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Abstract

High-grade gliomas are the most common intracranial malignancies, and their current prognosis remains poor
despite standard aggressive therapy. Charged particle beams have unique physical and biological properties, espe-
cially high relative biological effectiveness (RBE) of carbon ion beam might improve the clinical treatment out-
comes of malignant gliomas. We systematically reviewed the safety, efficacy, and dosimetry of carbon-ion or proton
radiotherapy to treat high-grade gliomas. The protocol is detailed in the online PROSPERO database, registration

No. CRD42021258495. PubMed, EMBASE, Web of Science, and The Cochrane Library databases were collected for
data analysis on charged particle radiotherapy for high-grade gliomas. Until July 2022, two independent review-

ers extracted data based on inclusion and exclusion criteria. Eleven articles were eligible for further analysis. Overall
survival rates were marginally higher in patients with the current standard of care than those receiving concurrent
intensity-modulated radiotherapy plus temozolomide. The most common side effects of carbon-ion-related therapy
were grade 1-2 (such as dermatitis, headache, and alopecia). Long-term toxicities (more than three to six months)
usually present as radiation necrosis; however, toxicities higher than grade 3 were not observed. Similarly, dermati-
tis, headache, and alopecia are among the most common acute side effects of proton therapy treatment. Despite
improvement in survival rates, the method of dose-escalation using proton boost is associated with severe brain
necrosis which should not be clinically underestimated. Regarding dosimetry, two studies compared proton therapy
and intensity-modulated radiation therapy plans. Proton therapy plans aimed to minimize dose exposure to non-
target tissues while maintaining target coverage. The use of charged-particle radiotherapy seems to be effective
with acceptable adverse effects when used either alone or as a boost. The tendency of survival outcome shows that
carbon ion boost is seemingly superior to proton boost. The proton beam could provide good target coverage, and it
seems to reduce dose exposure to contralateral organs at risk significantly. This can potentially reduce the treatment-
related dose- and volume-related side effects in long-term survivors, such as neurocognitive impairment. High-quality
randomized control trials should be conducted in the future. Moreover, Systemic therapeutic options that can be
paired with charged particles are necessary.
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Background

High-grade gliomas (HGGs) are the most common pri-
mary intracranial malignancies, accounting for approxi-
mately 47.1% of malignant brain tumors [1, 2]. According
to the World Health Organization (WHO) classification,
HGGs mainly consist of glioblastoma multiforme (GBM),
anaplastic astrocytoma (AA), or oligodendroglioma
[3]. The poor prognosis of aggressive treatment, includ-
ing gross total resection, photon radiotherapy, chemo-
therapy, and(or) tumor treatment fields makes treatment
challenging worldwide. Considering the features of
highly infiltrative tumors and rapid progression, new
treatment techniques need to be explored. Compared
with X-rays, a high linear energy transfer beam has sig-
nificant physical characteristics. The apparent decrease
in the integral dosage is affected by a Bragg peak [4, 5].
Carbon ion beam has stronger biological effects than
normal X-rays, and cell death caused by DNA double-
strand breaks is far more difficult to repair. Some in vitro
studies calculated the relative biological effectiveness of
carbon ions in glioblastoma range between 3 and 5 [6, 7].
It is generally reported that the relative biological effec-
tiveness of proton beams is 1.1 equivalent to that of pho-
ton [8]. Charged particles have been used to treat HGGs
in the USA, Japan, Germany, and China. It is important
to closely assess whether charged particles are effective
and safe over current standard therapeutic options for
treating HGGs. Therefore, we systematically reviewed
the currently available data to thoroughly examine the
clinical efficacy and safety of carbon ions and protons
for treating HGGs and compare the results with those of
conventional techniques.

Materials and methods

Search strategy

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement. All literature searches were

Table 1 Case series report quality evaluation form
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conducted until July 2022, using the search tools of
Embase, Cochrane Library, Web of Science, and PubMed
databases with the search terms, “particle’, “charged par-
ticle’, “heavy-ion*; OR “carbon ion”, OR “proton” AND
“high-grade glioma” OR “glioblastoma” OR “anaplastic
astrocytoma” “particle’; “charged particle’, “heavy-ion*’
OR “carbon ion’;, OR “proton” AND “Dosimetry” OR
“Dosimetry study” Only publications written in English
were included. Additional studies were identified from
the citation counts of conference abstracts, review arti-
cles, and reference lists. All references were screened to

ensure that relevant studies were included.

