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Abstract 
Radiation therapy (RT) plays a fundamental role in the treatment of malignant and benign brain tumors. Current 
state-of-the-art photon- and proton-based RT combines more conformal dose distribution of target volumes and 
accurate dose delivery while limiting the adverse radiation effects. PubMed was  systematically searched from 
from 2000 to October 2023 to identify studies reporting outcomes related to treatment of central nervous system 
(CNS)/skull base tumors with PT in adults. Several studies have demonstrated that proton therapy (PT) provides 
a reduced dose to healthy brain parenchyma compared with photon-based (xRT) radiation techniques. However, 
whether dosimetric advantages translate into superior clinical outcomes for different adult brain tumors remains 
an open question. This review aims at critically reviewing the recent studies on PT in adult patients with brain tu-
mors, including glioma, meningiomas, and chordomas, to explore its potential benefits compared with xRT.
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Radiation therapy (RT) is an essential and effective part of 
the management of adult brain tumors. There is a desire 
within the RT community to further reduce side effects and 
at the same time maintain or even improve local control 
of treated tumors. Radiation dose and fractionation sched-
ules depend on the type, volume, and location of the tumor. 
Over the past decades, several significant technical develop-
ments in photon RT (xRT), such as intensity-modulated radi-
otherapy (IMRT), volumetric-modulated arc therapy (VMAT), 
and stereotactic radiotherapy (SRT) have permitted the de-
livery of more conformal radiation doses to the target while 
reducing the dose to the surrounding normal tissue com-
pared to conventional three-dimensional (3D) conformal 
RT (3D-CRT) techniques. In addition, the integration of new 
technology, eg, 6°C of freedom (6DoF) couch, multileaf-
collimator (MLC), new immobilization devices, and con-
tinuous imaging monitoring in the treatment room during 
xRT, so-called image-guided RT (image-guided radiation 

therapy), has led to an increase in the precision and accu-
racy of radiation delivery.1,2

Proton therapy (PT) has emerged as an alternative radi-
ation treatment modality that directs charged particles in-
stead of photons at the tumor. The main advantage of PT is 
the deposition of little energy before the end of the proton 
range where the highest energy deposition is within the target 
volume (Bragg peak) and minimal residual radiation beyond 
the target.3,4 Thanks to these physical characteristics, PT may 
offer superior dose distribution. In particular, the dose to the 
surrounding organs at risk (OARs) can significantly be reduced 
while maintaining the same equivalent dose to the target.5,6 
Advances in proton technology and decreasing equipment 
costs have led to the expansion of proton beam facilities and 
increased use of this modality. Currently, there are around 
9.000 linear accelerators (LINACs) compared to over 120 PT 
centers in operation worldwide (https://ptcog.site). Although 
the number of patients receiving PT for a brain tumor is 
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increasing, the major obstacles regarding its use in clin-
ical practice are less availability, lack of randomized studies 
comparing PT with xRT, and the current greater cost of PT 
treatment.

In the absence of randomized trials, the potential clinical 
superiority of PT over xRT in patients with brain tumors re-
mains a matter of debate. The main question is if substan-
tial improvements in the dose distribution observed with 
protons may provide a clinical benefit for patients with ei-
ther malignant or benign brain tumors. This review sum-
marizes the literature regarding the role of focal PT in adult 
patients with brain tumors, discusses its potential advan-
tages compared to xRT for different types of primary brain 
tumors, and identifies areas of research that need further 
investigation, eg, reduction of long-term side effects using 
PT and dose escalation for resistant tumors.

Material and Methods

We conducted a search in PubMed to identify studies re-
porting outcomes related to treatment of central nervous 
system (CNS)/skull base tumors with PT in adults (≥18 
years). The following combinations of keywords were 
searched, but not limited to: “radiation therapy,” “PT,” 
“brain tumors,” “chordoma,” “chondrosarcoma,” “glioma,” 
“meningioma,” “schwannoma,” “pituitary adenoma,” and 
“craniopharyngioma.” Search was limited to papers pub-
lished in English language from 2000 to October 2023. 
Clinical trials, original research, review articles, and case 
series with at least 10 patients were included, and refer-
ence lists were carefully explored for relevant papers 
that would have been missed by electronic search. D.A. 
and D.S. conducted the database review and selection of 
studies containing relevant data on clinical outcomes fol-
lowing PT. Finally, 57 papers were discussed qualitatively, 
and the discussion was supplemented by expert commen-
tary from the authors.

Advances in Photon and Proton RT

Photon radiation techniques have evolved from 3D-CRT 
to IMRT and stereotactic techniques, including either 
stereotactic radiosurgery (SRS) or stereotactic radio-
therapy (SRT).2,7 Compared to 3D-CRT, IMRT improves 
dose conformity to the target while minimizing radia-
tion exposure to OARs. A further evolution of IMRT tech-
nique is represented by volumetric arc therapy (VMAT), 
where the radiation dose is continuously delivered as the 
gantry of the LINAC rotates around the patient through 
single or multiple arcs. For stereotactic techniques, the 
radiation dose is delivered as single-fraction SRS (com-
monly 13–22 Gy fractions) or fractionated SRT, using 
either hypofractionated (3–12 Gy fractions) or conven-
tionally fractionated (1.8–2.0 Gy fractions) schedules. 
A submillimetric accuracy of patient repositioning can 
be achieved using a frame-based or a frameless mask-
based immobilization system.8–10 Accurate monitoring 
of patient positioning in the treatment room is achieved 
using advanced image-guided radiation therapy tech-
nologies, such as orthogonal x-rays (ExacTrac®Xray 6°C 

of freedom (DoF) system) and cone beam computed to-
mography,8,11,12 and surface-guided radiation therapy.13,14 
In clinical practice, IMRT and VMAT are recommended in 
patients with large, irregularly shaped, and/or invasive 
brain tumors, whereas focal techniques such as SRS and 
SRT are typically used for smaller tumors.

