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Abstract
Purpose  Proton beam radiotherapy (PRT) has been demonstrated to improve neurocognitive sequelae particularly. Neverthe-
less, following PRT, increased rates of radiation-induced contrast enhancements (RICE) are feared. How safe and effective 
is PRT for IDH-mutated glioma WHO grade 2 and 3?
Methods  We analyzed 194 patients diagnosed with IDH-mutated WHO grade 2 (n = 128) and WHO grade 3 (n = 66) glioma 
who were treated with PRT from 2010 to 2020. Serial clinical and imaging follow-up was performed for a median of 5.1 years.
Results  For WHO grade 2, 61% were astrocytoma and 39% oligodendroglioma while for WHO grade 3, 55% were astrocy-
toma and 45% oligodendroglioma. Median dose for IDH-mutated glioma was 54 Gy(RBE) [range 50.4–60 Gy(RBE)] for 
WHO grade 2 and 60 Gy(RBE) [range 54–60 Gy(RBE)] for WHO grade 3. Five year overall survival was 85% in patients 
with WHO grade 2 and 67% in patients with WHO grade 3 tumors. Overall RICE risk was 25%, being higher in patients with 
WHO grade 2 (29%) versus in patients with WHO grade 3 (17%, p = 0.13). RICE risk increased independent of tumor char-
acteristics with older age (p = 0.017). Overall RICE was symptomatic in 31% of patients with corresponding CTCAE grades 
as follows: 80% grade 1, 7% grade 2, 13% grade 3, and 0% grade 3 + . Overall need for RICE-directed therapy was 35%.
Conclusion  These data demonstrate the effectiveness of PRT for IDH-mutated glioma WHO grade 2 and 3. The RICE risk 
differs with WHO grading and is higher in older patients with IDH-mutated Glioma WHO grade 2 and 3.
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Introduction

Histopathologic and molecular characteristics dictate the 
biological behavior of primary brain tumors. Classification 
of tumor aggressiveness and ultimate prognosis has been 
performed by the World Health Organization (WHO) as 
well as the cIMPACT-NOW criteria that consider histopa-
thology, molecular signatures, and imaging characteristics 
[1–3]. Diffuse gliomas are defined by growth pattern, clini-
cal behavior and shared isocitrate dehydrogenase (IDH) 
genetic status. The IDH mutational status can usually be 
found by immunohistochemical staining but sometimes 
requires DNA sequencing approaches necessary to iden-
tify less common mutations [4]. In the modern era, IDH 
mutational status has been centrally anchored to the 5th 
edition of WHO classification of central nervous system 
tumors as it has been demonstrated to significantly influ-
ence prognosis [5]. While median survival in patients 
with IDH-mutated diffuse glioma is 6–10 + years, median 
survival in patients with IDH wildtype diffuse glioma is 
dramatically lower with 1–4 years [6]. Epigenetic molec-
ular signatures, including DNA methylation status, are 
also carefully reviewed when classifying gliomas [7]. It is 
likely that the future of primary brain tumor categoriza-
tion will further augment attention placed on molecular 
characteristics. This has been manifested as a clear shift to 
molecular over histopathological classification in clinical 
trials and modern publications [8].

Standard treatment options for IDH-mutated WHO 
grade 2 gliomas following resection include observation, 
chemotherapy and radiotherapy. Based upon RTOG 9802, 
the majority of patients is treated with postoperative radia-
tion therapy and chemotherapy [9, 10]. Individual treat-
ment depends on residual tumor following surgery, symp-
toms, size, risk (e.g. Pignatti criteria for low-grade glioma 
[11]) and tumor characteristics [9, 12–15]. In case of IDH-
mutated WHO grade 3 gliomas, sequential chemoradiation 
following resection is the preferred treatment [6, 16–18].

Proton beam radiotherapy (PRT) has emerged as a new 
radiation modality option in the treatment of CNS malig-
nancies, including gliomas, due to the superior physical 
dose distribution offered by proton beams relative to that 
seen in standard x-ray-based therapy [30]. It has been 
shown to decrease integral radiation dose exposure, yield-
ing better neurocognitive outcomes [19, 20] without com-
promising disease control [21]. The fact that protons spare 
surrounding healthy tissue may also contribute to lower 
rates of endocrinopathy [22] and leucopenia which is an 
important criterion for patient chemotherapy eligibility 
[23]. The potential benefit of less leucopenia and therefore 
better chemotherapy protocol adherence is currently under 
evaluation for glioma WHO grade 2–3 in the GLIoProPH 

trial (University Hospital Essen, Germany, not yet reg-
istered on ClinicalTrials.gov) and for glioblastoma in 
the currently recruiting randomized prospective GRIPS 
trial (University Hospital Heidelberg, Germany) [24].

Despite the clear physical dose superiority given to proton 
therapy as a consequence of the Bragg peak, there is increas-
ing in vitro evidence of a radiobiological effectiveness of 
protons beyond the current globally accepted factor of 1.1, 
particularly in the distal part of the Bragg peak [25]. The 
globally accepted factor of 1.1 was always known to be just 
an estimation but uncertainties in biological dose calculation 
were thought to be too small to be clinically relevant. But 
today we suspect, that these uncertainties in biological dose 
calculation might have a clinical impact. It might put the 
patient at risk of local overdose, especially at this mentioned 
distal part of the Bragg peak. One of the manifestations of 
this previously unrealized relative biological effectiveness 
(RBE) elevation is the risk of radiation-induced contrast 
enhancement (RICE), particularly when associated with 
chemotherapy [26–28]. In a prior publication we analyzed 
the cases of 227 patients (42 children and 185 adults) treated 
with PRT (54 Gy RBE) for low-grade-glioma WHO grade 
1–2. Adults and WHO grade 2 histology was associated with 
an elevated risk of RICE occurrence [29]. In another prior 
publication including 99 patients diagnosed with RICE who 
were previously treated with either photon or proton therapy 
for World Health Organization (WHO) grade 1–3 primary 
gliomas, we demonstrated treatment-related factors includ-
ing chemotherapy and re-irradiation characteristics were 
associated with an elevated risk of RICE occurrence [30]. 
In the subsequent present study, we investigate long-term 
tumor control and toxicity rates again with a particular focus 
on RICE in the largest homogenous cohort of patients diag-
nosed with IDH-mutated gliomas WHO grade 2–3 treated 
with PRT.

