMRT: Intensity-modulated
RT; LGG: Low-grade glioma; OARs: Organs-at-risk; OS: Overall survival;
PBT: Proton beam therapy; QOL: Quality of life; RBE: Relative biological
effectiveness; RT: Radiation therapy; WHO: World Health Organization

Acknowledgements
This work was supported by the German Research Council (DFG) within the
clinical research group heavy ion therapy (KFO 214) and the Dietmar Hopp
Stiftung.

Funding
None.

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

Authors’ contributions
SA, SBH, VV and DB collected the data. SA, VV, SR, JD evaluated the dataset.
All authors wrote and edited the manuscript. All authors read and approved
the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Radiation Oncology, University Hospital of Heidelberg, Im
Neuenheimer Feld 400, 69120 Heidelberg, Germany. 2Clinical Cooperation
Unit Radiation Oncology, German Cancer Research Center (DKFZ), Im
Neuenheimer Feld 280, 69120 Heidelberg, Germany. 3Heidelberg Ion-Beam
Therapy Center, Im Neuenheimer Feld 450, 69120 Heidelberg, Germany.
4Heidelberg Institute for Radiation Oncology (HIRO), National Center for
Radiation Research in Oncology (NCRO), 69120 Heidelberg, Germany.
5Department of Radiation Oncology, University of Nebraska Medical Center,
505 S 45th Street, Omaha, NE 68106, USA.

Received: 10 August 2017 Accepted: 14 November 2017

References
1. Verma V, Mehta MP. Clinical ramifications of “genomic staging” of low-

grade gliomas. J Neuro-Oncol. 2016;129(2):195–9. doi:10.1007/s11060-016-
2192-z. PubMed PMID: 27401152

2. Patyal B. Dosimetry aspects of proton therapy. Technol Cancer Res Treat.
2007;6(4 Suppl):17–23. doi:10.1177/15330346070060S403. PubMed PMID:
17668947

3. Combs SE, Adeberg S, Dittmar JO, Welzel T, Rieken S, Habermehl D, et al.
Skull base meningiomas: long-term results and patient self-reported
outcome in 507 patients treated with fractionated stereotactic radiotherapy
(FSRT) or intensity modulated radiotherapy (IMRT). Radiother Oncol. 2013;
106(2):186–91. doi:10.1016/j.radonc.2012.07.008. PubMed PMID: 22906549

4. Adeberg S, Hartmann C, Welzel T, Rieken S, Habermehl D, von Deimling A,
et al. Long-term outcome after radiotherapy in patients with atypical and
malignant meningiomas–clinical results in 85 patients treated in a single
institution leading to optimized guidelines for early radiation therapy. Int J
Radiat Oncol Biol Phys. 2012;83(3):859–64. doi:10.1016/j.ijrobp.2011.08.010.
PubMed PMID: 22137023

5. Arvold ND, Niemierko A, Broussard GP, Adams J, Fullerton B, Loeffler JS, et
al. Projected second tumor risk and dose to neurocognitive structures after
proton versus photon radiotherapy for benign meningioma. Int J Radiat
Oncol Biol Phys. 2012;83(4):e495–500. doi:10.1016/j.ijrobp.2011.10.056.
PubMed PMID: 22285662

6. Wenkel E, Thornton AF, Finkelstein D, Adams J, Lyons S, De La Monte S, et
al. Benign meningioma: partially resected, biopsied, and recurrent
intracranial tumors treated with combined proton and photon radiotherapy.
Int J Radiat Oncol Biol Phys. 2000;48(5):1363–70. PubMed PMID: 11121635

7. Vernimmen FJ, Harris JK, Wilson JA, Melvill R, Smit BJ, Slabbert JP.
Stereotactic proton beam therapy of skull base meningiomas. Int J Radiat
Oncol Biol Phys. 2001;49(1):99–105. PubMed PMID: 11163502

8. Noel G, Habrand JL, Mammar H, Haie-Meder C, Pontvert D, Dederke S, et al.
Highly conformal therapy using proton component in the management of
meningiomas. Preliminary experience of the Centre de Protontherapie
d'Orsay. Strahlenther Onkol. 2002;178(9):480–5. PubMed PMID: 12426833

9. Noel G, Bollet MA, Calugaru V, Feuvret L, Haie-Meder C, Dhermain F, et al.
Functional outcome of patients with benign meningioma treated by 3D
conformal irradiation with a combination of photons and protons. Int J
Radiat Oncol Biol Phys. 2005;62(5):1412–22. doi:10.1016/j.ijrobp.2004.12.048.
PubMed PMID: 16029801