Protons present the remarkable characteristics of having 
a finite range in tissue, lower integral dose with marginal 
exit dose, and maximal dose deposition just at the end of 
range, conveniently in the intended target (ie, Bragg peak). 
Protons can be delivered with passive scattering by using a 
range shifter wheel and patient-specific apertures and com-
pensators. However, with modern techniques, proton dose 
dosimetry optimization can be achieved such as pencil beam 
scanning using a focused proton beam of variable energy 
and intensity which is magnetically scanning across the 
treated volume. Using intensity-modulated PT (IPMT) the 
intensities of beamlets are modified throughout the target 
volume (active scanning) achieving the desired dose distribu-
tions around complex critical structures, allowing improved 
conformality and sparing of these structures without com-
promising target coverage.15,16 An example of an IMPT treat-
ment plan and a photon volumetric-modulated arc therapy 
(VMAT) for a skull base meningioma is shown in Figure 1.

Daily image-guidance is necessary to ensure that the 
patient position for daily treatment matches anatomically 
with the initial planning CT set-up and facilitates adapta-
tion of planning or delivery parameters to match geo-
metric deformation or tissue changes that can occur during 
a typical course of fractionated radiotherapy.17,18 Image-
guidance for proton beam delivery is of high importance, 
since density changes influence the dose distribution 
to a much larger extent than in xRT. The advent of cone-
beam CT (cone-beam computed tomography) technology 
facilitating three-dimensional (3D) volumetric in-room im-
aging has been a game-changer for image-guidance on 
modern PT systems.17,18

In addition to planar or volumetric imaging, visual image-
guidance can also be used for delivery verification through 
external markers (reflective spheres) placed at relevant lo-
cations on the patient’s skin that can be tracked prior to and 
during treatment delivery (gating) or 3D-mapping of the 
patient’s surface generated through a computer that can be 
localized with surface imaging systems.13,14,19

Gliomas

In adults with glioma, existing evidence regarding the su-
periority of PT over xRT in terms of efficacy and toxicity 
is, in the absence of large prospective randomized trials, 
controversial. Most studies reporting on PT focus on 
lower grade gliomas (WHO 2 and 3),20–28 whereas only a 
few studies include patients with glioblastoma (GBM)29–31 
or those receiving reirradiation for recurrent tumors32–36; 
however, no reliable assessment of grading could be 
made because of the lack of molecular markers (eg, diffuse 
isocitrate dehydrogenase, IDH1) information in most older 
studies. Selected series describing the efficacy and toxicity 
of PT in patients with low-grade and high-grade gliomas 
are shown in Table 1 (20, 23,25,26,28–31,33–36).

D
ow

nloaded from
 https://academ

ic.oup.com
/nop/article/11/4/369/7659617 by guest on 26 July 2024



371Eekers et al.: PT versus xRT for brain tumors
N

eu
ro-

O
n

colog
y

N
eu

ro-O
n

colog
y 

P
ractice

Grade 2 and 3 Gliomas

The current standard treatment of most adults with adult-
type IDH mutant (IDHmt) grade 2 and 3 astrocytoma and 
oligodendroglioma requiring post-surgical treatment in-
volves xRT followed by chemotherapy (CT) Procarbazine, 
Lomustine and Vincristine (PCV) or Temozolomide chemo-
therapy (TMZ).37 Data from controlled prospective studies 
have demonstrated the superiority of combined treatment 
over RT alone for either grade 2 and 3 gliomas.38–46 In the 
phase III NRG Oncology/RTOG 9802 trial in which 251 pa-
tients with low-grade glioma were randomized between 
xRT (54 Gy/30 fractions) versus xRT plus PCV, Buckner 
et al.43 observed 10-year overall survival rates of 40% 
and 60% after xRT and xRT + PCV, respectively. The sur-
vival benefit was observed in patients with either IDHmt 
astrocytoma or oligodendroglioma but not in those with 
IDH-wild-type (IDHwt) tumors.45 Improved overall survival 
after combined radiotherapy (59.4 Gy in 1.8 years frac-
tions) and PCV or temozolomide over radiotherapy alone 
has been demonstrated for either grade 3 astrocytomas or 
oligodendrogliomas in 3 phase 3 RTOG and EORTC ran-
domized trials.41,42,46

Concerning PT, both prospective20,22,26,27 and retrospec-
tive21,23–25,28 published studies have evaluated the use of PT 
in patients with grades 2 and 3 gliomas. While the older pub-
lications had relatively small sample sizes,20,23,29 the most 
recent publications provide results for more than 100 pa-
tients.25,27,28 Most treatments were given with a median of 
54 Gy relative biological effectiveness (RBE), while WHO 3 
gliomas were treated with a higher median dose of 60 GyRBE.

The reported 5-year overall survival for grade 2 and 3 
gliomas varied from 23% to 87%, with more recent pub-
lications observing a better 5-year overall survival of 
around 85% in grade 2 tumors and 67% in grade 3 tumors. 
Unfortunately, combinations of proton treatment with che-
motherapy are not precisely stated in most of the studies. 
Comparative analysis of the existing data of photons and 
protons appears somewhat inadequate due to the signif-
icant heterogeneity of applied treatment regimens and 
included molecular tumor subtypes. Then, the increased 
efficacy of PT remains to be proven. Currently, multiple re-
search groups are investigating the proton-Immunotherapy 
combination in the treatment of lung, head, neck, and brain 
tumors. Further evaluation is warranted to validate pre-
clinical findings in a clinical context.47 Controlled trials, in-
cluding the German GlioProPh trial (NCT05190172) and the 
US NRG BN005 trial on IMPT versus IMRT (NCT03180502) 
should provide an adequate comparison to address an-
swer the question of the superiority of proton vs. photon 
treatment in low-grade gliomas.