Inclusion and exclusion criteria

Studies were included if they met the following crite-
ria: (a) clinical or retrospective studies reporting effi-
cacy, adverse reaction, and/or dosimetry comparison
in patients with newly diagnosed HGG with charged
particle beam; (b) Trials enrolling adults; and (c) studies
reporting tumors that had been pathologically diagnosed.
Publications were excluded if they were (a) case reports
on one or two patients; (b) letters, editorials, protocols,
reviews, or meta-analyses; (c) duplicate publications; (d)
cell and animal experimental studies; (e) lacking detailed
data; (f) recurrent glioma; (g)prior brain radiation.

Data extraction

The necessary data were extracted independently by two
researchers, and the results were discussed with senior
investigators if there was no discrepancy. Overall survival
(OS), progression-free survival (PES), treatment-related
toxicity, target volume dose, and organ at risk dose were
among the outcomes studied. For each article, the fol-
lowing data were obtained: first author, publication year,
study period, the number of patients, institution, tumor
site, tumor status, total treatment dose, and the median
follow-up time.

Studies a b 4 d e f g h

Tsujii et al. [13] No Yes Yes Yes Unapplicable Yes Yes Unapplicable
Fitzek et al. [15] No Yes Yes Yes Unapplicable Yes Yes Unapplicable
Mizoe et al. [27] No Yes Yes Yes Unapplicable Yes Yes Unapplicable
Mizumoto et al. [17] No Yes Yes Yes Unapplicable Yes Yes Unapplicable
Adeberg et al. [14] Yes Yes Yes Yes Unapplicable Yes Yes Unapplicable
Voraetal. [11] Yes Yes Yes Yes Unapplicable Yes Yes Unapplicable
Kong et al. [25] Yes Yes Yes Yes Unapplicable Yes Yes Unapplicable
Brown et al. [12] No Not clear Yes Yes Unapplicable Yes Yes Unapplicable

a-h: Case series reports were evaluated using the case series report bias evaluation tool item (refer to Quality assessment paragraph)
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Quality assessment

Case series reports were evaluated using the case series
report bias evaluation tool as shown in Table 1 with the
answer yes, no, or ambiguous. The evaluation indica-
tors were as follows: (a) inclusion and exclusion criteria;
(b) clinical heterogeneity of patients, including disease
severity, classification, duration, and onset time; (c)
whether the main intervention measures (dose, admin-
istration, and course of treatment, etc.) were clearly
described; (d) whether the measurement method of rel-
evant outcome measures was reasonable; (e) whether
the outcome measures were measured before and after
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the intervention; (f) whether the loss to follow-up and
follow-up time were recorded; (g) whether adverse
events related to clinical treatment were documented;
and (h) whether the outcome measurer was blinded.
The literature quality evaluation was independently
completed by two members, respectively.

Results

Study characteristics

During the duplication removal and abstract screening
process, 1357 of the original 2845 studies classified by
four databases were removed (refer to Fig. 1). According

— 2845 identified through
Pubmed: 764
§ Embase: 740
-’
3 Web of Science: 1302
?.E: Cochrane library 19
(7]
=
—
—
Records after duplicates removed
ar (n=1488)
s
c
o
2
Q
)
1357 Records for eligibility 1324 Records excluded
— using titles and abstracts [~ due to cell or review etc
£
3
%’ ¥ 22 Full-text articles
33 Screened for eligibility excluded, with reasons
using full text | 19 No complete outcome
—
data
— 3 Full text unavailable
1 Report on the same
- patient data
3 11 Studies included: 1
% retrospective and 7
= prospective clinical
researches; and 3
— dosimetry comparisons
researches

Fig. 1 PRISMA flow diagram
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to the applicable exclusion criterion, 33 full texts were
screened further, leaving 11 relevant studies for data
extraction. Eight clinical trials and three dosimetry com-
parability studies were conducted. Eight clinical studies
were chosen (one retrospective study, seven prospective
studies) including two carbon-ion-related treatments,
and six protons and/or photon-based combinations. A
total of 350 patients were drawn from eight cohorts, with
case numbers ranging from 13 to 67, and the median fol-
low-up times ranging from 14.3 to 48.7 months. All 350
patients were diagnosed with HGG (WHO grade III-1V),
and the pathological types, including glioblastoma and
AA. Two prospective studies associated with carbon-
ion therapy were undertaken in Japan and China, while
the rest of the research was conducted in two countries
(USA, Germany). The general characteristics are shown
in detail in Table 2. Despite some inconsistencies in the
definitions of both regions of interest (for example, the
healthy brain tissue) and relevant dosimetry indices (for
example, inhomogeneity coefficients and conformity
indices), which hindered data pooling, most dosimetry
studies reported a statistical analysis providing quantita-
tive support for the results. The ongoing clinical trials are
reported in a Table 5.