Patients and methods

Patient characteristics

In this study, we analyzed 194 consecutive adult patients 
(≥ 21 years), including 131 WHO grade 2 gliomas and 66 
WHO grade 3 gliomas, all with documented IDH muta-
tion. Patients underwent PRT between 2010 and 2020 at 
our institution. Patient and treatment data were extracted 
from the official ‘Heidelberger Institute for Radiation Oncol-
ogy’ (HIRO) database and associated medical records. Sur-
vival data was obtained from the national registration office. 
Patients were carefully followed with routine clinical exami-
nations and follow-up magnetic resonance imaging (MRI) 
as per standard institutional guidelines. For consistency and 
accuracy, all available follow-up MRI scans (n = 2,415) were 
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reviewed independently by at least one radiologist and one 
radiation oncologist.

Planning and treatment features

Patients were immobilized with custom thermoplastic masks 
and treatment planning simulation scans were obtained, 
including computed tomography (CT) as well as cranial 
MRI (cMRI). Gross tumor volume (GTV) included the mac-
roscopic tumor and/or resection cavity. For the clinical target 
volume (CTV), a 1.5–2 cm margin was added to account 
for suspected microscopic tumor spread while respecting 
anatomic boundaries. An isotropic margin of 3 mm was used 
for creation of the planning target volume (PTV) to account 
for geometric uncertainties and physical inaccuracies of the 
beam.

Treatment planning followed the principle of as low as 
reasonably achievable (ALARA) and was according to the 
constraints of ICRU report 50 and 62 as well as normal tis-
sue constraints according to QUANTEC and Emami et al. 
[31]. Two to three treatment beams using active raster-scan-
ning technique were used under daily image guidance with 
orthogonal x-ray imaging. The final proton dose was scaled 
with a constant relative biological effectiveness (RBE) fac-
tor of 1.1. Treatment was delivered over 5–6 fractions per 
week. According to the current guidelines, WHO grade 2 
gliomas were treated with a dose of 50.4–54 Gy/Gy(RBE) 
in 1.8–2.0 Gy/Gy(RBE) per fraction and WHO grade 3 glio-
mas with 54–60 Gy/Gy(RBE) in 1.8–2.0 Gy/Gy(RBE) per 
fraction [32]. If the tumor was close to relevant organs at 
risk (e.g. optical system, brainstem), irradiation dose was 
reduced locally and minor dose dips may have occurred 
within the PTV to achieve safe OAR dose constraints. All 
cases adhered to ASTRO guidelines for radiation therapy 
indications, advanced radiation therapy technique utiliza-
tion, and clinical management of adverse effects [33].

Endpoint definition

Primary endpoints were oncologic effectiveness and tox-
icity of PRT. Intracranial control was evaluated using the 
Response Assessment in Neuro-Oncology (RANO) criteria 
[34] and divided into no progression (classified by com-
plete/partial response, or stable disease) and progression. If 
disease progression was suspected, this was confirmed with 
additional follow-up cMRIs to distinguish it from transient 
post-treatment edema versus RICE. Toxicity was graded 
following the National Cancers Institute’s Common Ter-
minology Criteria for Adverse Events (CTCAE) (version 
4.03). The assessment of mild and expected toxicities such 
as fatigue can be very challenging to reflect correctly in a 
retrospective analysis, thus we focused on (RICE) and severe 
(CTCAE grade ≥ 3) other toxicities for this analysis.

We defined RICE as new post-treatment contrast enhance-
ment on cMRI in surrounding brain tissue within the 80% 
isodose line analogous to RANO criteria [34] during the fol-
low-up period. Two examples of RICE are shown in Fig. 1.

Cases were evaluated using all available cMRIs, radia-
tion treatment plans, and medical records that reflect time 
course and concurrent therapies. Each retrospectively sus-
pected RICE case was (re)presented to the multidiscipli-
nary tumor board. Following this approach, we were able to 
minimize the likelihood of misinterpreting RICE as tumor 
progression in our analysis, as previously published for a 
preceding project [30]. Patients with small RICE or stable 
RICE in noncritical, symptom-free locations underwent 
only follow-up visits and did not receive RICE-directed 
therapy. If RICE was significant, progressive, in critical/
eloquent locations and/or symptomatic, patients received 
RICE-directed therapy. In general, RICE-directed therapy 
was started with dexamethasone. Bevacizumab was added 
if dexamethasone did not sufficiently improve symptoms. If 
symptoms were severe, bevacizumab was started immedi-
ately. This approach was chosen according to the DEGRO 
practical guideline for Central Nervous System Radiation 
Necrosis Part I: Classification and a multi-step approach for 
Diagnosis [35] and DEGRO practical guideline for Central 
Nervous System Radiation Necrosis Part II: Treatment of the 
German Society for Radiation Oncology [36].

Secondary endpoints included overall survival (OS), 
progression-free survival (PFS), RICE-free survival, and 
CTCAE version 4.0 defined toxicity. To verify unresolved 
side effects according to the National Cancers Institute 
CTCAE ≥ °1 (version 4.03), medical records and imaging 
reports were analyzed. The first regular follow-up cMRI 
was performed 4–8 weeks after the end of radiotherapy. If 
no unexpected lesions were found, the next cMRI was per-
formed in time intervals of 8–12 weeks.

Statistical analysis

Descriptive statistics for baseline variables (Tables 1 and 
2) and follow-up data (Table 3) include means (standard 
deviation) and/or medians (IQR and range, as appropriate) 
for continuous variables, and absolute and relative frequen-
cies for categorical variables. For time-based endpoints, 
Kaplan–Meier estimates were calculated. Strata were com-
pared using the log-rank test. To identify prognostic fac-
tors on PFS and OS during the follow-up period, Cox pro-
portional hazard models were used. Results are presented 
in terms of Hazard Ratio (HR), corresponding confidence 
interval (CI), and p-value. Because this is an exploratory 
analysis, p-values are descriptive in nature. A p-value 
of < 0.05 was considered statistically significant. Statistical 
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analyses were performed with R software Version 4.0.2 
(r-project.org). 

Results

The median age of patients at the start of radiotherapy was 
39.4 years (range: 21.1–76.3 years) in the overall cohort. 
Slightly more men than women were included (57% 
vs. 43%). The histological subtype was predominately 

Fig. 1   Two typical examples of periventricular radiation-induced 
contrast enhancements (RICE) next to the corresponding radio-
therapy plan. The patient in example case A is a 53 year-old female 
with fibrillary astrocytoma WHO grade 2 that underwent definitive 
radiation therapy [54 Gy(RBE) in 27 fractions protons]. The patient 

in example case B is a 50 year-old male with anaplastic astrocytoma 
WHO grade 3 that underwent adjuvant chemoradiation (60 Gy(RBE) 
in 30 fractions protons; temozolomide). Colored isodoses demon-
strate relative dose [%] of prescription dose [Gy]
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astrocytoma in (59%) with the remainder oligodendro-
glioma. Tumors were classified as WHO grade 2 in 66% 
and WHO grade 3 in 34%. Detailed patient characteristics 
are shown in Table 1.