With regards to toxicity, proton treatment shows poten-
tial regarding reducing the dose to the surrounding tissue. 
Dosimetric studies comparing PT and conventional xRT 
show better sparing of relevant CNS structures with pro-
tons3,5,48; however, clinical validation of this assumption 
on a large scale is still lacking. In the clinical series re-
ported in Table 1 severe toxicity ≥ grade 3 as defined by the 
common terminology criteria for adverse events was rare. 
In 6 studies including 503 patients with grade 2 or 3 glioma 
who received PT, the reported acute toxicity ≥ grade 3 
was < 1%.20,23,25,26,28,29 Most studies do not report results 
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Figure 1.  Example of radiation treatment plan for a post-operative patient with a base of right skull meningioma. The gross tumor volume (GTV) 
is presented in dark blue and the clinical target volume CTV in red. The following organs at risk (OARs) have been contoured according to Eekers 
et al. (): hippocampi (yellow), brainstem,_interior (yellow), brainstem,_surface (orange), retina (light green), cornea (purple), cerebellum_(cyan). 
Dose distribution in Gy ranging from low dose depicted in blue to high dose in red are given for xRT volumetric-modulated arc therapy (A) and 
proton therapy IMPT (B) (robust) treatment plans in the axial view.
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on quality of life (QoL) and neurocognitive outcomes. 
Regarding the risk of late radiation-induced toxicity, any 
grade radionecrosis was observed in up to 35% of pa-
tients, with ≥ grade 3 radionecrosis ranging from 0% to 9% 
(Table 1). Related to radiation necrosis and of particular in-
terest is the phenomenon of radiation-induced contrast en-
hancement (RICE) on MRI, which is observed in 17%–29% 
of patients following PT.27,28 In the series of Eichkorn et al.,28 
RICE was associated with grade 3 common terminology 
criteria for adverse events toxicity in 4% of 194 patients, 
with no ≥ grade 3 toxicity observed. In the study from 
Harrabi et al.,27 symptomatic RICE occurred in 1% of the 
cases, and a similar low incidence of ≥ grade 3 toxicity was 
seen in other large studies.49 However, it needs to be stated 
that detection of RICE symptoms requires a standardized 
follow-up including neuropsychologic testing that has not 
been performed in the mentioned series. Potential long-
term detrimental effects of RICE, eg, on neurocognition, 
need to be examined in future research. Neurocognitive ef-
fects after PT were studied by Sherman at al. in 20 adult pa-
tients with low-grade glioma up to 5 years after treatment. 

Patients remained stable in cognitive function, and authors 
hypothesize that PT may contribute to the preservation of 
cognitive functioning.50

It can be concluded that lower rates of symptomatic tox-
icity following PT for lower-grade gliomas have been ob-
served in recent publications, assuming that technological 
improvements over the last 20 years have increased the 
quality of treatments. However, controlled comparative 
studies for prospective monitoring of short- and long-term 
toxicity and neurocognitive and QoL outcomes are ur-
gently needed. The high prevalence of contrast-enhancing 
lesions on MRI after treatment should be carefully evalu-
ated and closely monitored.

Glioblastoma

With standard chemoradiation for primary GBM involving 
xRT and concomitant and adjuvant temozolomide, re-
ported median time and 1-year rate OS are around 
22 months and 70%, respectively, in patients with 

Table 1.  Selected Published Series of Proton Beam Therapy for Newly Diagnosed and Recurrent Gliomas

Reference Institu-
tion

Period Patients (n) 
(WHO grade)

Median dose 
(GyRBE)

Technique Median 
follow-up 
(months)

PFS
(months)

OS
(months)

RN

Fitzek et al. 
200120

MGH 1993–1996 20 (G2-3) G2, 68.2
G3,79.7

PS + PH NR NR G2,71% at 5 y 
G3,23% at 5 y

35% any 
grade

Mizumoto 
et al. 201029

Tsukuba 
PTC

2001–2008 20 (G4) 50.4/73.5/
96.6*

PS 24.6 NR 71.1% at 1 y
 45.3% at 2 y

No G3

Badivan et 
al.2017

PSI 1997–2014 28 (G1-2) 54 AS 30.7 56% at 3 y 83.4% at 3 y 4% G3

Kamran et 
al. 201925

MGH 2005–2015 141 (G1-3) 54 PS 46.7 60% at 5 y 84% at 5 y NR

Tabrizi et 
al.2019 *26

MGH 2006–2010 20 (G2) 54 PS 78 39% at 6 y 79% at 6 y 9% G3

Kong et al. 
202030

Shanghai 
PTC

2015–2018 50 (G3-4) (60) +
 boost^

AS 14.3 59.8% at 18 
months

72.8% at
18 months

22% G1-2,
No G3

Brown et 
al. 202131

MDACC 2016–2019 67 (G4) 60 29 AS/PS
39 pIMRT°

48.7 G4 6.6 (pRT)
 G4 8.9 
(IMRT)

G4,21.2 (IMRT)
G4 24.5 (pRT)

No G3 in
both groups

Eichkorn et 
al. 2022 *

HIT 2010–2020 194 (G2-3) G2, 54
G3, 60

AS 61 G2, 60% at 
5 y
G3, 30% at 
5 y

G2, 85% at 5 y
G3, 67% at 5 y

4% G3 RICE

Galle et al. 
201533

Indianap-
olis PTC

2005–2012 20 (G2-4) 54-59.4** PS NR NR G3, 10.2
G4, 8.2

10% G1-2,
No G3

Saeed et al. 
202034

PCG 2012–2018 45 (G4) 46.2** AS/PS 10.7 13.9 14.2 11% G3

Scartoni et 
al. 202036

Trento 
PTC

2015–2018 33 (G4) 36** AS NR 5.9,
45% at 6 
months

8.7,
33% at 1 y

9% G1-2,
No G3;