10. Boskos C, Feuvret L, Noel G, Habrand JL, Pommier P, Alapetite C, et al.
Combined proton and photon conformal radiotherapy for intracranial
atypical and malignant meningioma. Int J Radiat Oncol Biol Phys. 2009;75(2):
399–406. doi:10.1016/j.ijrobp.2008.10.053. PubMed PMID: 19203844

Adeberg et al. Radiation Oncology  (2017) 12:193 Page 5 of 7

http://dx.doi.org/10.1007/s11060-016-2192-z
http://dx.doi.org/10.1007/s11060-016-2192-z
http://dx.doi.org/10.1177/15330346070060S403
http://dx.doi.org/10.1016/j.radonc.2012.07.008
http://dx.doi.org/10.1016/j.ijrobp.2011.08.010
http://dx.doi.org/10.1016/j.ijrobp.2011.10.056
http://dx.doi.org/10.1016/j.ijrobp.2004.12.048
http://dx.doi.org/10.1016/j.ijrobp.2008.10.053


11. McDonald MW, Plankenhorn DA, McMullen KP, Henderson MA, Dropcho EJ,
Shah MV, et al. Proton therapy for atypical meningiomas. J Neuro-Oncol.
2015;123(1):123–8. doi:10.1007/s11060-015-1770-9. PubMed PMID: 25859843

12. Combs SE, Hartmann C, Nikoghosyan A, Jakel O, Karger CP, Haberer T, et al.
Carbon ion radiation therapy for high-risk meningiomas. Radiother Oncol.
2010;95(1):54–9. doi:10.1016/j.radonc.2009.12.029. PubMed PMID: 20189258

13. Halasz LM, Bussiere MR, Dennis ER, Niemierko A, Chapman PH, Loeffler JS,
et al. Proton stereotactic radiosurgery for the treatment of benign
meningiomas. Int J Radiat Oncol Biol Phys. 2011;81(5):1428–35. doi:10.1016/j.
ijrobp.2010.07.1991. PubMed PMID: 20934263

14. Weber DC, Schneider R, Goitein G, Koch T, Ares C, Geismar JH, et al. Spot
scanning-based proton therapy for intracranial meningioma: long-term
results from the Paul Scherrer Institute. Int J Radiat Oncol Biol Phys. 2012;
83(3):865–71. doi:10.1016/j.ijrobp.2011.08.027. PubMed PMID: 22138457

15. Slater JD, Loredo LN, Chung A, Bush DA, Patyal B, Johnson WD, et al.
Fractionated proton radiotherapy for benign cavernous sinus meningiomas.
Int J Radiat Oncol Biol Phys. 2012;83(5):e633–7. doi:10.1016/j.ijrobp.2012.01.
079. PubMed PMID: 22768992

16. Combs SE, Kessel K, Habermehl D, Haberer T, Jakel O, Debus J. Proton and
carbon ion radiotherapy for primary brain tumors and tumors of the skull
base. Acta Oncol. 2013;52(7):1504–9. doi:10.3109/0284186X.2013.818255.
PubMed PMID: 23962241

17. Rieken S, Habermehl D, Haberer T, Jaekel O, Debus J, Combs SE. Proton and
carbon ion radiotherapy for primary brain tumors delivered with active
raster scanning at the Heidelberg ion therapy center (HIT): early treatment
results and study concepts. Radiat Oncol. 2012;7:41. doi:10.1186/1748-717X-
7-41. PubMed PMID: 22436135; PubMed Central PMCID: PMCPMC3338358

18. Combs SE, Welzel T, Habermehl D, Rieken S, Dittmar JO, Kessel K, et al.
Prospective evaluation of early treatment outcome in patients with
meningiomas treated with particle therapy based on target volume
definition with MRI and 68Ga-DOTATOC-PET. Acta Oncol. 2013;52(3):514–20.
doi:10.3109/0284186X.2013.762996. PubMed PMID: 23402336

19. Combs SE, Edler L, Burkholder I, Rieken S, Habermehl D, Jäkel O, et al.
Treatment of patients with atypical meningiomas Simpson grade 4 and 5
with a carbon ion boost in combination with postoperative photon
radiotherapy: The MARCIE Trial. BMC Cancer. 2010;10:615. doi:10.1186/1471-
2407-10-615.

