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ABSTRACT

Objectives: Proton Radiotherapy (PRT) is increasingly used due to its capability to spare normal tissue from ra-
diation. For diffuse gliomas the role of PRT is still not established because of insufficient data on safety and
efficacy. While awaiting results from randomized trials we analysed a cohort of glioma patients treated with PRT
in Sweden between 2015 and 2020.

Methods: 107 patients with diffuse glioma grade 2 and 3 with IDH-mutation (n = 98) or unknown IDH-status (n
= 9) were included. We analysed the frequency of Radiation Induced Contrast Enhancing Lesions (RICE) as well
as Overall Survival (OS). Possible risk factors for RICE were explored.

Results: RICE was found in 58.3% of patients receiving more than 54 Gy (RBE) compared to 19.3% of patients
receiving < 54 Gy (RBE) (p = 0.00048). Median time to RICE from end of PRT was 10.1 months (IQR 3.4-17.6)
and median follow up was 6.2 years (IQR 4.9-7.2). RICE was symptomatic in 11 of 30 patients (37%). Five-year
OS from diagnosis was 87.0% for astrocytoma grade 2, 71.4% for astrocytoma grade 3, 94.6% for oligoden-
droglioma grade 2 and 100.0% for oligodendroglioma grade 3.

Conclusions: We report a high incidence of RICE in patients receiving > 54 Gy (RBE) with PRT for glioma grade
2-3 with IDH-mutation. This is of concern since more than one third of these patients experience symptoms from
RICE. On a cautionary note, we suggest not to treat patients with IDH-mutated gliomas WHO grade 2-3 with PRT
outside clinical trials.
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K. Werlenius et al.
Background and purpose

Following resection of glioma grade 2 and 3 with isocitrate dehy-
drogenase (IDH) mutations further oncological treatment with radio-
therapy (RT) and chemotherapy is often recommended based on risk
factors like tumour burden, age, neurological deficits, grade and glioma
subtype [1-3]. Historically this RT has been applied with photon
radiotherapy (XRT). RT with protons is growing worldwide due to its
inherent property of lower integral dose and spare of normal tissue from
radiation. This is believed to translate into a reduced risk of late com-
plications. However, for some tumours growing without clear boarders
like diffusely infiltrating gliomas, the rapid dose fall-off outside target
might not be beneficial for tumour control. Further, based on retro-
spective data, there has been some concern about Radiation Induced
Contrast Enhancement (RICE) being more common after Proton
Radiotherapy (PRT) than after XRT [4,5]. While awaiting solid data
from randomized controlled trials like the Scandinavian PRO-GLIO trial
(NCT05190172), the American phase II trial (NCT03180502) and the
APPROACH trial in the UK, we aimed at evaluating the outcome of
patients with lower-grade gliomas in our cohort study PRO-CNS (Proton
radiotherapy for primary Central Nervous System tumours in adults — A
prospective Swedish multicentre study). In this cohort of patients, we
examined the prevalence of RICE and overall survival as well as explored
possible risk factors contributing to RICE.

Materials and methods

Between august 2015 and august 2020 patients treated with proton
therapy for primary CNS tumours with favourable prognosis in Sweden
were offered inclusion in the prospective cohort study PRO-CNS
(NCT02797366). Retrospective reclassification to the WHO 2021 clas-
sification identified 107 patients with diffuse glioma grade 2 or 3 with
IDH-mut status (n = 98) or unknown IDH-status (n = 9) included in this
analysis. Data was extracted from the PRO-CNS case report form (CRF)
where it had been registered prospectively, and medical records were
reviewed for complementary information. The study was approved by
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the Swedish Ethical Review Authority (Dnr 2015-205 and T1073-18).