Gulidov et 
al. 202135

Obninsk 
PTC

2016–2019 44 (G2-4) 55** (EQD2) AS NR 30.5% at 1 y
 10.2% at 2 y

49.6% at 1 y
35.1% at 2 y

6.8% any 
grade

WHO, world health organization; RBE, relative biological effectiveness; MGH, Massachusetts General Hospital; PS, passive scattering; AS, active 
scattering; PH, photon radiotherapy; y, years; OS, overall survival; RN, radiation necrosis; NR, not reported; PSI, Paul Sherrer Institute; MDACC, 
MD Anderson Cancer Center; *, 50.4 to the planning target volume (PTV), 73.5 to PTV2, 96.6 to PTV3; HIT, Heidelberg Ion-Beam Therapy Center; PFS, 
progression-free survival; G, grade; RICE, radiation-induced contrast, enhancements; PTC, Proton therapy center; ˆ carbon-ion radiotherapy boost 
(26 patients); pIMRT, photon intensity-modulated radiotherapy; EQD2, radiation dose converted to the equivalent dose in 2-Gy fraction; PCG, Proton 
Collaborative Group; **, Recurrent gliomas.
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methylated O6-Methylguanine-DNA methyltransferase 
(MGMT) promoter, and 12.7 months and 50%, respec-
tively, in patients with unmethylated MGMT promoter.51 
The use of PT in patients with newly diagnosed GBM has 
been described in a few prospective and retrospective 
studies.29–31 In a recent randomized prospective phase II 
trial comparing PT and xRT in 90 patients with newly diag-
nosed GBM, Brown et al.31 failed to show the superiority 
of PT regarding its primary endpoint of neurocognitive 
failure and survival. With a median follow-up of 48.7 
months, there was no difference in progression-free sur-
vival in 67 evaluable patients (HR, 0.74; 95% CI: 0.44–1.23; 
P = .24) or overall survival (HR, 0.86; 95% CI: 0.49–1.50; 
P = .60). Furthermore, there was no significant difference 
in time to cognitive failure between treatment arms (HR, 
0.88; 95% CI: 0.45–1.75; P = .74). PT was associated with 
a lower rate of fatigue (24% vs 58%, P = .05), but other-
wise, there were no significant differences in patient-
reported outcomes at 6 months. In a small prospective 
phase I/II trial of 20 patients with supratentorial GBM, 
Mitzumoto et al.29 investigated the efficacy and safety of 
hypofractionated PT (28 × 1,8 Gy) with concomitant boost 
(14 × 1,65 GyRBE). The median OS time and 1-year survival 
rate were 21.6 months and 71%, respectively, suggesting 
that dose escalation with PT might have potential to im-
prove survival. Acute hematologic toxicity was observed 
in half of the patients, which was mainly attributed to the 
treatment with nimustine. No grade ≥ 3 radiation-induced 
acute toxicity occurred, with late radiation necrosis and 
leukoencephalopathy that was reported in only one (5%) 
patient. In another series of 50 patients with GBM or 
anaplastic glioma treated with either PT (30 × 2 GyRBE) or 
PT plus carbon-ion boost, Kong et al.30 observed 1-year 
overall survival rates of 87.8% for the whole population 
and 77.4% for patients with GBM. Radiation necrosis oc-
curred in 22% of patients, with no ≥ 3 toxicity observed. 
Mohan et al.52 specifically investigated the differences 
in radiation-induced > grade 3 lymphopenia in patients 
with GBM. The strongest predictors were sex, baseline 
absolute lymphocyte count and whole brain V20. Due to 
the reduced brain volumes receiving a low/intermediate 
dose, PT consequently reduced the chance of grade 3 
lymphopenia. In the absence of high-quality evidence, it 
remains controversial if there is any superiority of PT over 
xRT in terms of efficacy and toxicity.35 Currently, a phase 
3 trial (GRIPS trial) conducted in Germany is evaluating 
cumulative toxicity and survivals in patients with newly 
diagnosed glioblastoma treated with either modern 
photon radiation techniques (standard arm) or proton 
beams (experimental arm).53

Reirradiation

There is limited literature available on the use of PT for 
reirradiation in patients with adult diffuse gliomas.31–34,36 
Using doses of 36 to 54 GyRBE, the median progression-
free survival after PT reirradiation reported in 4 studies 
including 142 patients was between 5.3 to 9.3 months; 
median overall survival time and 1-year survival rates 
ranged from 8.2 to 14.1 months and from 33% to 58%, re-
spectively (Table 1). The reported median survival time 

following single-fraction SRS, hypofractionated SRT, 
and conventional fractionation seen in published studies 
is similar. Reirradiation was well tolerated, with acute 
treatment-related toxicity that was generally mild and no 
grade 3 acute toxicities. Grade 3 radionecrosis has been 
observed in 6.8% to 11% of patients, being similar to those 
observed following photon reirradiation using the same 
radiation doses.54 No grade 4 or 5 toxicity has been re-
ported in all studies. Scartoni et al.36 have assessed the 
QoL in 33 patients treated with PT for a recurrent GBM. 
Proton reirradiation was able to preserve the health-related 
quality of life (HRQoL) in the majority of patients until dis-
ease progression, with all pre-selected domains being 
stable or improved, eg, global health, social functioning, 
and motor dysfunction.

Meningiomas

Grade 1 Meningiomas

xRT given as SRS or SRT is frequently used to improve 
local control after incomplete resection of a large and 
symptomatic grade 1 meningioma arising at unfavor-
able locations or small asymptomatic meningiomas pa-
tients not in need of invasive surgery.55 Following a dose 
of 50–57.6 Gy given in 30–33 fractions, local tumor control 
rates reported in recent large retrospective series range 
from 90% to 100% at 5 years.56 In a series of 507 patients 
with a skull base meningioma who received convention-
ally fractionated SRT (n = 376) or IMRT (n = 131), Combs et 
al.57 have observed equivalent local control rates of 91% 
at 10 years for patients with a benign meningioma and 
similar tumor control rates have been observed in other 
large published series.58–60 Depending on tumor location, 
long-term toxicity includes hypopituitarism in 5%–15% of 
patients and decreased visual acuity or visual field defects 
in 0%–3% of irradiated patients; other adverse radiation ef-
fects such as cranial deficits or neurocognitive impairment 
are rarely reported; however, no results of neurocognitive 
formal testing have been reported in published studies. 
Using single-fraction SRS doses of 13–15 Gy, reported 
tumor control rates are in the range of 90%–95% at 5 years 
and 80%–90% at 10 and 15 years, with a variable improve-
ment of neurological functions seen in up to 60% of pa-
tients.58,61–63 The rate of adverse effects is < 8% in most 
published series, including radiation-induced optic neu-
ropathy and transient or permanent damage of cranial 
nerves located in the cavernous sinus (III, IV, and VI cranial 
nerves). Fractionated SRS (2–5 daily fractions) has been 
employed as an alternative to single-fraction SRS for rela-
tively large meningiomas in close proximity to the anterior 
optic pathway. Using doses of 21–25 Gy delivered in 3–5 
fractions, a few series report a local control of 93%–95% at 
5 years, and this was associated with no ≥ 3 cranial nerves 
toxicity.64,65

Several studies published in the years 2001 to 2022 
evaluated the efficacy of PT in patients with grade 1 
meningiomas.66–80 Selected series of PT are shown in  
Table 2.68–71,73,74,76–81 Following conventionally fractionated 
doses of 50.4 to 61 GyRBE, 5-year local control rates of 71% 
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to 99% have been reported in 8 retrospective series that 
include 634 patients (Table 2).68–71,73–75,79,80 In a study of 51 
patients with grade 1 meningioma treated at Paul Scherrer 
Institute, clinical improvements were noted in 68.8% of 
patients with eye-related symptoms and 67% of patients 
with other symptoms within 24.0 months after treatment. 
Radiation-induced toxicity, including visual adverse events 
and brain necrosis, has been observed in less than 5% of 
patients. In another series of 44 patients with grade 1 me-
ningioma randomized to receive 55.8 or 63.0 GyRBE at the 
Massachusetts General Hospital from 1991 to 2000, 3 pa-
tients had local recurrence in the 55.8 Gy(RBE) arm and 
2 in the 63 GyRBE arm, resulting in tumor control rates at 
15 years of 85% and 95%, respectively. A total of 26 pa-
tients (59%) experienced a grade 2 or higher late toxicity, 
including 9 patients (20%) who had a cerebrovascular 
accident.