Initial treatment included surgical resection, partial or 
complete, in 67% of patients. The remaining 33% of patients 
underwent biopsy only. Chemotherapy was used as a com-
ponent of treatment in the vast majority of both WHO grade 
2 (82%) and 3 (98%) tumors. Detailed treatment character-
istics are shown in Table 2.

The median follow-up period was 5.1  years (range, 
7 months to 11 years) and was similar in the subgroups 
with WHO 2 and WHO 3 tumors, respectively. The analy-
sis included in total 2403 cMRIs that were reviewed inde-
pendently by two specialists. MRI-graphical follow-up was 
similar between the subgroups. As expected, MRI response 
to radiotherapy according to RANO criteria differed between 
the subgroups and preferred the subgroup with WHO 2 
tumors. Follow-up characteristics can be found in Table 3. 

At the time of analysis, in the overall cohort, 150 patients 
(77%) were alive and 44 patients (23%) had died. Median 
overall survival was not reached during the follow-up period 
for both patients with WHO grade 2 and 3 tumors. Five year 
overall survival after PRT was 85% in patients with WHO 
grade 2 and 67% in patients with grade 3 IDH-mutated glio-
mas (p = 0.0088, see also Fig. 2A).

As previously described in the methods section, PFS was 
carefully assessed because at first appearance, RICE may be 
difficult to distinguish from tumor progression. Overall, 25% 

Table 1   Baseline characteristics

If not otherwise visible, absolute and relative frequencies were shown. Relative frequencies are based on 
the available data and exclude missings

Overall cohort WHO grade 2 tumors WHO grade 3 
tumors

Gender n = 194 [%] n = 128 [%] n = 66 [%]
 Female 84 [42.8%] 52 [40.6%] 31 [47.0%]
 Male 113 [57.2%] 76 [59.4%] 35 [53.0%]

Age at primary diagnosis n = 194 [%] n = 128 [%] n = 66 [%]
 Median 36.4 35.5 36.5
 Minimum–Maximum 15.3–76 15.3–76 18.6–66.7

Karnofsky performance status n = 177 [%] n = 114 [%] n = 63 [%]
  ≤ 70 16 [10.4%] 13 [11.4%] 5 [7.9%]
 80 22 [12.5%] 12 [10.5%] 10 [15.9%]
 90 78 [44.3%] 50 [43.9%] 29 [46.0%]
 100 58 [32.8%] 39 [34.2%] 19 [30.2%]

Diagnosis n = 194 [%] n = 128 [%] n = 66 [%]
 Astrocytoma 116 [58.9%] 76 [60.9%] 36 [54.6%]
 Oligodendroglioma (1p/19q LOH deletion) 81 [41.1%] 50 [39.1%] 30 [45.4%]

MGMT promotor methylated n = 103 [%] n = 59 [%] n = 34 [%]
 No 16 [15.5%] 10 [16.9%] 6 [13.6%]
 Yes 87 [84.5%] 49 [83.1%] 38 [86.4%]

Table 2   Treatment characteristics

If not otherwise visible, absolute and relative frequencies were 
shown. Relative frequencies are based on the available data and 
exclude missings
Gy RBE Gray Relative Biological Effectiveness; PCV Procarbazine/
Lomustine/Vincristine regimen

Overall cohort
n = 194 [%]

WHO 2 tumors
n = 128 [%]

WHO 3 tumors
n = 66 [%]

Past surgery
 Biopsy 63 [32.5%] 52 [40.6%] 11 [16.7%]
 Subtotal resec-

tion
57 [29.4%] 38 [29.7%] 19 [28.8%]

 Total resection 74 [38.1%] 38 [29.7%] 36 [54.6%]
Chemotherapy
 None 24 [12.4%] 23 [18.0%] 1 [1.5%]
 PCV 50 [25.8%] 35 [27.3%] 15 [22.7%]
 Temozolomide 109 [56.2%] 60 [46.9%] 49 [74.2%]
 Other 11 [5.7%] 10 [7.8%] 1 [1.5%]

Time diagnosis until radiotherapy start (years)
 Median 1.6 2.0 0.7
 Minimum–

maximum
0.1–20.6 0.1–20.6 0.1–14.7

Total dose (Gray RBE)
 Median 54.0 54.0 60
 Minimum–

maximum
50.4–60.0 50.4–60.0 54.0–60.0

Dose per fraction (Gray RBE)
 1.8 Gy 86 [44.3%] 60 [46.9%] 26 [39.4%]
 2 Gy 108 [55.7%] 68 [53.1%] 40 [60.6%]
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of patients (n = 49) developed RICE, thus the interpretation 
of treatment response may be difficult in this subgroup. 
Therefore, PFS was recalculated only in the subgroup with-
out RICE (n = 145) to exclude RICE misinterpretation bias 
(Supplementary Fig. 1). The 5 year PFS was 30% in WHO 
grade 3 IDH-mutated gliomas and 60% in WHO grade 2 
IDH-mutated gliomas (p < 0.0001). PFS in the overall cohort 
and in the subcohort without RICE were exactly the same 
in our analysis (Fig. 2B and Supplementary Fig. 1). Thus, 
RICE occurrence neither influenced OS (p = 0.15) nor PFS 
(p = 0.67). These results also demonstrate data quality assur-
ance with the above-mentioned diagnostic approach as it 
excludes RICE misinterpretation bias in our data.

Follow-up MRIs in the overall cohort revealed evidence 
of RICE after PRT in 49 cases (25%). After a median time of 
16 months (range: 2–41 months) following PRT, RICE was 
observed and was more common in WHO grade 2 (29%) ver-
sus grade 3 (17%) IDH-mutated gliomas, but the difference 
did not reach the threshold for significance (p = 0.11). Analy-
sis for factors influencing time latency between radiother-
apy and first RICE occurrence was conducted. We analyzed 
patient-related, tumor-related and treatment-related factors 
in multivariable linear regression modelling and astrocy-
toma histopathology (vs. oligodendroglioma histopathology; 
p = 0.047), Bragg peak/steep dose falloff (p = 0.037) and 
re-irradiation (p = 0.004) in case of tumor recurrence to go 
along with a shorter time latency to first RICE occurrence, 
independent of age, sex, Karnofsky status, WHO grading, 
total dose, fraction dose, resection, chemotherapy and dose 
at the periventricular zone.