PRT was delivered with spot scanning technique at the Skandion
clinic in Uppsala. This is the national Swedish proton facility, governed
and owned by the seven university hospitals in Sweden and run by
distributed competence [6]. All treatment planning was performed at
the home university clinics and then discussed at a national video con-
ference before the patients were accepted for PRT. Immobilisation,
computed tomography (CT) and Magnetic Resonance Imaging (MRI), as
well as target and organ at risk (OAR) delineation were performed ac-
cording to the PRO-CNS protocol, Suppl 1. In short, gross tumour vol-
ume (GTV) included macroscopic tumour and resection cavity defined
on MRI, matched to a dose planning CT. Clinical target volume (CTV)
was typically 15 mm isotropic expansion, adjusted to natural barriers as
bone, ventricles, falx, tentorium and OAR if no suspected tumour in-
vasion in close proximity. Robust CTV optimization was performed with
a standard margin for set-up uncertainty of 3 mm and a range uncer-
tainty of 3.5% for each beam direction used. Treatment planning was
performed using Eclipse PCS algorithm (versions 13.0-15.6, Varian
Medical Systems, USA), accessed remotely by the home clinics. Relative
Biological Effectiveness (RBE) for protons was set to 1.1. To ameliorate
the risk of higher RBE than expected at the end of a beam, 2 or 3 beams
were applied with different angels to cover the target in all but one
patient. Dose to target was according to the research protocol, typically
1.8 Gy (RBE)/fraction to a total dose of 50.4-54 Gy (RBE) for grade 2
tumours and 1.8 Gy (RBE)/fraction to a total dose of 59.4 Gy (RBE) for
grade 3 tumours.

In this study RICE was defined as either contrast enhancing lesions
occurring after RT and disappearing on later follow-up Magnetic Reso-
nance Image (MRI), or when not resolving and in cases when treatment
had been applied, RICE was defined retrospectively when tumour pro-
gression could truly be excluded by time. MRI reports (and in some cases
amino acid PET) and clinical status were all evaluated as well as evo-
lution over time, when Principal Investigators (PI's) diagnosed RICE or
tumour progression. A typical patient with RICE is illustrated in Fig. 1.
RICE was classified to be symptomatic or non-symptomatic.

Overall Survival (OS) was estimated from end of RT as well as from

Fig. 1. A typical patient with RICE a) Pre op b) Pre RT ¢) 2 years post RT: RICE? No treatment d) 2.5 years post RT: PD? Start of TMZ e) After TMZ x3: continued PD?

Start of Lomustine and steroids f) 6 years post RT: no treatment for 3 years.
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Table 1
Baseline characteristics.
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Tumour type WHO grade

Oligo 2 (n = 37) Oligo 3 (n = 17) Overall (n = 107)

Variable: Astro 2 (n = 46) Astro 3 (n =7)
Gender, n (%)

Female 17 (37.0) 3 (42.9)

Male 29 (63.0) 4(57.1)

Age at RT, years (median [IQR])
Main tumour location, n (%)

39.0 [32.0-45.8]

36.0 [33.0-42.0]

16 (43.2)
21 (56.8)
42.0 [35.0-51.0]

7 (41.2)
10 (58.8)
39.0 [34.0-51.0]

43 (40.2)
64 (59.8)
40.0 [33.0-47.0]

Central 1(2.2) 0 (0.0) 0 (0.0) 1(5.9 21.9
Frontal 20 (43.5) 5(71.4) 26 (70.3) 9 (52.9) 60 (56.1)
Occipital 1(2.2) 0 (0.0) 1@2.7) 0 (0.0) 2(1.9)
Parietal 6 (13.0) 2(28.6) 12.7) 4 (23.5) 13 (12.1)
Temporal 18 (39.1) 0 (0.0) 9 (24.3) 3(17.6) 30 (28.0)
Side, n (%)
Right 20 (43.5) 2(28.6) 23 (62.2) 8 (47.1) 53 (49.5)
Left 26 (56.5) 5(71.4) 11 (29.7) 9 (52.9) 51 (47.7)
Bilateral 0 (0.0) 0 (0.0) 3(8.1) 0 (0.0) 3(2.8)
Involving corpus callosum, n (%)
Yes 9 (19.6) 2(28.6) 17 (45.9) 4 (23.5) 32(29.9)
No 37 (80.4) 5(71.49) 20 (54.1) 13 (76.5) 75 (70.1)
Table 2

Treatment characteristics.