A similar 5-year local control of 88%–94% has been re-
ported following either hypofractionated stereotactic PT or 
proton SRS.75,80 In a series of 170 WHO grade I meningioma 
patients treated with hypofractionated (3–4 GyRBE per 
fraction) PT, Vlachogiannis et al.81 observed progression-
free survival rates of 93% and 85% at 5 and 10 years, re-
spectively. Radiation-induced adverse events were 
seen in 9.4% of patients. The most common toxicity was 

hypopituitarism, while radiation necrosis was observed in 
2.9% of patients. Overall, both xRT and PT offer excellent 
local control in grade 1 meningiomas and this is associ-
ated with acceptable toxicity. In the absence of random-
ized trials, the superiority of one technique over another 
remains unproven. In this regard, the COG-PROTON-01 
trail randomizing PT versus xRT in 160 patients with cav-
ernous sinus meningioma has been planned in France 
(NCT05895344).

Grades 2 and 3 Meningiomas

RT is an important component of the therapeutic arma-
mentarium for the treatment of patients with atypical 
(grade 2) meningiomas. Results of postoperative RT for 
grade 2 meningiomas after gross total resection have been 
reported in 2 prospective phase II trials recently published 
by the RTOG and the EORTC.81–83 Using a dose of 60 Gy 
given in 30 fractions, the estimated 3-year PFS for 60 pa-
tients evaluated in the EORTC trial was 88.7%, with a late 
toxicity of grade 3 or more observed in about 14% of pa-
tients. A similar PFS of 93.8% was observed in the RTOG 
trial using doses of 54 Gy given in 30 fractions, with ad-
verse events that were limited to grades 1 and 2 only. 

Table 2.  Selected Published Series of Proton Beam Therapy for Grade 1–3 Meningiomas

Reference Institu-
tion

Period Patients 
(tumor 
type)

Median 
dose 
(GyRBE)

Tech-
nique

Median 
follow-up
(months)

Local
control

Overall
survival

Toxicity
≥ G3

Noel et al. 2005 CPO 1994–
2000

G1, 51 60.6* PS 21 98% at 4 y 100% at 4 y 4%

Slater et al. 
201269

Loma
Linda

1991–
2012

G1,72 59 PS 74 99% at 5 y 99% at 5 y 4%

Murray et al. 
2012

PSI 1997–
2015

G1, 61
G2, 35

54
62

AS 56.9 95.7% at 5 y
68.5% at 5 y

92.1% at 5 y
80.7% at 5 y

10.9 %

El Shafie et al. 
201871

Heidel
berg

2010–
2014

 G1, 60 54 AS 51 96.6% at 5 y 96.2% at 5 y Acute (1.8%),
Late (3.8%)

Champeaux-
Depond et al. 
202173

SNDS 2008–
2017

 G1, 171
G2, 13
G3, 9

54
54

PS 52 G1, 71.5% at 5 y,
G2, 55.6% at 5 y,
G3, 35.6% at 5 y

G1, 93% at 5 y,
G2, 77.4% at 5 y,
G3, 44.4% at 5 y

NR

Holtzman et al. 
202374

Florida 2007–
2019

G1, 59 50.4 PS 76 94% at 5 y, 87% at 5 y 3%

Halasz et al. 
201175

MGH 1996–
2001

G1, 50 13 
(sf-SRS)

PS 32 94% at 3 y, 100% at 3 y G2, 5.9%,
G3, 0%

Vlachogiannis et 
al. 201780

Uppsala 1994–
2007

G1, 170 14-
46/3-8 
frac-
tions

PS 84 85% at 10 y 98.3% at 10 y Any grade, 
9.4%, G3, 1%

Hug et al. 2021 PSI
Florida

1973–
1995

G2-3, 56 62.5 PS 59 G2, 38% at 5 y
G3, 52% at 5 y

G2, 89% at 5 y
G3, 51% at 5 y

9%

Boskos et al. 
2021

CPO 1999–
2006

G2-3, 24 68* PS 45.5 46.7% at 5 y 53.2% at 5 y NR

McDonald
et al. 2021

Indianap-
olis

2005–
2013

G2, 35 63 PS 39 71.1% at 5 y 100% at 5 y 4.5%

CPO, Orsay Proton therapy Center; PSI, Paul Scherrer Institute; CNAO, Centro Nazionale di Adroterapia Oncologica; CH, chordoma; CS, 
Chondrosarcoma; *combined PT/PH regimens; ^dose adaptative protocol; **NCDB, National Cancer Database; NR, not reported; y, years; h-PIT, 
hypopituitarism; DSS, disease-specific survival.
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Vagnoni et al.84 have conducted a recent review on the 
efficacy and toxicity of adjuvant RT in patients with either 
grade 2 or 3 meningiomas. For grade 2 meningiomas, the 
reported 5-year PFS and OS rates were around 82% and 
79%, respectively, using doses of 54–60 Gy given in 1.8–2 
Gy per fraction. For patients with grade 3 meningiomas, 
the reported 3-year PFS and OS rates ranged from 30% 
to 60%, and from 35% to 70%, respectively, using median 
doses of 60 Gy given in 2 Gy fractions.82–88

Currently, no studies have prospectively compared xRT 
and PT in patients with grades 2 and 3 meningiomas. Table 
2 shows selected retrospective studies published between 
2000 and 2021 reporting the outcome of PT in 171 patients 
with atypical and malignant meningiomas.70,73,74,77,78 The 
5-year local control and overall survival rates range from 
38% to 71% and 53% to 100%, respectively for grade 2 tu-
mors and from 35.6% to 52% and from 44.4% to 51%, re-
spectively, for grade 3 tumors. A similar mean local control 
rates of 59.6% at 5 years has been observed by Coggins et 
al.89 in a systematic review including 6 studies with 82 pa-
tients with grades 2 and 3 meningiomas who received PT. 
Acute and late ≥ 3 toxicities occurred in less than 10% of 
patients. A prescribed dose of more than 60 Gy has been 
associated with better clinical outcomes.