Treatment and clinical survival results

As shown in Tables 2 and 3, the eight selected articles
included one retrospective study, six prospective phases
I/II mono-institutional studies, and one multi-institu-
tional collaborative registry. Overall, 350 patients with
newly diagnosed HGGs were treated. The median fol-
low-up ranged between 14.3 and 48.7 months. Two clini-
cal studies regarding the treatment center of Japan and
China conducted carbon-ion-related therapy. These two
trials were both prospective and single-center trials, eval-
uating the outcome of carbon ion or mixed with proton
or photon therapy after some surgical procedure. In the
National Institute of Radiological Sciences, patients were
treated using photon therapy and chemotherapy followed
by carbon ion therapy. Photon therapy (1.8 to 2.0 Gy per
fraction) was administered five days a week with a total of
50.0 Gy. Nimustine hydrochloride (ACNU) was adminis-
trated at a dose of 100 mg/m? on the first and fourth or
fifth weeks of photon therapy. After radio-chemotherapy
for each patient, carbon ion radiation was administered
four days per week for over two weeks. In a dose-escala-
tion study from 16.8 Gray equivalent (GyE) to 24.8 GyE
in every 10% increase, the median OS of AA patients
was 35 months while those with GBM was 17 months.
The median PFS and OS of patients with GBM were 4
and 7 months for the low-dose group (16.8GyE), 7 and
19 months for the middle-dose group (18.4-22.4GyE),
and 14 and 26 months for the high-dose group (24.8GyE),
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respectively. In a clinical trial by Kong et al., 50 patients
were treated with a proton or proton plus carbon ion
boost. The proton therapy protocol was 60.0GyE in 30
fractions, with three dose-escalation schemes employ-
ing carbon ions in addition to chemotherapy (refer to
Table 3). The 12-month and 18-month OS rates were
87.8% and 72.8%, respectively. The 12-month and
18-month OS rates of GBM were 77.4% and 61%, respec-
tively, and those of AA were 100%. The efficacy of these
two carbon-ion-related radiations had an advantage over
current standardized protocols from Stupp et al. [9, 10].

The remaining six studies were associated with pro-
ton and/or photon therapy. In the study by Vora et al.
[11], using prospective, multi-institutional clinical trials
among HGGs were conducted using therapeutic surgery
and temozolomide-based chemotherapy followed by pro-
ton radiation alone. The median total dose delivered was
59.4 GyE (range 40 to 66 GyE), which was administered
over 15-33 fractions. The median OS for all patients was
18.3 months with 2 years OS of 39.0%, and the median
OS for GBM was 17 months. The next study contrib-
uted to this systematic review from Brown et al. [12]; the
enrolled patients were randomized to proton therapy or
intensity-modulated radiation (IMRT) groups. Similarly,
surgery and chemotherapy were performed in prepara-
tion for subsequent radiotherapy. The simultaneous inte-
grated boost technique treated both PTV50 and PTV60
to 50 Gy and 60 Gy in 30 fractions. There was no differ-
ence between the proton therapy and IMRT in median
PFS (6.6 months vs.8.9 months) or OS (24.5 months
vs.21.2 months).

At different Japanese, German, and USA institutes,
the University of Tsukuba explored novel approaches for
photon and proton boost therapies. In the study by Tsujii
et al. [13], five patients were treated with proton therapy
alone with a median 66.8 Gy, while eight patients were
treated with photon therapy followed by proton boosts
for a total mean 86.8 Gy. The median OS for AA, GBM,
and AA+GBM were 25, 13, and 20 months, respec-
tively. Mizumoto et al. [14] reported that patients who
underwent photon therapy (total dose 50.4 Gy in 28 frac-
tions) followed by hyper-fractionated boost proton ther-
apy (total dose 46.2GyE in 28 fractions) plus nimustine
hydrochloride (80 mg/m? in the first and fourth weeks)
or temozolomide(75 mg/m?, daily) had 1- and 2-year
OS rates of 78% and 43%, respectively and median OS of
21.0 months. The treatment plan of studies by Adeberg
et al. [14] also included treating the patients with pho-
tons (range 50 to 50.4 Gy) and proton boost (total dose
10GyE); the median OS for photon alone and photon
plus proton boost was 20.9 and 19.1 months, respectively.
Fitzek et al. [15] reported that 23 GBM patients under-
went surgery followed by accelerated fractionated photon
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therapy (total dose 55—65 Gy) and proton therapy applied
as a boost (dose escalation to 90 cobalt gray equivalent,
CGE) in the United States. The prescription doses for the
three target volumes in this prospective phase II trial are,
respectively, volume 1, 90 CGE; volume 2, 64.8 CGE; and
volume 3, 50.4 CGE (proton doses plus x-ray irradiation
doses). The median total dose was 93.5 CGE with 92.05
to 94.2 CGE. The OS rates at one, two, and three years
were 78%, 34%, and 18%, respectively. The median sur-
vival time was 20 months.