Tumour type WHO grade

Astro3 (n=7)

Oligo 2 (n = 37) Oligo 3 (n =17) Overall (n = 107)

Variable: Astro 2 (n = 46)
Time from diagnosis to RT, months (median [IQR])* 8.3[1.1-19.3]
Total dose, Gy (RBE), n (%)

50.4 13 (28.3)
>50.4-54 33 (71.7)
59.4-60 0 (0.0)
Technique, n (%)

MFO 5(10.9)

SFO 41 (89.1)
Number of fields, n (%)

1 0 (0.0)

2 38 (82.6)

3 8(17.4)

95% isodosevolume to brain, cc (median [IQR])
Chemotherapy in conjunction with RT, n (%)

242 [166-362]

None 16 (34.8)
PCV post RT 11 (23.9)
PCV pre RT 0 (0.0)
Single Lomustine post RT 2(4.3)
TMZ post RT 12 (26.1)
TMZ pre RT 5 (10.9)

3.8 [0.5-32.4]

0(0.0)
0 (0.0)
7 (100.0)

1(14.3)
6 (85.7)

0 (0.0)

7 (100.0)
0(0.0)

247 [184-301]

1(14.3)
0(0.0)
0 (0.0)
1(14.3)
5(71.4)
0 (0.0)

13.8 [8.0-45.4] 7.3 [0.9-12.1] 8.9 [1.3-29.6]
13 (35.1) 0(0.0) 26 (24.3)

24 (64.9) 0 (0.0) 57 (53.3)
0(0.0) 17 (100.0) 24 (22.4)
4(10.8) 3(17.6) 13 (12.1)
33(89.2) 14 (82.4) 94 (87.9)
1(2.7) 0 (0.0) 1(0.9)

31 (83.8) 12 (70.6) 88 (82.2)
5(13.5) 5(29.4) 18 (16.8)

250 [164-325] 247 [225-355] 247 [171-350]

6 (16.2) 0 (0.0) 23 (21.5)
18 (48.6) 13 (76.5) 42 (39.3)
4(10.8) 2(11.8) 6 (5.6)
0 (0.0) 0 (0.0) 3(2.8)
4 (10.8) 1(5.9 22 (20.6)
5(13.5) 1(5.9) 11 (10.3)

Abbreviations: MFO (multi field optimization), SFO (single field optimization), PCV (procarbazine, lomustine, vincristine), TMZ (temozolomide).
" as mid-year of diagnosis was used as an approximation, negative values (<0) was set to 0.

diagnosis until date of death. Since exact date of diagnosis was not al-
ways explicit in the CRF, mid-year of diagnosis was used as an
approximation.

Descriptive statistics were used to summarize baseline and treatment
characteristics. Categorical variables were presented as frequencies and
percentages, while continuous variables were reported as medians with
interquartile ranges (IQR).

Survival outcomes were analysed using Kaplan-Meier survival
curves, with survival probabilities estimated at 1, 2, 3, 4, and 5 years.
Differences in OS across groups were assessed using the log-rank test,
stratified by tumour type and other relevant clinical variables. Addi-
tionally, Cox proportional hazards (Cox PH) regression models were
used for univariable analyses to estimate hazard ratios (HRs) with 95%
confidence intervals (CIs) for OS.

Associations between clinical and treatment factors and the occur-
rence of RICE were evaluated using Fisher’s exact test and logistic
regression. Fisher’s exact test assessed differences in proportions be-
tween groups, while logistic regression models estimated odds ratios
(ORs) with 95% ClIs to account for potential confounders. Analyses were
conducted for total RT dose (Gy (RBE)), tumour type, isodose volume,

chemotherapy, and tumour infiltration in corpus callosum. Results from
Fisher’s exact test were visualized using bar charts with corresponding
p-values to indicate statistical significance, while logistic regression
results were presented as ORs comparing reference and non-reference
categories.