Because of the retrospective nature of studies and the 
small number of patients reported in published studies, 
no conclusions can be drawn regarding the respective 
efficacy of PT and xRT in the setting of grades 2 and 3 
meningiomas. Randomized controlled studies with larger 
sample sizes comparing photons and proton RT are neces-
sary to prove the superiority of a technique over another in 
terms of efficacy and safety.

Cranial Base Chordomas and 
Chondrosarcomas

Chordomas and chondrosarcomas are often grouped to-
gether because of their similar appearance on imaging, 
similar appearance on histopathological examination 
and similar biological behavior.90,91 However, the tumors 
are significantly different in origin and response to treat-
ment. Chordomas are rare, locally aggressive slowly 
growing bone tumors that are developed from the noto-
chord remnant in clivus of sphenoid bone and are diag-
nosed typically in adults between the ages of 40 and 70 
years, commonly presenting by headache and diplopia. 
The typical localization is within the midline axial skeleton 
with about one-third of cases arising in the clivus, other 
common localizations are sacrococcygeal or mobile spine 
(not discussed here). Chondrosarcomas are also rare ma-
lignant tumors but arise within cartilaginous structures 
(chondrocytes surrounded by cartilage matrix), typically 
arising in more lateralized locations, and account for ap-
proximately five percent of all skull base tumors. Their dis-
tinction in diagnosis from chordomas is crucial due to their 
better prognosis.

The therapeutic approach to chordoma and 
chondrosarcoma has traditionally been surgery, fol-
lowed by RT unless a truly complete resection has been 
performed with a low probability of residual microscopic 

disease.92,93 Maximal safe surgical resection is essential to 
verify the disease, reduce tumor burden, and optimize re-
sults with adjuvant RT. Unfortunately, due to the localiza-
tion of the lesion in the proximity of critical neurovascular 
structures around the skull base, radical resection of these 
tumors is only possible in a subset of patients, typically 
those with smaller tumors. Recurrence occurs in more 
than half of chordomas and in a slightly smaller number 
of chondrosarcomas. Thus, postoperative RT is indicated 
in most patients with these diseases with the possibility of 
postoperative surveillance only in selected cases of low-
grade well-differentiated chondrosarcomas after compre-
hensive resection.92,93

Even though no randomized trials comparing different 
radiation techniques are available, PT has been historically 
recommended for virtually all patients with chordomas 
and chondrosarcomas because the high radiation doses 
needed for local control historically could not be safely 
given with photon therapy. For these tumors, the adminis-
tration of the recommended doses varies from 60 to 76 Gy 
for chondrosarcomas and from 70 to 80 Gy for chordomas, 
while often compromising target coverage to respect dose-
volume constraints for surrounding normal structures, eg, 
of the brainstem and cranial nerves, was difficult to obtain 
with conventional xRT.

A few systematic reviews focusing on the effi-
cacy and safety of PT in patients with chordoma and 
chondrosarcoma94–97 showed a 5-year local control rates 
of around 65% to 85% for chordomas and 90% to 94% for 
chondrosarcoma, respectively. We have identified eight 
studies published between 2005 and 2023 including more 
than 100 patients with chordomas or chondrosarcomas 
(Table 3).98–103 With a median dose ranging from 63 to 
78.4 GyRBE, the reported 5-year local control rates range 
from 61% to 75% and from 93% to 96%, respectively, for 
chondromas and chondrosarcomas; respective 5-year OS 
rates range from 78% to 91% and 95%, respectively. Grade 
3 or higher adverse radiation effects are reported in about 
10% of patients; however, hypopituitarism may occur in up 
to 37% of patients in three studies (Table 3). Regarding dif-
ferent PT techniques, clinical outcomes are similar for pa-
tients treated with pencil beam PT compared with those 
receiving passive scattering PT. Doses > 68–70 Gy in 2 Gy 
fractions are typically recommended, being slightly higher 
for chordomas (up to 73.8 Gy).

The role of xRT, either SRT or SRS, in patients with 
chordomas or chondrosarcomas has been investigated 
in previous published systematic reviews.56,94,104,105 In 
contrast with old studies reporting local control rates in 
the range of 17%–41% at 5 years following conventional 
RT,106–109 new radiation techniques offer improved clin-
ical outcomes110–115; however, the reported 5-year local 
control rates remain lower than those observed after PT. 
Using IMRT with a median dose of 76 Gy for chondroma 
and 70 Gy for chondrosarcoma given in 2 Gy fractions, 
Sahgal et al.110 reported 5-year survival rates of 85.6% and 
84.1%, respectively, in 24 patients at a median follow-up 
of 36 months. The 5-year cumulative incidences of local 
failure were 34.7% and 11.9% for the chordoma and 
chondrosarcoma cohorts, respectively.

Debus et al.111 observed 5-year overall survival and local 
control rates of 82 and 50%, respectively in 37 patients 
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with skull base chordomas receiving postoperative con-
ventionally fractionated SRT with a median dose of 66.6 
Gy. For patients receiving single-fraction SRS, local con-
trol rates of 21%–72% at 5 years have been observed in 
patients with small residual or recurrent chordomas and 
chondrosarcomas.112–115 In a multicentre study of 71 pa-
tients with small-sized chordomas of the skull base treated 
with GK SRS using a marginal dose of 15 Gy, Kano et al.112 
showed 5-year actuarial overall survival and local control 
rates of 80% and 66%, respectively. In another large retro-
spective multicentric study of 93 patients with intracranial 
chordoma receiving GK SRS with a median dose of 17 Gy, 
Pikis et al.113 reported 5- and 10-year tumor progression-
free survival rates of 54.7% and 34.7%, respectively, with 
5- and 10-year overall survival rates of 83% and 70%, re-
spectively. Complications associated with SRS are re-
ported in 10% to 33% of patients, mainly represented by 
cranial nerve deficits and brain necrosis; however, grade 3 
or more toxicities are reported in less than 10%.