20. Baumert BG, Norton IA, Lomax AJ, Davis JB. Dose conformation of intensity-
modulated stereotactic photon beams, proton beams, and intensity-
modulated proton beams for intracranial lesions. Int J Radiat Oncol Biol
Phys. 2004;60(4):1314–24. doi:10.1016/j.ijrobp.2004.06.212. PubMed PMID:
15519805

21. Madani I, Lomax AJ, Albertini F, Trnkova P, Weber DC. Dose-painting
intensity-modulated proton therapy for intermediate- and high-risk
meningioma. Radiat Oncol. 2015;10:72. doi:10.1186/s13014-015-0384-x.
PubMed PMID: 25890217; PubMed Central PMCID: PMCPMC4404662

22. Buckner JC, Shaw EG, Pugh SL, Chakravarti A, Gilbert MR, Barger GR, et al.
Radiation plus Procarbazine, CCNU, and Vincristine in low-grade Glioma. N
Engl J Med. 2016;374(14):1344–55. doi:10.1056/NEJMoa1500925. PubMed
PMID: 27050206; PubMed Central PMCID: PMCPMC5170873

23. Adeberg S, Harrabi SB, Bougatf N, Bernhardt D, Rieber J, Koerber SA, et al.
Intensity-modulated proton therapy, volumetric-modulated arc therapy, and
3D conformal radiotherapy in anaplastic astrocytoma and glioblastoma : a
dosimetric comparison. Strahlenther Onkol. 2016;192(11):770–9. doi:10.1007/
s00066-016-1007-7. PubMed PMID: 27334276

24. Dennis ER, Bussiere MR, Niemierko A, Lu MW, Fullerton BC, Loeffler JS, et al.
A comparison of critical structure dose and toxicity risks in patients with
low grade gliomas treated with IMRT versus proton radiation therapy.
Technol Cancer Res Treat. 2013;12(1):1–9. doi:10.7785/tcrt.2012.500276.
PubMed PMID: 22775339

25. Harrabi SB, Bougatf N, Mohr A, Haberer T, Herfarth K, Combs SE, et al.
Dosimetric advantages of proton therapy over conventional radiotherapy
with photons in young patients and adults with low-grade glioma.
Strahlenther Onkol. 2016;192(11):759–69. doi:10.1007/s00066-016-1005-9.
PubMed PMID: 27363701; PubMed Central PMCID: PMCPMC5080304

26. Karunamuni R, Bartsch H, White NS, Moiseenko V, Carmona R, Marshall DC,
et al. Dose-dependent cortical thinning after partial brain irradiation in high-
grade Glioma. Int J Radiat Oncol Biol Phys. 94(2):297–304. doi:10.1016/j.
ijrobp.2015.10.026.

27. Laack NN, Brown PD, Ivnik RJ, Furth AF, Ballman KV, Hammack JE, et al.
Cognitive function after radiotherapy for supratentorial low-grade glioma: a

north central cancer treatment group prospective study. Int J Radiat Oncol
Biol Phys. 2005;63(4):1175–83. doi:10.1016/j.ijrobp.2005.04.016. PubMed
PMID: 15964709

28. Scott JN, Rewcastle NB, Brasher PM, Fulton D, Hagen NA, MacKinnon JA,
et al. Long-term glioblastoma multiforme survivors: a population-based
study. Can J Neurol Sci. 1998;25(3):197–201. PubMed PMID: 9706720

29. Wilkinson B, Morgan H, Gondi V, Larson GL, Hartsell WF, Laramore GE, et al.
Low levels of acute toxicity associated with proton therapy for low-grade
Glioma: a proton collaborative group study. Int J Radiat Oncol Biol Phys.
2016;96(2S):E135. doi:10.1016/j.ijrobp.2016.06.930. PubMed PMID: 27673869

30. Fitzek MM, Thornton AF, Harsh G, Rabinov JD, Munzenrider JE, Lev M, et al.
Dose-escalation with proton/photon irradiation for Daumas-Duport lower-
grade glioma: results of an institutional phase I/II trial. Int J Radiat Oncol Biol
Phys. 2001;51(1):131–7. PubMed PMID: 11516862

31. Shih HA, Sherman JC, Nachtigall LB, Colvin MK, Fullerton BC, Daartz J, et al.
Proton therapy for low-grade gliomas: results from a prospective trial. Cancer.
2015;121(10):1712–9. doi:10.1002/cncr.29237. PubMed PMID: 25585890

32. Sherman JC, Colvin MK, Mancuso SM, Batchelor TT, Oh KS, Loeffler JS, et al.
Neurocognitive effects of proton radiation therapy in adults with low-grade
glioma. J Neuro-Oncol. 2016;126(1):157–64. doi:10.1007/s11060-015-1952-5.
PubMed PMID: 26498439