Patterns of failure

The patterns of failure (mainly tumor recurrence) are
reported by Fitzek et al. and Mizumoto et al. [15, 16].
Pathological samples were available in 15 (65%) of 23
patients from the dose-escalation plan. On the contrary,
nine patients were found to have recurrent tumors and
radiation necrosis. Further analysis on three patients by
autopsy demonstrated that recurrent tumors were out-
side the high-dose volume (90CGE). The Kaplan—Meier
analysis showed that the median OS of the patients with
necrosis was 29 months compared with 16 months in the
recurrent patients (p =0.01). Another study reported that
MRI examined all 23 patients treated by hyper-fraction-
ated proton boost. In another study of 23 patients who
received hyper-fractionated proton boost, changes in
control MRI occurred in 20 cases. Six (75%) of 8 patients
within who received 96.6GyE had brain necrosis without
tumor recurrence within CTV1.

Toxicity

Almost all patients completed the treatment without
interruption or discontinuation. The study examined
acute toxicities within 3—-6 months of treatment com-
pletion. Two studies have reported adverse reactions in
patients with HGGs treated with carbon ion boost. No
Grade 3 or severe toxicities were reported. These cases
reported some acute symptoms following carbon ion
boost, such as dermatitis, alopecia, headaches, and late
side effects relating to brain necrosis in patients with
Grade 1-2 (according to CTCAE or RTOG/EORTC).
All of the data are shown in Table 4. The side effects
of the photon with proton boost from Adeberg et al.
[14] showed that toxicity of Grade 1-2 was observed
in 6 patients receiving bimodality radiotherapy and no
Grade 3 or higher-grade acute reactions. And late side
effects were not reported. Dose escalation using protons
as boost to the photon therapy offers a high total dose.
The common acute adverse effects (Gradel-2) were alo-
pecia/dermatitis, nausea, or headache, and one patient
had a severe acute reaction. Still, brain necrosis was a
very common late toxicity (23% of patients with radia-
tion necrosis by Mizumoto et al. [17] and all patients in
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the study of Fitzek et al. [15]). Similarly, the most com-
mon acute adverse effects during treatment with proton
therapy were dermatitis, headaches, and alopecia, while
radiation necrosis has not yet occurred [11]. Brown et al.
[12] reported that proton therapy significantly reduced
the dose of normal tissues. When adverse event occur-
rences are compared for each patient, the average num-
ber of Grade 2 or higher toxicities is considerably higher
in patients who received IMRT than in those who under-
went proton therapy.

Comparison of dosimetry plans

Three available papers were related to dosimetry stud-
ies, comparing 3D-CRT, intensity-modulated radiation
therapy (IMRT), and proton therapy, as well as differ-
ent IMRT techniques, such as volumetric modulated arc
therapy (VMAT) versus intensity-modulated proton
therapy. The standard photon therapy radiation plan was
prescribed at 60 Gy in 30 fractions, while the patients
received intensity-modulated proton therapy (IMPT)
with 60GYE in 2.0GyE fractions. Holm et al. explored
the dose-escalation plan for all three techniques (refer to
Table 6).

Target dosimetry evaluation

Adeberg et al. [18] showed that clinical target
volume(CTV)coverage was comparable among three
distinct techniques; Vg and Vgg were observed with
no difference. The homogeneity index (HI=D;— D/
D,) was higher in the proton and VMAT plans than in
the 3D-CRT plans. The minimum dose to the CTV
(Dmin) in the proton plans was significantly higher than
in the photon plans (p-value<0.05). The PTV coverage,
absorbed dose standard deviation for PTV, was the only
target parameter illustrated by Rosenschold et al. [19]
research. The PTV coverage was significantly higher for
IMPT (p<0.0001) than VMAT. Holm et al. [20] explored
dose escalation of three modalities using two parameters
(R30 and ODV refer to Table 5 annotation) to evaluate
dose homogeneity. The median ODV was reduced by 4
percentage points (p<0.05) and 48 percentage points
(p<0.05) for the VMAT and IMPT, respectively. The
IMPT significantly reduced the median R30 (45% vs.
35%, p<0.05).