All statistical analyses were conducted using R version 4.3.3, with a
significance level set at p < 0.05.

Results

Baseline characteristics of all patients are listed in Table 1 and
treatment characteristics are listed in Table 2. Median age at PRT was
40 years and 60% of patients were male. Median follow-up (FU) was 6.2
years (IQR 4.9-7.2). During FU 10 patients were diagnosed with stroke.

In total, 58 patients (n = 58/107, 54%) developed some contrast
enhancing lesion on MRI and out of these, 30 patients were judged as
RICE and 28 patients as tumour progression. Hence, 28% of patients (n
= 30/107) in our cohort developed RICE during FU. The incidence of
patients with RICE varied from 11% to 50% between the seven study
sites. Half of the patients with RICE (n = 15/30) were initially
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Fig. 2. A) RICE by dose and b) RICE by tumour type.

considered as tumour progression, but with time reclassified as RICE.
RICE was found within the GTV in 9 patients (9/30, 30%), within the
CTV in 6 patients (6/30, 20%) and within the 90%-isodose in 15 patients
(15/30, 50%) Suppl Table S1. Median time from end of PRT to RICE was
10.1 months (IQR 3.4-17.6). RICE was found in 58.3% of patients
receiving more than 54 Gy (RBE) compared to 19.3% of patients
receiving < 54 Gy (RBE) (p = 0.00048), Fig. 2a. There was no statisti-
cally significant difference in risk of developing RICE depending on
tumour type (Fig. 2b), age, gender, volume of brain receiving > 95%
dose, chemotherapy, or tumour growth in the corpus callosum.

However, 21 of 30 RICE cases (70%) involved the periventricular zone.

Eleven of 30 patients (37%) had symptomatic RICE, with onset or
worsening of symptoms at the time of RICE. Among reported symptoms
were fatigue, cognitive decline, dysphasia, visual impairment/blind-
ness, epileptic seizure and hydrocephalus. While some symptoms were
self-limiting, most were persistent or even progressive, for details see
Suppl Table S2. Six patients with RICE died during FU, unfortunately not
autopsied. A total of 17 patients (n = 17/30, 57%) with RICE received at
least one second line treatment because tumour progression could not be
excluded at that time. Most commonly chemotherapy (n = 10) and
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Fig. 3. A) OS from diagnosis by tumour type, b) OS from RT by tumour type, ¢) OS from RT by non-contrast enhancement, RICE or progressive disease.

corticosteroids (n = 6) were used. Three patients had stereotactic
radiotherapy with gamma knife and two patients had undergone LITT
(Laser Interstitial Thermal Therapy). Histopathological examination
from one of the patients, receiving LITT 2,5 years after PRT, showed only
gliosis/reactive changes, for the other patient no tissue sample was
taken.

The 5-year OS from diagnosis for astrocytoma grade 2 was 87.0%
(95% CI, 77.7-97.3), for astrocytoma grade 3, 71.4% (95% CI,
44.7-100.0), for oligodendroglioma grade 2, 94.6% (95% CI,
87.6-100.0) and for oligodendroglioma grade 3, 100.0% (95% CI,
100.0-100.0), as shown in Fig. 3a. OS from end of RT is shown in Fig. 3b.
Age and tumour volume were prognostic factors for survival in univar-
iate analysis, while tumour type and location were not. We found a
statistically significant difference in OS when comparing patients
without contrast enhancing lesions during FU compared to patients with
tumour progression (p < 0.001), but not for patients with RICE, Fig. 3c.

Discussion

When treating patients with lower-grade glioma, the goal is to pro-
long local tumour control and possibly overall survival without intro-
ducing neurotoxicity. Here we analyse 107 patients with diffuse glioma
grade 2 or 3 in a prospectively collected cohort of patients treated with
PRT in the PRO-CNS study. Our main finding is the high proportion of
RICE in patients receiving more than 54 Gy (RBE). Most of the patients
in the high dose group had received 59.4 Gy (RBE). Since 37% of the
patients also had symptoms due to RICE, this is of concern.