33. Mizumoto M, Yamamoto T, Takano S, Ishikawa E, Matsumura A, Ishikawa H,
et al. Long-term survival after treatment of glioblastoma multiforme with
hyperfractionated concomitant boost proton beam therapy. Pract Radiat
Oncol. 2015;5(1):e9–16. doi:10.1016/j.prro.2014.03.012. PubMed PMID: 25413424

34. Mizumoto M, Tsuboi K, Igaki H, Yamamoto T, Takano S, Oshiro Y, et al.
Phase I/II trial of hyperfractionated concomitant boost proton radiotherapy
for supratentorial glioblastoma multiforme. Int J Radiat Oncol Biol Phys.
2010;77(1):98–105. doi:10.1016/j.ijrobp.2009.04.054. PubMed PMID: 19695794

35. Fitzek MM, Thornton AF, Rabinov JD, Lev MH, Pardo FS, Munzenrider JE, et
al. Accelerated fractionated proton/photon irradiation to 90 cobalt gray
equivalent for glioblastoma multiforme: results of a phase II prospective
trial. J Neurosurg. 1999;91(2):251–60. doi:10.3171/jns.1999.91.2.0251. PubMed
PMID: 10433313

36. Mizoe JE, Tsujii H, Hasegawa A, Yanagi T, Takagi R, Kamada T, et al. Phase I/II
clinical trial of carbon ion radiotherapy for malignant gliomas: combined X-
ray radiotherapy, chemotherapy, and carbon ion radiotherapy. Int J Radiat
Oncol Biol Phys. 2007;69(2):390–6. doi:10.1016/j.ijrobp.2007.03.003. PubMed
PMID: 17459607

37. Cardinale R, Won M, Choucair A, Gillin M, Chakravarti A, Schultz C, et al. A
phase II trial of accelerated radiotherapy using weekly stereotactic
conformal boost for supratentorial glioblastoma multiforme: RTOG 0023. Int
J Radiat Oncol Biol Phys. 2006;65(5):1422–8. doi:10.1016/j.ijrobp.2006.02.042.
PubMed PMID: 16750317

38. Combs SE, Kieser M, Rieken S, Habermehl D, Jakel O, Haberer T, et al.
Randomized phase II study evaluating a carbon ion boost applied after
combined radiochemotherapy with temozolomide versus a proton boost
after radiochemotherapy with temozolomide in patients with primary
glioblastoma: the CLEOPATRA trial. BMC Cancer. 2010;10:478. doi:10.1186/
1471-2407-10-478. PubMed PMID: 20819220; PubMed Central PMCID:
PMC2944178

39. Adeberg S, Bernhardt D, Harrabi SB, Uhl M, Paul A, Bougatf N, et al.
Sequential proton boost after standard chemoradiation for high-grade
glioma. Radiother Oncol. 2017. doi:10.1016/j.radonc.2017.09.040. PubMed
PMID: 29050959

40. Mizumoto M, Okumura T, Ishikawa E, Yamamoto T, Takano S, Matsumura A,
et al. Reirradiation for recurrent malignant brain tumor with radiotherapy or
proton beam therapy. Technical considerations based on experience at a
single institution. Strahlenther Onkol. 2013;189(8):656–63. doi:10.1007/
s00066-013-0390-6. PubMed PMID: 23824106

41. Hasegawa A, Mizoe JE, Tsujii H, Kamada T, Jingu K, Iwadate Y, et al.
Experience with carbon ion radiotherapy for WHO grade 2 diffuse
astrocytomas. Int J Radiat Oncol Biol Phys. 2012;83(1):100–6. doi:10.1016/j.
ijrobp.2011.06.1952. PubMed PMID: 22104357

42. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC,
et al. Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised
phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009;
10(5):459–66. doi:10.1016/S1470-2045(09)70025-7. PubMed PMID: 19269895

43. Stupp R, Taillibert S, Kanner AA, Kesari S, Steinberg DM, Toms SA, et al.
Maintenance therapy with tumor-treating fields plus Temozolomide vs