Dosimetry assessment of OARs

Three papers provide specific figures on OARs: Adeberg
et al. [18] reported a significant reduction in the Dmean
to the contralateral optic nerve (ON) and brainstem
in IMPT compared with VMAT (—66.8 and —28.1%,
respectively) or 3D-CRT (—67.6 and—67.7%, respec-
tively). As described above, the integral dose was reduced
when observed on the contralateral optic nerve and
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brainstem. IMPT reduced the Dmean and integral dosage
to the pituitary gland by 52.5% and 65.0%, respectively,
along the hypothalamic-pituitary axis. The Dmean and
ID to the infratentorial brain could be reduced by 77.0%
and 81.7%, respectively, when using IMPT over VMAT
and by 91.6 and 81.7%, using 3D-CRT. Adeberg et al.
[18] also demonstrated that sparing of the contralateral
subventricular zone (SVZ) and hippocampus was sig-
nificant for Dmean and integral dose when using proton
therapy. According to Rosenschéld et al. [19] the Dmean
to the whole brain was significantly lower for IMPT than
VMAT (p<0.0001), while the Dmax to the chiasm and
brainstem were comparable for all techniques. Holm
et al. [20] compared dose-escalation plans and the stand-
ard plan in the Dmean to the OAR. For IMPT, the spar-
ing of all the organs at risk was much better than the
standard plan when noticed. IMPT significantly reduced
the danger of radio-necrosis by estimating the ratio of the
dose-volume histograms of the brain.

Discussion

This systematic review aimed to determine the efficacy
and safety of charged-particle therapy in adult patients
with HGGs. However, few articles are available that
are relevant to the aim of this research. The applica-
tion of charged-particle therapy for treating HGG was
now basically in clinical trials. Moreover, these acces-
sible researches, in general, contain inadequacies, such
as small sample sizes, a heterogeneous body of research,
and obsolete diagnosis or treatment measures. Over the
past decade, there has been a consensus on the manage-
ment of gliomas. For newly diagnosed HGGs, the stand-
ard treatment approach includes maximally safe surgery,
concurrent TMZ-based radio-chemotherapy (75 mg/m?
for 42 days), adjuvant chemotherapy (150-200 mg/m? in
a 5/28 schedule) for 6-12 cycles, further combined with
tumor treatment fields (TTF) for GBM but also for AA
in some countries. The radiation dose prescription is up
to 60.0 Gy in 2.0 Gy fractions that include the contrast-
enhancing area [9, 10, 21]. Even though the median OS
and median PFS for radiation plus temozolomide for
GBM were 14.6 and 6.9 months, the outcome of survival
is still unfavorable [22]. Strategies regarding dose-esca-
lated radiotherapy, hypo-fractionated or hyper-fractioned
trial, and stereotactic radiosurgery boost were conducted
[23, 24]. However, these active attempts do not seem to
fundamentally solve the problem of tumor control.

Up till now, the carbon-ion beams have been applied
in clinical practice as boosting technique after proton
or photon therapy. Kong et al. [25] reported that the
modality of particle therapy plus concurrent temozo-
lomide was carried out to manage HGG for the first
time. The 18 months OS and PFS rates with charged
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particle therapy plus temozolomide were 72.8% and
59.8%, respectively, and 29.4% and 18.4% (18 months)
with photon-based chemo-radiotherapy by Stupp et al.
[10]. The above results indicate that charged particle
therapy (proton plus carbon ion boost) appears to be
more effective than traditional photon therapy. However,
the median follow-up of 14.3 months is too short to be
accurate, and the subsequent results should be consid-
ered constantly. The pattern of treatment failure in HGGs
is mainly local recurrence, even if maximal surgery and
high-dose radiotherapy are completed. The majority of
recurrence sites are related to photon therapy CTV [26].
Dose escalation may solve the problem if the brain tissue
is spared from high-dose radiation. In the Shanghai Pro-
ton and Heavy Ion Center (SPHIC) study, most patients
who had residual disease after surgery were treated
with high-dose proton therapy followed by a carbon-ion
boost; this strategy seems effective in the short term.
In another Phase I/II carbon ion dose-escalation trial,
Mizoe et al. [27] observed the median OS of AA patients
was 35 months, and that of GBM patients was 17 months
(p=0.0035). The median PFS of GBM was 4 months for
the low-dose group and 7 and 14 months for the middle-
dose and high-dose groups, respectively. The univariate
and multivariate analyses of prognostic factors of GBM
patients showed that high-dose carbon ion groups had
significantly better OS than middle or low-dose groups.
Although the number of cases in this series was limited,
the median overall survival of patients with WHO grade
IIT and IV gliomas were 35 and 17 months, respectively,
which appears to be favorable. To avoid severe and unac-
ceptable radiation toxicity to normal brain tissue, the T2
high-signal area of MRI was treated with photons rather
than carbon ions, whose effect was unknown. (Because
there had been no research with a clinical application
of carbon ions for the treatment of human brain tumors
before this study).