In the literature there is great inconsistency about how to denomi-
nate and define MRI findings after RT [7]. Contrast enhancing lesions
after RT are entitled RICE [4,8], as well ascontrast-

enhancing brain lesions (CEBLs), [9] pseudoprogression (PsPD)[10],
radiation-induced brain injuries (RIBI) [11] or radionecrosis (RN)[12].
Moreover, there are slight disparities in how RICE is defined across
studies, which further complicates comparison. While awaiting
consensus definitions we are left to describe our study definition of RICE
and leave to the reader to wisely keep this in mind when comparing
outcome in other studies.

RT induced lesions in glioma patients are well known. Van West et al
reported an incidence of PsPD of 20,6% in a cohort of 63 patients
receiving XRT to median dose of 50.4 Gy for low-grade glioma (LGG)
[13]. Jaspers et al reported PsPD after XRT for IDH-mutated grade 2
glioma receiving 50.4-54 Gy to be 13% at 1 year and 22% at 5 years
[10]. This is comparable to our finding of 19.3% RICE for patients
receiving a dose of < 54 Gy (RBE) with PRT. Harrabi et al found no
difference in incidence of symptomatic radiation necrosis between
photon and proton treated patients for LGG receiving 54 Gy [4]. Neither
found Ek et al any difference between photon or proton treated patients
in a retrospective cohort of 143 patients at their institution. However,
the median prescribed dose to the photon treated patients where higher
than to the patients receiving PRT, 59.4 Gy (RBE) versus 54 Gy (RBE),
rendering comparison more complex [14]. Eichkorn et al evaluated 185
adult patients treated for LGG with PRT to 54 Gy (RBE) and found the
incidence of RICE to be 25%, quite in line with our findings [5].

Eulitz et al report a high incidence of RIBI in 21 of 42 patients
receiving PRT for glioma grade 2-3, where the majority (79%) were
grade 3 tumours receiving a dose of 60 Gy (RBE) [11]. This supports our
finding, that the risk of developing RICE increases at doses more than 54
Gy (RBE). Also, Harrabi et al found a negative association between
prescription dose of > 54 Gy (RBE) and RICE-free survival on multi-
variate analysis [4]. On the contrary, Eichkorn et al reported the risk of
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RICE to be decreased with higher dose, from 29% for patients receiving
54 Gy (RBE) to 17% for those receiving 60 Gy (RBE), although not
statistically significant [15]. The ultimate answer to whether there is an
increased risk of RICE using PRT will come from randomized trials.
Consequently, we argue that diffuse gliomas grade 2 and 3 with IDH-
mutations should not be treated with PRT outside study protocols
until more data is available. One may also question whether IDH-mut
diffuse glioma grade 3 requires a dose of 59.4 Gy, since this recom-
mendation stems from studies that included IDH-wildtype tumours with
markedly worse prognosis.

All patients included in the PRO-CNS study were followed at their
local hospital responsible for the treatment planning. This strategy is
different from many other proton centres in which patients often are
referred to their home clinics for FU after PRT. The FU might be per-
formed by radiologists and oncologists not used to evaluate PRT-induced
MRI changes, possibly leading to misinterpretations of tumour pro-
gression instead of RICE. This might explain the higher frequency of
RICE in our material than others. Indeed, we found a difference in the
rate of RICE even between our own study sites, demonstrating the dif-
ficulties. Over time we also have experienced a change in MRI reports
from our neuroradiologists since we started PRT, now more often
bringing up RICE as a possible explanation to contrast enhancement
after RT rather than progression, illustrating how awareness influences
the reports. In a study by Eichkorn et al, 39% of RICE was initially
misinterpreted as progression [8], which is similar to our cohort where
50% of RICE was initially reported as progressive disease. Better radi-
ology techniques and a consensus definition of RICE are required to
solve this challenge.