In summary, RT remains an effective treatment for 
chordomas and chondrosarcomas, with doses around 
70 Gy or higher usually recommended to achieve better 
local control. New stereotactic techniques have signifi-
cantly improved the conformality and precision of radi-
ation treatments and their potential efficacy have been 
suggested in a few studies; however, the reported 5-year 
survival is higher with PT than xRT for either chordomas 
or chondrosarcomas and there is still a consensus that 
proton beam therapy represents a more effective and safe 
approach in such patients, especially for larger tumors. 
Currently, no prospective controlled randomized clinical 

trials are comparing proton- versus photon-based therapy, 
while two ongoing prospective phase III clinical trials are 
evaluating proton versus carbon-ion radiotherapy in pa-
tients with either chordoma (NCT01182779, Heidelberg) or 
chondrosarcoma (NCT01182753, Heidelberg).

Other Skull Base Tumors

Pituitary adenomas are benign brain tumors that comprise 
10%–20% of all CNS neoplasms. For patients with either 
secreting or nonfunctioning pituitary adenomas, multiple 
treatment options exist including systemic treatments, sur-
gery, and RT. Both SRS and fractionated SRT are frequently 
employed in patients with postoperative residual or pro-
gressive nonfunctioning tumors or in those with secreting 
tumors resistant or intolerant to systemic therapy.116,117 
Using either SRS with doses of 13–16 Gy for nonfunctioning 
pituitary adenomas and 16–24 Gy for secreting adenomas 
or conventionally fractionated SRT with doses of 45–54.0 
Gy, the reported tumor control in large retrospective series 
ranges from 85% to 95% at 5–10 years, with normalization 
of hormone hypersecretion in more than 50% of patients. 
Hypopituitarism represents the most common late com-
plication of radiation treatments, whereas other late effect 
radiation complications, including radiation-induced optic 
neuropathy and cranial nerves deficits, occur in < 5% of 
cases.

Data on PT for pituitary adenomas using either conven-
tional fractionation, 50.4 - 54 GyRBE in 1.8 Gy fractions, or 

Table 3.  Selected Published Series of Proton Beam Therapy for Chordomas and Chondrosarcomas

Reference Institution Period Patients 
(Tumor 
type)

Median 
dose 
(GyRBE)

Tech-
nique

Median 
follow-up
(months)

Local
control

Overall
survival

Toxicity ≥ G3

Noel et al. 
2005

CPO 1993–
2002

100 
(CH)

67 
(PH + PT)

PS 31 86.3% at 2 y,
53.8% at 4 y

94.3% at 2 y,
80.5% at 5 y

Acute, 100%; 
late, 42% any 
grade

Weber et al. 
201699

PSI 1998–
2012

222
(CH/CS)

72.5 AS 50 CH, 70.9 at 
7 y;
CS, 93.6% 7 y

CH, 72.9% at 7 y;
CS, 94.1% at 7 y

8.1% late

Feuvret el 
al. 2016100

CPO 1996–
2013

159 
(CS)

70.2 PS/PH
+ PT

77 96.4% at 5 y,
93.5% at 10 y

94.9% at 5 y,
87% at 10 y

6.9% late

Fung et al. 
2018

CPO 2006–
2012

106 
(CH)

73.8/72/
70.2/68^

AS/PS/
PH
+ PT

61 88.6% at 2 y, 
75.1% at 5 y

99% at 2 y,
88.3% at 5 y

7% at 5 y;
h-PIT 16%

Weber et al. 
201882

PSI + CPO 1996–
2015

251 
(CS)

70.2 AS/PS 87.3 NR 93.6% at 7 y 15.1% late,
h-PIT 37%

Holtzman et 
al. 2021101

Jackson-
ville, Florida

2007–
2019

112 
(CH)

73.8 AS/PS/
PH
+ PT

52 74% at 5 y 78% at 5 y 5% RN;
h-PIT 17%

Nunna et al. 
2022102

NCDB** 2004–
2016

159 
(CH)

NR. NR. NR. NR 85.4% at 5 y NR

Mattke et al. 
2023103

HIT 2006–
2019

111 (CI)
32(PT)

66/20 (CI)
74 (PT)

PS 49.3 65% at 5 y,
61% at 5 y

83% at 2 y,
91% at 5 y

G1-3, 29.8%
G1-3, 31%

CPO, Orsay Protontherapy Center; PSI, Paul Scherrer Institute; CNAO, Centro Nazionale di Adroterapia Oncologica; CH, chordoma; CS, 
Chondrosarcoma;*different PT/PH regimens; ^dose adaptative protocol; **NCDB, National Cancer Database; NR, not reported; y, years; h-PIT, 
hypopituitarism.
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pSRS with a median dose of 20 GyRBE, indicates an excel-
lent 5-year local control rate of more than 90%.118–122 For 
secreting pituitary adenomas, hormone hypersecretion 
normalization rates range from 38% to 85.7% with a me-
dian time to biochemical remission of 18 to 62 months, 
similar to those observed for xRT.119–122 The most common 
reported toxicity is the development of hypopituitarism, 
with an incidence of one or multiple pituitary hormone 
deficits between 30% and 62%. The high risk of hypopitu-
itarism is because of the inclusion of the normal gland in 
the target volume and/or dose fall-off, as well the irradia-
tion of the pituitary stalk.123 Radiation-induced optic neu-
ropathy and other cranial deficits are observed in < 5%. No 
radiation-induced secondary tumors were reported.

Vestibular schwannomas are benign, slow-growing tu-
mors originating from the Schwann cells of the 8th cranial 
nerve. Treatment decisions include observation, micro-
surgery, and SRS/SRT. The choice of xRT technique and 
number of fractions depends on the dimension and pos-
ition of the tumor. SRT is usually preferred over SRS for 
large lesions > 3 cm in close proximity to the brainstem.124 
Efficacy and toxicity of PT for vestibular schwannomas 
have been evaluated in 9 studies published between 
2002 and 2022.125–132 Following either conventionally 
fractionated RT, 50.4 to 59.4 GyRBE in 1.8 Gy fractions, 
or hypofractionated RT, 23 GyRBE in 3 fractions, or SRS, 
12 GyRBE in single fraction, the 5-year local tumor con-
trol rate ranges from 93% to100%. The reported overall 
rate of facial nerve and hearing preservation ranges 
from 89.6% to 97.7% and from 29.4 to 51.8 at 5 years. The 
5-year local control rate and nerve function preserva-
tion are similar following conventionally fractionated RT, 
hypofractionated RT, and single-fraction SRS; in addition, 
the outcome does not change significantly between pas-
sive scattering and scanning techniques. Regarding xRT, 
published systematic reviews indicate similar efficacy 
and hearing/facial nerve preservation following either 
SRS or SRT.133–136 Across evaluated studies, the pooled 
rates of tumor control, hearing, facial nerve, and trigem-
inal nerve preservation were around 95%, 37%, 97%, and 
98%, respectively.