With the two main advantages of the heavy particle
beam, the adverse effects simultaneously become con-
cerning. Even with high-dose carbon-ion irradiation, tri-
ple modalities paired with photon, ACNU, and Carbon
ion boost are safe for normal brain tissue. Nonhemato-
logic side effects were uncommon, and there were no
Grade III or IV reactions in the brain (the ACNU chemo-
therapy regime probably caused hematologic toxicities).
Because of severe hematological toxicity in patients,
ACNU has not been recommended as a chemotherapy
guideline. Furthermore, the ineffectiveness of ACNU
is most likely due to dosage limitations and the blood—
brain barrier [27, 28]. The observation, in particular, was
that brain necrosis in the target region using magnetic
resonance imaging was only restricted to perilesional
necrosis. The symptoms of headache and fatigue in this
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study are prevalent side effects [29, 30]. According to
this Phase I/II trial, carbon ion radiation is safe for nor-
mal brain tissues. It would provide a basis for treating
gliomas with carbon ion beams. The next phase clinical
trial consisting of a carbon ion beam will continue to be
conducted. However, a slightly different result from Kong
et al. [25] showed 11 patients experienced grade I-II late
side effects of radiation-induced brain necrosis after the
completion of particle therapy. The late effect of CIRT
on brain tissue is unknown due to the short follow-up
period. It is difficult to distinguish between brain necro-
sis and pseudoprogression after radiation in the short
term [31-33]. The issue of CIRT-induced brain necrosis
cannot be overlooked. Hasegawa et al. [34] reported that
severe late toxicities in the normal brain occurred after
irradiation with CIRT alone (55.2 GyE in 24 fractions).
High biological effectiveness results in significant cell-
killing outcomes, however, such properties might cause
severe irreversible organ dysfunction. Alopecia, along
with other acute toxicities such as dermatitis, is a com-
mon and reversible symptom. The lack of severe acute
side-effects has shown the potential safety of the carbon
ion beam. These findings are significantly important for
carbon ion beam to corroborate the physical advan-
tages, which could reduce side effects compared to con-
ventional radiation. The neurocognitive function should
also be better preserved, in particular in patients with-
out MRI changes like brain necrosis and cerebral edema.
But these main complications of intracranial irradiation
are not reported after using carbon ion therapy. Bevaci-
zumab, steroid agents, or mannitol could alleviate brain
edema generated by radiotherapy [35]. Evaluating neu-
rocognitive function and quality of life (QoL) with ion-
radiotherapy might be a direction of research. Still, the
poor prognosis of HGGs seemingly impedes long-term
follow-up.

Protons have physical features similar to carbon ion
beams; however, their biological efficiency is inferior to
that of heavy particles, which are roughly 1.1-1.2 equiv-
alent to photons [8, 36, 37]. The role of proton therapy
remains controversial due to its efficacy and high cost.
Several institutes conducted a series of investigations on
clinical trials involving protons, either alone or in combi-
nation with photon techniques. Vora et al. reported the
outcomes of the high-grade gliomas treated with proton
therapy. The treatment was well-tolerated, and the sur-
vival rates were comparable to previous photon-based
therapy [10]. The short-term toxicities caused by proton
therapy were mainly alopecia, headache, or fatigue. These
common side-effects following proton therapy were the
same as low-grade gliomas or other intracranial tumors
[38-40]. In a phase II trial by Brown et al. [12], there
was no indication of improved survival outcomes with
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proton therapy compared to IMRT. But adverse reactions
have been slightly reduced by proton therapy. Accord-
ing to dosimetry analysis, proton significantly reduced
the minimum, average, and maximum dose for organ-at-
risks. The physical properties of the proton beam seem
to protect normal structures and reduce toxicity. Previ-
ous studies have found that intensity-modulated pro-
ton therapy (IMPT) can provide more conformal target
coverage than IMRT [19, 41]. Similar outcomes with
other malignant tumors found less toxicity after proton
therapy than IMRT [42-45]. The different survival out-
comes have not been produced by the same radiation
dose of the two techniques, so the dose-escalation model
for proton therapy will be applied to more prospective
research. A promising prospective randomized study
(NCT02179086) compared dose-escalated protons to
photons for GBM [46] (refer to Table 5).