Harrabi et al evaluated 110 patients with glioma grade 1 and 2
treated with PRT and found that the strongest association for developing
RICE was tumour location in the periventricular zone [4]. In 70% of our
patients RICE involved the periventricular zone. There are several re-
ports on increased radiosensitivity in the periventricular regions to PRT,
as well as increased LET [16] and RBE [11,17]. We did not conduct any
such analysis, but it could be considered for future dose planning of
glioma patients. Recently, risk-minimizing proton treatment planning
models have been proposed to solve the problem [9,16].

Winter et al found different injury patterns after PRT compared to
XRT in a retrospective analysis of 34 patients with glioma grade 2-3.
Protons were associated with more cerebral microbleeds (CMB) and
possibly tissue necrosis in the ipsilesional hemisphere, whereas photons
were more likely to be associated with CMB and greater and sustained
radiation-induced leukoencephalopathy (RIL) of the contralesional
hemisphere [18].

Oligodendroglioma subtype has previously been associated with an
increased risk of developing radiologically [19], as well as clinically
significant radiation necrosis c(RN) [12]. In contrast we did not find any
statistical difference in RICE due to tumour type, Fig. 2b, neither did
Eichkorn et al [15].

In a cohort of 160 patients treated with photons or protons for glioma
grade 2 and 3, Acharya et al found that the volume receiving 60 Gy
(RBE) was significantly associated with increased risk of developing
clinically significant radiation necrosis c¢(RN)[12]. We found no statis-
tically significant risk for developing RICE depending on volume of
brain receiving > 95% dose. Neither did we find any increased risk of
RICE due to chemotherapy, although this has been observed by others
[20]. However, their definition of psPD differed substantially from our
definition of RICE.

We found median time from end of PRT to RICE to be 10.3 months.
This is similar to 11.8 months (range, 2.7-37.1) that was reported by
Lugendorf-Caucig et al[21], but shorter than the 16 months (range:
1-160 months) reported by Eichkorn et al [8].

In our material, 5-year OS for astrocytoma grade 2 was 87.0%, for
astrocytoma grade 3, 71.4%, for oligodendroglioma grade 2, 94.6% and
for oligodendroglioma grad 3, 100.0%, which is fairly good compared to
other reports [1,2,22]. A contributing factor might be selection bias,

Radiotherapy and Oncology 221 (2026) 111569

since only patients deemed fit enough were sent for PRT.

We found that 37% of patients with RICE had symptoms. Others have
also found RICE to be symptomatic in 31-55% [5,15]. Some patients will
need treatment with corticosteroids or even bevacizumab, which might
be beneficial [8]. Even after treatment with corticosteroids not all RICE
related symptoms resolved in our cohort. Further, RICE will also often
lead to more MRI scans and sometimes, due to misinterpretation of
tumour progression, initiation of relapse therapy like surgery, chemo-
therapy or LITT [19,23]. In our study some patients received chemo-
therapy, LITT or even stereotactic radiotherapy, possibly aggravating
the injury, even though we could not analyse this in our small cohort.
Furthermore, the psychological burden for patients living in doubt, not
knowing if they have tumour progression or not, is not to be neglected.

The strength of our study is the thorough FU; patients are diagnosed,
dose planned and followed by the same centre. Due to the difficulties of
defining RICE, we also believe that our retrospective analysis approach
including radiology as well as clinical parameters and changes over
time, might diminish the risk of misinterpreting RICE for tumour
progression.

The major limitation of the study is the lack of a comparable photon
group. There is also a bias in the cohort since only patients fit enough
were sent to PRT, excluding patients with poor performance status.
However, this does probably not influence the risk of RICE, but rather
the survival data. The fact that we had no central review of MRI scans
can be criticized but was ameliorated by the ability for each PI to discuss
difficult cases with the PI responsible for the collection of study data
before decision. Lastly, we were unable to evaluate LET/RBE effects,
which would have been helpful in the search for possible mechanisms
inducing RICE.

Conclusion

We found a high risk of developing RICE after PRT when prescribing
doses of more than 54 Gy (RBE) to glioma patients grade 3. Many pa-
tients with RICE were symptomatic. Until more data is available, we
advocate not to use PRT for IDH-mut glioma patients outside clinical
trials.
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