For patients with a craniopharyngioma, RT is frequently 
employed after subtotal resection or at tumor recurrence, 
providing better long-term tumor control rates at 10 years 
than surgery alone with a local control of 80–90 at 10 
years.137–140 The reported incidence of radiation-induced 
optic neuropathy resulting in visual deficit is 2%–8%.141–144 
The proximity of craniopharyngioma to the optic pathways 
provides a major limitation to the use of SRS; however, in 
very selected series of relatively small residual tumors not 
involving the optic apparatus, the reported 10-year local 
control rate ranges from 53% to 78% using 11–15 Gy in 
single-fraction or 25 Gy in 5 fractions145–151 A few studies 
of PT for craniopharyngioma are available in the medical 
literature, mainly pediatric series.152–154 Although the re-
ported local control around 90% at 5 years is comparable 
with the results of series of xRT, PT may represent a better 
treatment in pediatric patients, possibly limiting potential 
radiation-induced long-term neurocognitive decline, hy-
popituitarism and risk of radiation-induced tumors. In a 
small series of 14 adult patients with craniopharyngioma 
receiving a mean dose of 54 GyRBE in 1.8 GyRBE fractions, 

Rutenberg et al.155 observed 3-year local control and 
overall survival rates of 100% with no grade 3 or greater 
acute or late radiotherapy-related side effects. To date no 
experience with proton SRS has been reported.

Current clinical results indicate a similar control for adult 
patients with benign skull base tumors using either xRT 
or xPT. Currently, available data coming from relatively 
small retrospective series does not allow any definitive 
conclusion about the superiority of proton-based over 
photon-based techniques. The main reason to use PT for 
these benign tumors is to minimize normal tissue toxicity 
rather than increase local control. Because the difference 
between techniques may be quite small, this means that 
large numbers of patients with 10–20 years of follow-up 
would be necessary to show any clinically significant ad-
vantage of PT over xRT for such tumors.

Cost-Effectiveness Considerations

A formal cost-effectiveness assessment is a key consider-
ation for medical decision-making. PT is expensive, since 
large investments are required for building accelerators, 
beam transport systems, and gantries. It is therefore im-
portant to evaluate whether the medical benefits of PT are 
such as to justify the higher costs.

Several studies have provided economic evaluation of 
PT in different types of cancers.156–160 PBT offers promising 
cost-effectiveness for some tumors, such as well-selected 
breast cancers, locoregionally advanced NSCLC, and high-
risk head/neck cancers, while it seems not cost-effective 
for prostate cancer or early-stage NSCLC. In a recent sys-
tematic review, Verna et al.160 found that PT was the most 
cost-effective option for several pediatric brain tumors. 
The investigators posited that their finding was the result 
of a drastic reduction in the development of chronic tox-
icity attributable to radiation exposure that typically occurs 
after traditional xRT. In contrast, the major problem with 
evaluating PT for adult brain tumors is the limited number 
of clinical studies. This means that cost-effectiveness is 
more based on the assumptions of the reduced treatment 
expenses for late radiation-induced toxicities following PT 
rather than evidence from randomized clinical trials.

In 2017, the Canadian Agency for Drugs and 
Technologies in Health published a health technology 
assessment, including a systematic review of 215 pub-
lications on PT for the treatment of cancer in children 
and adults.161 In children with brain tumors, PT resulted 
in fewer adverse events, but similar overall survival and 
progression-free survival compared to those treated 
with xRT. In contrast, adverse events, overall survival, 
and progression-free survival are similar in adults with 
brain tumors. Then, the economic evidence suggests 
that PT may be cost-effective in pediatric populations 
with medulloblastoma; however, studies were based on 
limited clinical evidence. In other indications, the cost-
effectiveness of PT is unclear.

In summary, based on findings in the literature, PT is likely 
cost-effective compared with xRT in children with brain tu-
mors, eg, medulloblastoma and craniopharyngioma, but 
cost-effectiveness remains unclear in adults with focal 
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brain tumors. Future studies should identify the appro-
priate PT-eligible risk groups for whom investing in a PT fa-
cility may be cost-effective compared to xRT. In this regard, 
the benefits of PT would increase in patients at higher risk 
of adverse reactions.

Conclusion and Recommendations

Irradiating brain tumors with photons using state-of-the-
art irradiation techniques provides excellent conformality, 
nevertheless, the volume receiving a low radiation dose 
can be reduced with the aid of protons. The outcome 
of large, randomized trials comparing photon versus 
proton radiation in brain tumor patients are on the way 
but not yet available at this moment. Since protons are 
less available worldwide and the cost to date is higher 
than photons, it is critical to determine which patients 
are most likely to benefit from this treatment. The evi-
dence presented in this review shows a reduction, but 
also different side effects with PT eg, the RICE, with com-
parable local control and overall survival rates. Whether 
this potential reduction in side effects is currently clini-
cally relevant cannot be objectified at this time because 
data on neurological/neurocognitive outcome and QoL 
after treatment are missing on a large scale. A longer 
follow-up period of some recently started and promising 
studies is needed to learn more about the impact on QoL 
and cognitive evaluation. The radiation oncologists within 
the European proton therapy network promote strongly 
close collaboration, uniformity and extensive OARs de-
lineation, nomenclature, follow-up, and data collection 
in order to fasten the process of the promising develop-
ment of normal tissue complication probability models 
in the near future. Increasing the availability of validated 
normal tissue complication probability neuro models will 
enable us to select the right patient for the most optimal 
radiation technique.

It is recommended to perform a plan comparison be-
tween xRT and PT and consider the dose to various OARs 
and target coverage, as is the golden standard in several 
European countries, before deciding which technique is 
best, not limiting the decision to pathology only.
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