RICE-free survival stratified by WHO classification 
is shown in Fig. 3A. Independent of histologic subtype 
(oligodendroglioma vs. astrocytoma) and WHO grading, 
RICE risk increased with higher age in multivariable Cox 
regression analysis (p = 0.017). Clinical symptoms were 

observed in 15 patients (31% of RICE cases). If symptoms 
were present, they were generally mild (CTCAE grade 1). 
The resulting CTCAE toxicity distribution was grade 0 
(n = 34; 69%), grade 1 (n = 12, 25%), grade 2 (n = 1; 2%), 
and grade 3 (n = 2; 4%). No RICE cases were classified as 
CTCAE > 3. Of all RICE cases, on a minority, 35% (n = 17), 
received RICE-directed treatment. In general, the criteria 
for RICE-directed therapy, including corticosteroids alone 
or corticosteroids plus bevacizumab, were clinical symp-
toms (e.g., headache, dizziness, visual disturbances, focal 
neurological deficits), radiological progression, or critical 
localization (e.g., optic system, brainstem, or eloquent areas) 
independent of clinical symptoms. Of note, the anti-vascular 
endothelial growth factor (VEGF) antibody bevacizumab 
was added in severe or corticosteroid-resistant cases. RICE-
directed therapy, such as corticosteroids and bevacizumab 
for more severe or symptomatic RICE, led to radiological 
regression of RICE in 53% (n = 9) of cases with regres-
sion of symptoms in 29% (n = 5) of cases. Our study cohort 
indicated an overall tumor recurrence risk of 40% (n = 78) 
of patients. In case of a tumor recurrence, 27% (n = 21) of 
patients underwent re-irradiation and 88% (n = 69) received 
re-chemotherapy which also influenced RICE, if present: 
A tumor-specific therapy including chemotherapy or re-
irradiation led to a RICE size progression in 86% (n = 59) 
and 92% (n = 19) of cases, respectively and RICE symp-
tom progression in 57% (n = 39) and 65% (n = 14) of cases, 
respectively. After the diagnosis of RICE, in 65% (n = 32) 
no intervention was required. These cases were typically 
small in volume (median of 2 mL) and less symptomatic. 
After a median of 7.2 months (range 3–33 months) follow-
ing no intervention, RICE size regression was observed in 
67% (n = 21) of these cases without intervention and RICE 
symptom regression was observed in 27% (n = 9) of cases 
(all were low grade toxicities CTCAE °I-II). The remaining 

Table 3   Follow-up 
characteristics

If not otherwise visible, absolute and relative frequencies were shown. Relative frequencies are based on 
the available data in each subgroup and exclude missings

Overall cohort
n = 194 [%]

WHO grade 2 tumors
n = 128 [%]

WHO grade 3 tumors
n = 66 [%]

Total follow-up period (years)
 Median 5.1 5.0 5.3
 Minimum–maximum 0.6–11.3 0.6–11.3 0.6–9.9

Vital state at the end of the follow-up period
 Dead 44 [22.7%] 21 [16.4%] 23 [34.9%]
 Alive 150 [77.3%] 107 [83.6%] 43 [65.1%]

Number of follow-up MRIs per patient
 Median 11 10 12
 Minimum–maximum 1–40 1–38 1–40

MRI response to radiotherapy in the overall cohort
 Regression or stable disease 116 [59.8%] 87 [68.0%] 29 [43.9%]
 Progressive disease 78 [40.2%] 41 [31.0%] 37 [56.1%]
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6% (n = 2) of cases without intervention demonstrated with 
stable RICE at the end of the follow-up period. Response to 
RICE treatment was higher in WHO grade 2 tumors than 
WHO grade 3 tumors. Presence of RICE did not influence 
overall survival (p = 0.17; see also Supplementary Fig. 2). 

Details on RICE can also be found in Table 4 while details 
on RICE management are shown in Fig. 3B.

Other radiation-induced toxicities were classified as 
low-grade and were mostly self-limiting. Typical radiation-
induced side effects included fatigue, transient headache, 

Fig. 2   Overall survival stratified by WHO grade (A) and progression-free survival stratified by WHO grade (B)
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Fig. 3   A Radiation-induced contrast enhancements (RICE)-free 
survival stratified by WHO grade. RICE did occur within the first 
2  years following radiation therapy in most cases. As re-irradiation 
could influence time latency to RICE occurrence, the 21 patients that 
received re-irradiation were censored at the timepoint of re-irradia-

tion. This was in median after 5.4 years following first irradiation. B 
Radiation-induced contrast enhancements (RICE) in the study cohort 
were handled with Bevacizumab plus Dexamethasone, Dexametha-
sone only and no RICE-directed therapy, depending on RICE size, 
localization and symptoms
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erythema, focal alopecia, and dysgeusia. They were all clas-
sified as CTCAE < 3, and were mainly observed in the early 
post-irradiation period. No CTCAE grade ≥ 3 toxicities were 
observed.

Discussion

Herein we report the largest cohort to date with long-
term clinical and radiological outcomes in a population 
of 194 adult patients diagnosed with IDH-mutated WHO 
grade 2 and 3 gliomas treated with PRT. With a median 
follow-up of 5.1 years, tumor regression or stability was 
observed in 60% for WHO grade 2 and 30% for WHO 
grade 3. The estimated 5 year overall survival was 85% 
for patients with WHO grade 2 and 67% for patients with 
grade 3 IDH-mutated gliomas. Overall RICE risk was 25% 
and depended on WHO grading and age.

Although direct efficacy comparisons between our data 
and historical cohorts after photon radiotherapy are diffi-
cult due to differences in tumor-, patient-, and treatment-
related factors, it is fair to say that delivery of modern PRT 
in this fashion is effective in both WHO grade 2 and 3 
IDH-mutated gliomas based on our analysis. The EORTC 
22845 trial on low-grade glioma reported a 5 year overall 
survival rate of 68.4% in the photon radiotherapy group, 

though in contrast to our trial all patients underwent resec-
tion [37]. The EORTC 22033–26033 trial demonstrated that 
primary photon radiotherapy versus primary temozolomide 
was associated with an improved PFS for WHO grade 2 
gliomas with a 5 year PFS of 40% versus 29% [15]. The 
best results were observed in the RTOG 9802 in which 
sequential photon radiotherapy and chemotherapy in high 
risk patients (i.e. age ≥ 40 years and/or subtotal resection) 
achieved dramatic improvements in median overall survival 
(13.3 vs. 7.8 years) [9, 10]. Turning to the results of particle 
therapy, in the low-grade glioma population, 5 year overall 
survival has been reported at 84%, which is nearly identi-
cal to the results in our subcohort of WHO grade 2 tumors 
(85%) [38]. Remarkably, the 5 year PFS following PRT in 
LGG for adults was historically estimated as 40%, which is 
notably lower than that seen in our cohort measured at 60% 
[38]. As this difference does only affect PFS but not OS, it 
could be hypothesized that in historical clinical trials RICE 
were sometimes misinterpreted as tumor progression. This 
hypothesis is supported by in-house data that demonstrated 
a high misinterpretation risk on the one hand and RICE not 
influencing OS on the other hand [30].