Adeberg et al. Radiation Oncology  (2017) 12:193 Page 6 of 7

http://dx.doi.org/10.1007/s11060-015-1770-9
http://dx.doi.org/10.1016/j.radonc.2009.12.029
http://dx.doi.org/10.1016/j.ijrobp.2010.07.1991
http://dx.doi.org/10.1016/j.ijrobp.2010.07.1991
http://dx.doi.org/10.1016/j.ijrobp.2011.08.027
http://dx.doi.org/10.1016/j.ijrobp.2012.01.079
http://dx.doi.org/10.1016/j.ijrobp.2012.01.079
http://dx.doi.org/10.3109/0284186X.2013.818255
http://dx.doi.org/10.1186/1748-717X-7-41
http://dx.doi.org/10.1186/1748-717X-7-41
http://dx.doi.org/10.3109/0284186X.2013.762996
http://dx.doi.org/10.1016/j.ijrobp.2004.06.212
http://dx.doi.org/10.1186/s13014-015-0384-x
http://dx.doi.org/10.1056/NEJMoa1500925
http://dx.doi.org/10.1007/s00066-016-1007-7
http://dx.doi.org/10.1007/s00066-016-1007-7
http://dx.doi.org/10.7785/tcrt.2012.500276
http://dx.doi.org/10.1007/s00066-016-1005-9
http://dx.doi.org/10.1016/j.ijrobp.2015.10.026
http://dx.doi.org/10.1016/j.ijrobp.2015.10.026
http://dx.doi.org/10.1016/j.ijrobp.2005.04.016
http://dx.doi.org/10.1016/j.ijrobp.2016.06.930
http://dx.doi.org/10.1002/cncr.29237
http://dx.doi.org/10.1007/s11060-015-1952-5
http://dx.doi.org/10.1016/j.prro.2014.03.012
http://dx.doi.org/10.1016/j.ijrobp.2009.04.054
http://dx.doi.org/10.3171/jns.1999.91.2.0251
http://dx.doi.org/10.1016/j.ijrobp.2007.03.003
http://dx.doi.org/10.1016/j.ijrobp.2006.02.042
http://dx.doi.org/10.1186/1471-2407-10-478
http://dx.doi.org/10.1186/1471-2407-10-478
http://dx.doi.org/10.1016/j.radonc.2017.09.040
http://dx.doi.org/10.1007/s00066-013-0390-6
http://dx.doi.org/10.1007/s00066-013-0390-6
http://dx.doi.org/10.1016/j.ijrobp.2011.06.1952
http://dx.doi.org/10.1016/j.ijrobp.2011.06.1952
http://dx.doi.org/10.1016/S1470-2045(09)70025-7


Temozolomide alone for Glioblastoma: a randomized clinical trial. JAMA. 2015;
314(23):2535–43. doi:10.1001/jama.2015.16669. PubMed PMID: 26670971

44. Combs SE, Burkholder I, Edler L, Rieken S, Habermehl D, Jakel O, et al.
Randomised phase I/II study to evaluate carbon ion radiotherapy versus
fractionated stereotactic radiotherapy in patients with recurrent or
progressive gliomas: the CINDERELLA trial. BMC Cancer. 2010;10:533. doi:10.
1186/1471-2407-10-533. PubMed PMID: 20925951; PubMed Central PMCID:
PMC2958944

45. Verma V, Mishra MV, Mehta MP. A systematic review of the cost and cost-
effectiveness studies of proton radiotherapy. Cancer. 2016;122(10):1483–501.
doi:10.1002/cncr.29882. PubMed PMID: 26828647

46. Verma V, Shah C, Rwigema JC, Solberg T, Zhu X, Simone CB 2nd. Cost-
comparativeness of proton versus photon therapy. Chin Clin Oncol. 2016;
5(4):56. 10.21037/cco.2016.06.03. PubMed PMID: 27506804

47. Gondi V, Pugh SL, Tome WA, Caine C, Corn B, Kanner A, et al. Preservation
of memory with conformal avoidance of the hippocampal neural stem-cell
compartment during whole-brain radiotherapy for brain metastases (RTOG
0933): a phase II multi-institutional trial. J Clin Oncol. 2014;32(34):3810–6.
doi:10.1200/JCO.2014.57.2909. PubMed PMID: 25349290; PubMed Central
PMCID: PMCPMC4239303

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Adeberg et al. Radiation Oncology  (2017) 12:193 Page 7 of 7

http://dx.doi.org/10.1001/jama.2015.16669
http://dx.doi.org/10.1186/1471-2407-10-533
http://dx.doi.org/10.1186/1471-2407-10-533
http://dx.doi.org/10.1002/cncr.29882
http://dx.doi.org/10.21037/cco.2016.06.03
http://dx.doi.org/10.1200/JCO.2014.57.2909

	Abstract
	Background
	Meningioma
	Glioma
	Concluding remarks
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