The current standard of care for high-grade glioma
(HGG) patients with photon therapy remains unsatis-
factory. The pattern of treatment failure is mainly recur-
rence in the local region, which is an intractable problem
with poor treatment outcomes. Long-term local control
for most remains elusive, and local recurrence within
2 cm of the residual cavity is inevitable [26, 47]. McDon-
ald et al. reported that 93% of patients had a central or
in-field recurrence after standard care of photon therapy
(total dose 60 Gy) plus temozolomide. Novel approaches
may increase the target dose intensity while normal brain
tissues are spared. Dose-escalation applied for proton
boost in previous studies (developed by Fitzek et al. [15])
provided new insights on improving tumor control rates.
The escalation of the dose to 90 CGE with a combina-
tion of photons and protons boost improved the local
control of HGGs. The 2-year OS% and mOS were 34%
and 20 months, respectively [15]. The recurrent region is
often in the periphery of this 90 CGE volume (frequently
observed in regions that received <60-70CGE). There-
fore, the core technical challenge is accompanied by an
increase in the target dose, limited by radiation brain
necrosis. Although the standard plan was not agreed
upon at that time, the innovative dose-escalation referred
to some phenomenon in which radiation necrosis sur-
vived significantly longer than patients with recurrence
(p=0.01). But the patients endured repeated operations
and continuing medical treatment owing to radiation
necrosis or recurrence. The use of hyper-fractionation
theoretically benefits a large total radiation dose without
excessive late toxicity. It has been investigated in many
clinical trials involving a wide range of tumor types [48,
49]. Mizumoto et al. [17] evaluated the survival of GBM
patients after hyper-fractionated concomitant X-ray and
proton boost (more than 6 h after conventional radia-
tion therapy). Total doses of 96.6 GyE in 56 fractions can
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effectively suppress GBM growth. The area irradiated
with>90 GyE had great local control, while local recur-
rence was observed in areas which received less than
73.5GyE. Although the physical properties of the proton
beam allow dose-escalation radiation on target, brain
necrosis is inevitable. In this trial, brain necrosis occurs
later than tumor recurrence. The radiation necrosis
was observed in 6(26%) of 23 patients; moreover, all the
patients (100%) experienced brain necrosis, according
to Fitzek et al. [15]. But overall survival in patients with
brain necrosis was significantly greater than that of those
with tumor recurrence. The same findings that patients
with necrosis treated by standard therapy followed by
necrotomy had improved overall survival compared to
those with tumor recurrence are reported by Rusthoven
et al. [50]. Radiation necrosis has often been treated
by necrotomy, drugs, hyperbaric oxygen therapy, etc.
Recently, some researchers have found that bevacizumab
is an effective treatment for radiation necrosis [51, 52].
Two patients treated with bevacizumab in hyper-frac-
tioned proton trial showed favorable responses, relieving
the clinical symptoms. Overall, high-dose proton therapy
(96.6 GyE) is a potential way to improve local control.
Moreover, prolonged hospitalization greatly strains med-
ical resources, perhaps making it difficult to apply into
practice.

X-radiation followed by proton radiotherapy as a
sequential boost is also a treatment of HGGs. A retro-
spective study was undertaken at Heidelberg Ion-Beam
Therapy Center, comparing sequential proton boost after
standard chemoradiation with photon-based concurrent
radio-chemotherapy to analyze the feasibility and safety
[14]. The median PFS and OS in both treatment groups
were comparable, and there were no discrepancies in the
historical data [10]. In terms of adverse effects, proton
boost was at the very least potentially better than typical
standard schemes [10]. Compared with the foregoing car-
bon ion boost from the SPHIC study, the biological ben-
efits of heavy particles appear to be greater than those of
proton boost therapy. A prospective CLEOPATRA trial
(NCTO01165671) is in progress in patients with glioblas-
toma to compare the impact of a carbon-ion boost with
a proton boost using IMRT [53] (refer to Table 5). Proton
or carbon-ion boost is given to macroscopic residuals for
patients after surgery. Whether this method could maxi-
mize efficacy, we look forward to releasing the results of
this study online.

In summary, eight clinical trials regarding charged-
particle therapy for high-grade gliomas involved car-
bon-ion boost combined with proton or photon, proton
alone, dose-escalation of proton as boost, and proton
boost therapy. All the techniques show favorable treat-
ment-response with controllable toxicity. In comparison
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with IMRT, proton alone therapy might not have good
survival outcomes and local tumor control advantages.
Although salvage therapies are effective, dose-escalation
of proton as boost produced radiation necrosis. In the
future, amino acid positron emission tomography (PET)
with 11C-methionine (MET) or 18F-fluoroethyltyrosine
(FET) could be more widely used for target delineation
to improve the accuracy of radiation areas. Proton ther-
apy as sequential boost is inferior to carbon ion boost in
terms of biological effects, but more prospective trials are
needed to carry it out.