Diving deeper into the WHO grade 3 glioma literature 
demonstrates that chemotherapy choice should be made 
based on histopathology as this significantly influences 
prognosis [6, 17, 39] In this analysis, most of the patients 

Table 4   Treatment toxicity: 
Radiation-induced contrast 
enhancements (RICE)

RICE Radiation-induced contrast enhancement; CTCAE Common Terminology Criteria for Adverse Events

Overall cohort
n = 194 [%]

WHO grade 2 tumors
n = 128 [%]

WHO grade 3 tumors
n = 66 [%]

RICE occurrence
 Yes 49 [25.3] 38 [29.7%] 11 [16.7%]
 No 145 [74.7] 90 [70.3%] 55 [83.3%]

Time from radiotherapy completion to first occurrence of RICE (months)
 Median 15.8 15.8 13.7
 Minimum–maximum 1.7–40.9 1.7–40.9 2.1–27.8

RICE CTCAE grading n = 49 [%] n = 38 [%] n = 66 [%]
 CTCAE grade 0 34 [69.4%] 24 [63.2%] 10 [90.9%]
 CTCAE grade 1 12 [24.5%] 12 [31.6%] 0 [0%]
 CTCAE grade 2 1 [2.0%] 1 [2.6%] 0 [0%]
 CTCAE grade 3 2 [4.1%] 1 [2.6%] 1 [9.1%]
 CTCAE grade > 3 0 [0%] 0 [0%] 0 [0%]

RICE treatment details n = 49 [%] n = 38 [%] n = 66 [%]
 No treatment needed 32 [65.3%] 26 [68.4%] 6 [54.6%]
 Treatment needed 17 [34.7%] 13 [31.6%] 5 [45.4%]
 Steroids only 5 [10.2%] 4 [10.5%] 1 [9.0%]
 Bevacizumab (anti-VEGF antibody) 12 [24.5%] 8 [21.1%] 4 [36.4%]

If RICE treatment, response n = 17 [%] n = 13 [%] n = 5 [%]
 Any improvement 10 [58.8%] 8 [61.5%] 2 [40.0%]
 Symptom improvement 5 [29.4%] 3 [23.1%] 2 [40.0%]
 Radiological improvement 9 [52.9%] 7 [53.8%] 2 [40.0%]
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were treated with a sequential chemoradiation using temo-
zolomide. The CATNON trial reported the subgroup of 
IDH-mutated WHO grade 3 gliomas had a median OS of 
78–117 months, depending of temozolomide timing. In the 
CATNON subgroup of patients with IDH-mutated WHO 
grade 3 gliomas, 5 year overall survival ranged between 62 
and 82%, depending on characteristics of temozolomide 
therapy [6]. In our real-world cohort, where chemotherapy 
eligibility, agents and timepoints were inhomogeneous due 
consideration of individual patient factors, 5 year overall 
survival in the subgroup of patients with WHO grade 3 
tumors was 67%, comparable to the CATNON data.

In our overall cohort, 25% of patients developed RICE, 
which was observed after a median of 15 months after PRT 
(Fig. 2B and Table 4). The rate of RICE observed in the 
present study is considerable, but it should be noted that 
screening and assessment for RICE was frequent and rigor-
ous. The RICE rate is consistent with the adult low-grade 
glioma cohort treated with PRT we previously published 
[29]. This supports the relevance of RICE as a differential 
diagnosis even many months or years following radiotherapy 
as RICE misinterpretation for tumor progression is a fre-
quent problem, with misinterpretation rates of up to 39% 
at initial contrast enhancement [30]. Prior publications 
demonstrated RICE risk 6 months following radiotherapy 
does not differ between photons and protons, however the 
timepoint of first RICE occurrence may differ. The RICE in 
oligodendroglioma patients occurs earlier after proton than 
photon radiotherapy, in contrast time to RICE occurrence 
in astrocytoma was independent of radiotherapy modality 
(protons vs. photons) [40]. Importantly, neither PFS nor OS 
was affected by the occurrence of RICE, which is feared and 
therefore frequently discussed in the community. These data 
demonstrate after analysis of 194 adult patients and 2403 
contrast-enhanced cMRIs, RICE do not influence prognosis 
of patients. In addition, we identified two factors that went 
hand in hand with a higher risk of developing RICE: [1] 
older age, and [2] WHO 2 grading, with the former but not 
the latter independently meeting the significance threshold. 
We previously found similar associations for low-grade glio-
mas in children and adults [29].

In the present study, the RICE rate for IDH-mutated gli-
oma was two-fold higher in WHO grade 2 (29%) compared 
to grade 3 (17%, difference not statistically significant). His-
torical data has reported wide ranging rates of overt RICE in 
pediatric patients treated with PRT or photon radiotherapy 
for low-grade glioma ranging from 1 to 34%, with similar 
rates for both photons and protons [21, 27, 41]. In adult 
patients, rates of RICE following photon radiotherapy for 
glioma are seemingly higher (30–34%) [27, 42]. In adults 
with low-grade glioma, RICE was more frequent following 
PRT compared to photon IMRT [27]. Clearly, the pathology 
of the primary brain tumor influences the surrounding tumor 

microenvironment. Prior low-grade glioma surgical series 
have elucidated differences in surrounding tumor vascula-
ture of pediatric pilocytic astrocytomas (i.e. degenerative 
vascular changes) and adult astrocytomas (i.e. microvascular 
proliferation) [43–45]. These vascular pathological differ-
ences may give hints for the age-dependence of RICE risk 
found in our analysis. Moreover, physiologic vasculature 
is well known to be age-dependent and age is one of the 
most important risk factors for macro- and- micro-vascular 
changes. There is likely an interplay of an increased age-
dependent tissue radiosensitivity with the elevated radio-
biological characteristics of proton therapy in the manifesta-
tion of this treatment-related complication. Future research 
should explore this topic to better understand patients’ indi-
vidual risk, so that treatment and follow-up measures can be 
adapted accordingly.

RICE lesions can be very difficult to distinguish from 
disease progression. As a result, salvage therapies such as 
chemotherapy, re-resection, or re-irradiation may be inad-
vertently pursued following RICE diagnosis despite lack 
of progression. Additional tumor-directed therapy can fur-
ther aggravate the blood brain barrier disruptions present 
in RICE leading to progressive RICE lesions in up to 86% 
(with chemotherapy) or 92% (with re-irradiation) [30]. In 
effort to better categorize RICE versus tumor progression, 
metrics are being developed at our institution which consider 
patient-related, tumor-related, and treatment-related (e.g. 
LET) factors that influence the risk of RICE development 
[46, 47]. Our understanding of the biologic effectiveness of 
PRT in tissues requires improvement. Robust radiobiological 
models and predictive biomarkers for individual PRT plans 
are lacking and should be areas of future research.

A significant challenge in collecting data from a long-
term data set (2010–2020) is understanding the treatment 
effect in the context of our rapidly changing understand-
ing of primary brain tumors from a molecular standpoint. 
For this analysis, we only included WHO grade 2–3 gli-
oma patients with evidence of an IDH mutation. This also 
reduced bias caused by the changes in WHO classifications 
during 2010–2020. Our analysis is lacking a direct photon 
comparison arm, but compares data to historical prospective 
cohorts. From a radiation oncologists´ standpoint, PRT is not 
a broadly available radiotherapy technique. Many patients 
self-select for such treatment and travel to proton centers 
which may lead to selection bias and reduce the generaliz-
ability to the broader glioma patient population. Moreover, 
given the international presence of our institution, some 
patients who were treated were lost to follow up once they 
returned home. Nevertheless, a median follow-up period of 
5.1 years in a diffuse glioma cohort of 197 patients augments 
the strength of our analysis and offers a detailed look at the 
efficacy and toxicity of PRT in the management of IDH-
mutated WHO 2 and WHO 3 low-grade gliomas.
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Conclusion

We demonstrate effectiveness of PRT for adult patients with 
both IDH-mutated WHO grade 2 and 3 gliomas with a 5 year 
overall survival of 85% and 67% respectively, which is there-
fore comparable to other cohorts treated with radiotherapy 
and does not demonstrate any effectiveness differences 
between proton and photon radiotherapy based on histori-
cal comparisons. The RICE risk differs with tumor grading 
and was 29% in WHO grade 2 and 17% grade 3 tumors. 
One third of RICE cases received a RICE-directed therapy 
due to RICE symptoms, size or localization, which was also 
effective and relieved clinical symptoms and radiological 
changes in 29% and 53%, respectively. Moreover, RICE did 
not affect overall survival or PFS. These data support the 
safety and efficacy of PRT for patients with IDH-mutated 
WHO grade 2–3 gliomas.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11060-​022-​04217-y.

Acknowledgements  We acknowledge the Heidelberg Research College 
for Neurooncology of Heidelberg University, Herbert Kienzle Founda-
tion and Else Kröner-Fresenius Foundation.

Author contributions  TE and LK planned and supervised this analysis. 
TE performed data extraction and review. TE performed all statisti-
cal analysis. TE reviewed data analysis and drafted the manuscript. 
All authors contributed patient data and participated in reviewing and 
improving analysis and manuscript. All authors read and approved the 
final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. TE is funded by the Clinician-Scientist Fellowship of the Hei-
delberg Research College for Neurooncology of Heidelberg University, 
Herbert Kienzle Foundation and Else Kröner-Fresenius Foundation and 
received travel reimbursement from Bristol-Myers Squibb outside the 
submitted work. J. H.-R. received speaker fees and travel reimburse-
ment from ViewRay Inc. as well as travel reimbursement from IntraOP 
Medical and Elekta Instrument AB outside the submitted work. JHR 
further reports grants from IntraOP Medical and Varian Medical 
Systems outside the submitted work. EM received speaker fees from 
Elekta outside the submitted work. JD reports grants from CRI The 
Clinical Research Institute, grants from View Ray Incl., grants from 
Accuray International, grants from Accuray Incorporated, grants from 
RaySearch Laboratories AB, grants from Vision RT limited, grants 
from Merck Serono GmbH, grants from Astellas Pharma GmbH, 
grants from Astra Zeneca GmbH, grants from Siemens Healthcare 
GmbH, grants from Solution Akademie GmbH, grants from Eromed 
PLC Surrey Research Park, grants from Quintiles GmbH, grants from 
Pharmaceutical Research Associates GmbH, grants from Boehringer 
Ingelheim Pharma GmbH Co, grants from PTW-Frieburg Dr. Pychlau 
GmbH, grants from Nanobiotix A.a., outside the submitted work. LK 
reports grants from Ruprecht-Karls Universität Heidelberg, during the 
conduct of the study; personal fees from Accuray Inc., and Novocure 
GmbH outside the submitted work. We acknowledge financial sup-
port by Deutsche Forschungsgemeinschaft within the funding program 
for Open Access Publishing, by the Baden-Württemberg Ministry of 
Science, Research and the Arts and by Ruprecht-Karls-Universität 
Heidelberg.

 Data availability  The datasets generated for this study will not be made 
publicly available since national legislation and the terms of study 
ethics approval do not allow dataset sharing outside of the institutions 
participating in the analysis.

Declarations 

Competing interests  The authors declare that the research was con-
ducted in the absence of any commercial or financial or non-financial 
relationships that could be construed as a potential conflict of interest 
for the submitted work.

Ethical approval  All analyses were performed following institutional 
guidelines and the Declaration of Helsinki of 1975 in its most recent 
version. Ethics approval for the study was granted by the Heidelberg 
University ethics committee (#S-494/2021). Patient confidentiality 
was maintained by anonymizing patient data to remove any identify-
ing information.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Villa C, Miquel C, Mosses D, Bernier M, Di Stefano AL (2018) 
The 2016 World Health Organization classification of tumours 
of the central nervous system. La Presse Med. https://​doi.​org/​10.​
1016/j.​lpm.​2018.​04.​015

	 2.	 Gonzalez Castro LN, Wesseling P (2021) The cIMPACT-NOW 
updates and their significance to current neuro-oncology practice. 
Neuro-Oncol Pract 8(1):4–10

	 3.	 Roux A, Tran S, Edjlali M, Saffroy R, Tauziede-Espariat A, 
Zanello M et al (2021) Prognostic relevance of adding MRI data 
to WHO 2016 and cIMPACT-NOW updates for diffuse astrocytic 
tumors in adults working toward the extended use of MRI data in 
integrated glioma diagnosis. Brain Pathol. https://​doi.​org/​10.​1111/​
bpa.​12929

	 4.	 Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W 
et al (2009) IDH1 and IDH2 mutations in gliomas. N Engl J Med 
360(8):765–773

	 5.	 Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, 
Decker PA, Sicotte H et al (2015) Glioma groups based on 1p/19q, 
IDH, and TERT promoter mutations in tumors. N Engl J Med 
372(26):2499–2508

	 6.	 van den Bent MJ, Tesileanu CMS, Wick W, Sanson M, Brandes 
AA, Clement PM et al (2021) Adjuvant and concurrent temozo-
lomide for 1p/19q non-co-deleted anaplastic glioma (CATNON; 
EORTC study 26053–22054): second interim analysis of a ran-
domised, open-label, phase 3 study. Lancet Oncol 22(6):813–823