This systematic review summarizes the dosimetry
advantages of protons over all types of photon techniques
to provide precision options. In addition, the analysis of
novel charged particle measures can contribute to prac-
tical applications. Three articles were used to obtain the
parameters of the target dosimetry between protons and
photons. When an intensity-modulated proton beam
(known as a pencil beam or active scattering) as a novel
mode of proton therapy is applied to these three dosim-
etry studies, it allows for a high-quality target plan that
optimizes dose distributions. However, the evaluation
criterion could not reach consistency among these plans.
It is now generally accepted that the homogeneity index
and conformity index are used to compare target dosim-
etry [54-58]. Overall, homogeneity was significantly
improved with protons, regardless of the tumor treat-
ment plan [59-64]. Similarly, Adeberg et al. [18] dis-
covered that the HI was high for the proton, and other
parameters for evaluating CTV coverage were not differ-
ent, except that Dmin was shown to be higher in proton
plans compared to others. All three modalities were com-
parable to CTV coverage. Considering that dose coverage
and distribution were difficult to distinguish particularly
when using the same prescribed dose. Dose escalation
may be achieved with protons. Another reason for this
might be that the radiation therapist tended to spare
important OARs in photons if they were in proximity
to the target, as depicted by the high CTV Dmin using
protons. For other parameters including PTV coverage,
R30, or ODV, it was illustrated that proton techniques
produced more conformal target doses than photon tech-
niques. Previous studies drew the same conclusions as
well [65-68].

Dosimetry assessment of OARs for charged particle
therapy is important. Adverse reactions related to the
quality of life or neurocognitive function in patients need
to be considered, not merely survival rates. The physi-
cal properties of charged particles seem to decrease the
exposed volume of normal tissue [69-72]. Dose assess-
ment of main intracranial OARs was classified by func-
tions, including sensory (optic nerve, chiasm, lens, etc.),
endocrine (hypothalamic-pituitary axis), neurocognition
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system (hippocampus, SVZ, whole brain). In our analy-
sis of dosimetry data of OARs, the benefits of protons
are clear in terms of sparing normal contralateral brain
tissues. Proton therapy significantly reduced the con-
tralateral Dmean, Dmax, and integral dose in the optic
nerve, brainstem, hippocampus, and other brain regions.
Similar studies have also reported that reducing radiation
exposure in protons resulted in cerebral OARs, particu-
larly in contralateral non-target normal tissues [70, 73].
Therefore, the decreased risk of radiation-related side
effects makes it possible to treat patients with proton
beam.

This systematic review has several limitations. First,
due to the scarcity of multi-institutional randomized
controlled trials (RCTs), all clinical trials involved appear
to be of low quality. Furthermore, the small sample size
and short-term follow-up period made it difficult to accu-
rately observe the course of treatment outcomes. Sec-
ond, every concrete charged particle technique applied
in clinical studies failed to reach a consistent standard.
For example, carbon ion boost used at two different
institutes as a treatment measure with various dose frac-
tions or dose intensities is difficult to compare with other
techniques. Third, some studies did not adhere to the
guidelines for standard treatment, particularly in terms
of tumor resection or the administration of chemothera-
peutic agents. These factors would an explicit effect on
the treatment efficacy. Moreover, more prospective tri-
als regarding dosimetry comparison of charged particles
and photon therapy should be taken further into consid-
eration. Finally, the O°methylguanine-DNA methyltrans-
ferase status and IDH mutation were not assessed in the
majority of research. Alterations to these molecular lev-
els are needed. Three prospective trials (NCT01358058,
NCTO03180502, NCT02797366, sponsored by NRG
Oncology, Sweden and the United States) are conducted
regarding proton therapy treating WHO grade 3 glioma
with different molecular pathology (IDH1 mutation or
1p/19q codeletion) (see Table 5). This will bring us new
ideas to guide different types of patients to benefit from
treatment (Table 6).

In conclusion, the use of charged particle radiother-
apy seems to be effective with acceptable adverse effects
when used either alone or as a boost. To date, no ade-
quate evidence validates which protocol is much more
effective. However, survival outcomes show that carbon
ion boost is seemingly superior to proton boost concern-
ing biological effects. In terms of toxicity, the side effects
of carbon ion and proton therapy could be accepted. Still,
the way of dose-escalation as proton boost occurs, brain
necrosis should not be overlooked, despite the survival
rates improving. The proton beam could provide good
target coverage, and it seems to reduce dose exposure
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to contralateral OARs significantly. This can potentially
reduce the dose- and volume-related side effects of treat-
ment, such as neurocognitive impairment, in long-term
survivors. Furthermore, high-quality RCTs should be
conducted in the future. Moreover, systemic therapy
options combined with charged particles are necessary.
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