	 7.	 Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm 
D et al (2018) DNA methylation-based classification of central 
nervous system tumours. Nature 555(7697):469–474

https://doi.org/10.1007/s11060-022-04217-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.lpm.2018.04.015
https://doi.org/10.1016/j.lpm.2018.04.015
https://doi.org/10.1111/bpa.12929
https://doi.org/10.1111/bpa.12929


	 Journal of Neuro-Oncology

1 3

	 8.	 Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D et al (2021) The 2021 WHO classification of tumors 
of the central nervous system: a summary. Neuro Oncol 
23(8):1231–1251

	 9.	 Shaw EG, Wang M, Coons SW, Brachman DG, Buckner JC, 
Stelzer KJ et al (2012) Randomized trial of radiation therapy 
plus procarbazine, lomustine, and vincristine chemotherapy for 
supratentorial adult low-grade glioma: initial results of RTOG 
9802. J Clin 30(25):3065–3070

	10.	 Buckner JC, Shaw EG, Pugh SL, Chakravarti A, Gilbert MR, 
Barger GR et al (2016) Radiation plus procarbazine, CCNU, and 
vincristine in low-grade glioma. N Engl J Med 374(14):1344–1355

	11.	 Pignatti F, van den Bent M, Curran D, Debruyne C, Sylvester 
R, Therasse P et al (2002) Prognostic factors for survival in 
adult patients with cerebral low-grade glioma. J Clin Oncol 
20(8):2076–2084

	12.	 Karim AB, Afra D, Cornu P, Bleehan N, Schraub S, De Witte O 
et al (2002) Randomized trial on the efficacy of radiotherapy for 
cerebral low-grade glioma in the adult: European organization for 
research and treatment of cancer study 22845 with the medical 
research council study BRO4: an interim analysis. Int J Radiat 
Oncol Biol Phys 52(2):316–324

	13.	 Bell EH, Zhang P, Shaw EG, Buckner JC, Barger GR, Bullard DE 
et al (2020) Comprehensive genomic analysis in NRG oncology/
RTOG 9802: a phase III trial of radiation versus radiation plus 
procarbazine, lomustine (CCNU), and vincristine in high-risk 
low-grade glioma. J Clin 38(29):3407–3417

	14.	 Fisher BJ, Hu C, Macdonald DR, Lesser GJ, Coons SW, Brachman 
DG et al (2015) Phase 2 study of temozolomide-based chemo-
radiation therapy for high-risk low-grade gliomas: preliminary 
results of radiation therapy oncology group 0424. Int J Radiat 
Oncol Biol Phys 91(3):497–504

	15.	 Baumert BG, Hegi ME, van den Bent MJ, von Deimling A, Gor-
lia T, Hoang-Xuan K et al (2016) Temozolomide chemotherapy 
versus radiotherapy in high-risk low-grade glioma (EORTC 
22033–26033): a randomised, open-label, phase 3 intergroup 
study. Lancet Oncol 17(11):1521–1532

	16.	 Wick W, Roth P, Hartmann C, Hau P, Nakamura M, Stockham-
mer F et al (2016) Long-term analysis of the NOA-04 randomized 
phase III trial of sequential radiochemotherapy of anaplastic gli-
oma with PCV or temozolomide. Neuro Oncol 18(11):1529–1537

	17.	 Cairncross G, Wang M, Shaw E, Jenkins R, Brachman D, Buckner 
J et al (2013) Phase III trial of chemoradiotherapy for anaplas-
tic oligodendroglioma: long-term results of RTOG 9402. J Clin 
Oncol 31(3):337–343

	18.	 van den Bent MJ, Brandes AA, Taphoorn MJ, Kros JM, Kou-
wenhoven MC, Delattre JY et al (2013) Adjuvant procarbazine, 
lomustine, and vincristine chemotherapy in newly diagnosed ana-
plastic oligodendroglioma: long-term follow-up of EORTC brain 
tumor group study 26951. J Clin Oncol 31(3):344–350

	19.	 Weusthof K, Lüttich P, Regnery S, König L, Bernhardt D, Witt 
O et al (2021) Neurocognitive outcomes in pediatric patients fol-
lowing brain irradiation. Cancers. https://​doi.​org/​10.​3390/​cance​
rs131​43538

	20.	 Kahalley LS, Peterson R, Ris MD, Janzen L, Okcu MF, Gross-
hans DR et al (2020) Superior intellectual outcomes after proton 
radiotherapy compared with photon radiotherapy for pediatric 
medulloblastoma. J Clin Oncol 38(5):454–461

	21.	 Indelicato DJ, Rotondo RL, Uezono H, Sandler ES, Aldana 
PR, Ranalli NJ et al (2019) Outcomes following proton therapy 
for pediatric low-grade glioma. Int J Radiat Oncol Biol Phys 
104(1):149–156

	22.	 Vatner RE, Niemierko A, Misra M, Weyman EA, Goebel CP, Ebb 
DH et al (2018) Endocrine deficiency as a function of radiation 

dose to the hypothalamus and pituitary in pediatric and young 
adult patients with brain tumors. J Clin Oncol 36(28):2854–2862

	23.	 Mohan R, Liu AY, Brown PD, Mahajan A, Dinh J, Chung C et al 
(2021) Proton therapy reduces the likelihood of high-grade radia-
tion-induced lymphopenia in glioblastoma patients: phase II rand-
omized study of protons vs photons. Neuro Oncol 23(2):284–294

	24.	 König L, Jäkel C, von Knebel DN, Kieser M, Eberle F, Münter M 
et al (2021) Glioblastoma radiotherapy using intensity modulated 
radiotherapy (IMRT) or proton radiotherapy-GRIPS trial (Glio-
blastoma radiotherapy via IMRT or proton beams): a study pro-
tocol for a multicenter, prospective, open-label, randomized, two-
arm, phase III study. Radiat Oncol (London, England) 16(1):240

	25.	 Cuaron JJ, Chang C, Lovelock M, Higginson DS, Mah D, Cahlon 
O et al (2016) Exponential increase in relative biological effec-
tiveness along distal edge of a proton bragg peak as measured by 
deoxyribonucleic acid double-strand breaks. Int J Radiat Oncol 
Biol Phys 95(1):62–69

	26.	 Dworkin M, Mehan W, Niemierko A, Kamran SC, Lamba N, 
Dietrich J et al (2019) Increase of pseudoprogression and other 
treatment related effects in low-grade glioma patients treated with 
proton radiation and temozolomide. J Neurooncol 142(1):69–77

	27.	 Lu VM, Welby JP, Laack NN, Mahajan A, Daniels DJ (2020) 
Pseudoprogression after radiation therapies for low grade glioma 
in children and adults: a systematic review and meta-analysis. 
Radiother Oncol 142:36–42

	28.	 Ludmir EB, Mahajan A, Paulino AC, Jones JY, Ketonen LM, Su 
JM et al (2019) Increased risk of pseudoprogression among pedi-
atric low-grade glioma patients treated with proton versus photon 
radiotherapy. Neuro Oncol 21(5):686–695

	29.	 Eichkorn T, Bauer J, Bahn E, Lischalk JW, Meixner E, Sandrini 
E et al (2022) Radiation-induced contrast enhancement following 
proton radiotherapy for low-grade glioma depends on tumor char-
acteristics and is rarer in children than adults. Radiother Oncol 
172:54–64

	30.	 Eichkorn T, Lischalk JW, Sandrini E, Meixner E, Regnery S, 
Held T et al (2022) Iatrogenic influence on prognosis of radia-
tion-induced contrast enhancements in patients with glioma WHO 
1–3 following photon and proton radiotherapy. Radiother Oncol 
175:133–143

	31.	 Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzenrider JE 
et al (1991) Tolerance of normal tissue to therapeutic irradiation. 
Int J Radiat Oncol Biol Phys 21(1):109–122

	32.	 Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, 
Minniti G et al (2021) EANO guidelines on the diagnosis and 
treatment of diffuse gliomas of adulthood. Nat Rev Clin Oncol 
18(3):170–186

	33.	 Halasz LM, Attia A, Bradfield L, Brat DJ, Kirkpatrick JP, Laack 
NN et al (2022) Radiation therapy for IDH-mutant grade 2 and 
grade 3 diffuse glioma: an ASTRO clinical practice guideline. 
Pract Radiat Oncol. https://​doi.​org/​10.​1016/j.​prro.​2022.​05.​004

	34.	 Chukwueke UN, Wen PY (2019) Use of the response assessment 
in neuro-oncology (RANO) criteria in clinical trials and clinical 
practice. CNS Oncol. https://​doi.​org/​10.​2217/​cns-​2018-​0007

	35.	 Bernhardt D, König L, Grosu A, Wiestler B, Rieken S, Wick 
W et al (2022) DEGRO practical guideline for central nervous 
system radiation necrosis part 1: classification and a multistep 
approach for diagnosis. Strahlenther Onkol. https://​doi.​org/​10.​
1007/​s00066-​022-​01994-3

	36.	 Bernhardt D, König L, Grosu AL, Rieken S, Krieg SM, Wick W 
et al (2022) DEGRO practical guideline for central nervous system 
radiation necrosis part 2: treatment. Strahlenther Onkol. https://​
doi.​org/​10.​1007/​s00066-​022-​01973-8

	37.	 van den Bent MJ, Afra D, de Witte O, Ben Hassel M, Schraub 
S, Hoang-Xuan K et  al (2005) Long-term efficacy of early 
versus delayed radiotherapy for low-grade astrocytoma and 

https://doi.org/10.3390/cancers13143538
https://doi.org/10.3390/cancers13143538
https://doi.org/10.1016/j.prro.2022.05.004
https://doi.org/10.2217/cns-2018-0007
https://doi.org/10.1007/s00066-022-01994-3
https://doi.org/10.1007/s00066-022-01994-3
https://doi.org/10.1007/s00066-022-01973-8
https://doi.org/10.1007/s00066-022-01973-8


Journal of Neuro-Oncology	

1 3

oligodendroglioma in adults: the EORTC 22845 randomised trial. 
Lancet (London, England) 366(9490):985–990

	38.	 Shih HA, Sherman JC, Nachtigall LB, Colvin MK, Fullerton BC, 
Daartz J et al (2015) Proton therapy for low-grade gliomas: results 
from a prospective trial. Cancer 121(10):1712–1719

	39.	 van den Bent MJ, Baumert B, Erridge SC, Vogelbaum MA, 
Nowak AK, Sanson M et al (2017) Interim results from the CAT-
NON trial (EORTC study 26053–22054) of treatment with con-
current and adjuvant temozolomide for 1p/19q non-co-deleted 
anaplastic glioma: a phase 3, randomised, open-label intergroup 
study. Lancet (London, England) 390(10103):1645–1653

	40.	 Bronk JK, Guha-Thakurta N, Allen PK, Mahajan A, Grosshans 
DR, McGovern SL (2018) Analysis of pseudoprogression after 
proton or photon therapy of 99 patients with low grade and ana-
plastic glioma. Clin Transl Radiat Oncol 9:30–34

	41.	 Kralik SF, Ho CY, Finke W, Buchsbaum JC, Haskins CP, Shih 
CS (2015) Radiation necrosis in pediatric patients with brain 
tumors treated with proton radiotherapy. Am J Neuroradiol 
36(8):1572–1578

	42.	 Alexiou GA, Tsiouris S, Kyritsis AP, Voulgaris S, Argyropoulou 
MI, Fotopoulos AD (2009) Glioma recurrence versus radiation 
necrosis: accuracy of current imaging modalities. J Neurooncol 
95(1):1–11

	43.	 Coakley KJ, Huston J 3rd, Scheithauer BW, Forbes G, Kelly 
PJ (1995) Pilocytic astrocytomas: well-demarcated magnetic 

resonance appearance despite frequent infiltration histologically. 
Mayo Clin Proc 70(8):747–751

	44.	 Lee YY, Van Tassel P, Bruner JM, Moser RP, Share JC (1989) 
Juvenile pilocytic astrocytomas: CT and MR characteristics. Am 
J Roentgenol 152(6):1263–1270

	45.	 Palma L, Guidetti B (1985) Cystic pilocytic astrocytomas of the 
cerebral hemispheres. Surgical experience with 51 cases and long-
term results. J Neurosurg. https://​doi.​org/​10.​3171/​jns.​1985.​62.6.​
0811

	46.	 Bahn E, Bauer J, Harrabi S, Herfarth K, Debus J, Alber M (2020) 
Late contrast enhancing brain lesions in proton-treated patients 
with low-grade glioma: clinical evidence for increased periven-
tricular sensitivity and variable RBE. Int J Radiat Oncol Biol Phys 
107(3):571–578

	47.	 Bauer J, Bahn E, Harrabi S, Herfarth K, Debus J, Alber M (2021) 
How can scanned proton beam treatment planning for low-grade 
glioma cope with increased distal RBE and locally increased 
radiosensitivity for late MR-detected brain lesions? Med Phys. 
https://​doi.​org/​10.​1002/​mp.​14739

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

https://doi.org/10.3171/jns.1985.62.6.0811
https://doi.org/10.3171/jns.1985.62.6.0811
https://doi.org/10.1002/mp.14739

	Analysis of safety and efficacy of proton radiotherapy for IDH-mutated glioma WHO grade 2 and 3
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Patients and methods
	Patient characteristics
	Planning and treatment features
	Endpoint definition
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




