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Objective: The interpretation of new enhancing lesions after radiotherapy for diffuse glioma remains a
clinical challenge. We sought to characterize and classify new contrast enhancing lesions in a historical
multicenter cohort of patients with IDH mutated grade 2 diffuse glioma treated with photon therapy.
Methods: We reviewed all follow-up MRI’s of all patients treated with radiotherapy for histologically con-
firmed, IDH mutated diffuse grade 2 glioma between 1–1-2007 and 31–12-2018 in two tertiary referral
centers. Disease progression (PD) was defined in accordance with the RANO criteria for progressive dis-
ease in low grade glioma. Pseudoprogression (psPD) was defined as any transient contrast-enhancing
lesion between the end of radiotherapy and PD, or any new contrast-enhancing lesion that remained
stable over a period of 12 months in patients who did not exhibit PD.
Results: A total of 860 MRI’s of 106 patients were reviewed. psPD was identified in 24 patients (23%) on
76 MRI’s. The cumulative incidence of psPD was 13% at 1 year, 22% at 5 years, and 28% at 10 years. The
mean of the observed maximal volume of psPD was 2.4 cc. The median Dmin in psPD lesions was 50.1 Gy.
The presence of an 1p/19q codeletion was associated with an increased risk of psPD (subhazard ratio
2.34, p = 0.048). psPD was asymptomatic in 83% of patients.
Conclusion: The cumulative incidence of psPD in grade 2 diffuse glioma increases over time. Consensus
regarding event definition and statistical analysis is needed for comparisons between series investigating
psPD.
� 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 184 (2023)1–6 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
The development of new contrast-enhancing lesions on MRI
imaging after radiotherapy that are not indicative of disease pro-
gression (PD), was first described as pseudoprogression (psPD) in
high grade gliomas [1,2]. Later published work confirmed the
occurrence of psPD after radiotherapy for adult grade 2 and 3 dif-
fuse gliomas. With the median progression free survival for grade 2
diffuse gliomas exceeding 10 years after radiotherapy and adjuvant
chemotherapy, the likelihood of encountering some form of psPD
during follow-up is substantial, with a reported prevalence of 18
to 35% [3–10].

Although often asymptomatic, the recognition of psPD is impor-
tant in both clinical care and in the definition of scientific end-
points. As treatment decisions are often based on MRI follow-up,
misjudgment of psPD as PD could lead to premature initiation of
a new line of treatment. The risk of psPD interfering with endpoint
definition in clinical trials was addressed in the 2017 update of the
Response Assessment in Neuro-Oncology (RANO) criteria [11].
Both early and delayed presentations of psPD are known to occur
[12].

Recently, psPD has become of interest as an adverse effect of
proton beam therapy (PT) for diffuse glioma [13]. Although PT
allows for a more compact dose distribution compared to photon
beam therapy (XRT), the relative biological effectiveness of proton
dose distributions is still subject of debate [14,15]. In this regard,
psPD has been studied as a potential biomarker for the biological
effect of PT in the central nervous system [16,17]. Although the
two studies that report the highest prevalence of psPD in grade 2
glioma concerned PT treatments [8,10], an informed comparison
of the risk of developing psPD after PT versus XRT would require
information on the incidence of psPD over time.

In this work, we describe psPD based on onset, duration, size,
location, and dose delivered in a cohort of patients with IDH
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Pseudoprogression in IDH mutated low grade glioma
mutated diffuse glioma treated with XRT. Using survival analysis
allows for estimating the incidence of psPD over time, the relation-
ship between psPD and survival, and comparisons of the risk of
psPD between subgroups of grade 2 diffuse glioma patients.
Table 1
Patient characteristics.

Age (years) 42.1 (95 % 42.1–46.5)

Sex Male 68 64%
Female 38 36%

Hemisphere Right 43 41%
Left 56 53%
Bilateral 4 4%
Infratentorial 3 3%

Lobe Frontal 69 65%
Temporal 15 14%
Parietal 11 10%
Occipital 4 4%
Cerebellum 1 1%
Brainstem 2 2%
Overlapping lesion 4 4%

Resection status Biopsy 17 16%
Resection, any grade 89 84%

1p/19q codeletion Non-codeleted 53 50%
Codeleted 46 43%
Undetermined 7 7%

Adjuvant chemotherapy none 54 51%
PCV 30 28%
Temozolomide 21 20%
Other* 1 1%

Radiotherapy dose 50.4 Gy in 28 fractions 104 98%
54.0 Gy in 30 fractions 2 2%

* One patient started PCV but crossed over to temozolomide.
Methods

The study was conducted according to the principles of the Dec-
laration of Helsinki (59th WMA General Assembly, Seoul, October
2008) and in accordance with the local medical research regula-
tions. The study protocol was presented to the local Medical Ethics
Committee (MEC-2020–0604) of Erasmus MC and Haaglanden MC
and considered not subject to the Medical Research Involving
Human Subjects Act.

We reviewed the charts of all patients with histologically con-
firmed, IDH mutated grade 2 diffuse glioma treated with XRT
between 1–1-2007 and 31–12-2018 in Erasmus MC and Haaglan-
den MC, both tertiary centers. Resection status was defined as
either biopsy or any other resection grade. Radiotherapy treatment
was prescribed according to ICRU 50 and delivered using 3DCRT or
IMRT techniques available at the time. Typical treatment volumes
comprised a GTV that includes the resection cavity and T2/FLAIR
abnormalities, a CTV expansion of 10 – 15 mm, and a PTV expan-
sion of 5 mm.

We defined PD by retrospectively applying the RANO criteria to
the lesion that was eventually identified as disease recurrence by
the multidisciplinary tumor board as described before [18]. The
date of PD was defined as the date of the first MRI that satisfied
the RANO criteria for disease progression. A new contrast enhanc-
ing lesion was defined as psPD if it vanished during follow-up, or
remained stable over a period of at least 12 months without treat-
ment, as defined by van West et al [4]. Contrast enhancing lesions
that were already visible on pre-radiotherapy imaging were not
defined as psPD.

All MRI scans between end of radiotherapy and PD were
reviewed by one author (JJ) for contrast enhancing lesions. The pro-
cedure of reviewing each MRI included revision of the T1 weighted
and T1 weighed contrast enhanced (T1gad) images. These were
correlated with T2 weighted images when needed. MRI scans that
showed one or more contrast enhancing lesions were reviewed by
three authors (AMR, WT, JJ). The interpretation of each lesion was
discussed until consensus was reached. In patients with transient
lesions, duration of psPD was defined as the time interval between
the first MRI that showed psPD to the first MRI that showed reso-
lution of psPD.

For all cases with psPD, we retrieved the complete original
radiotherapy planning data. The T1gad series of each MRI that
showed psPD was rigidly registered to the original planning CT
using MIM (MIM software, version 7.1.6, Cleveland, Ohio). Next,
each lesion was delineated manually on each MRI. In line with
the analysis of Bahn et al [16], we defined the ventricular fringe
(VF) as a 4 mm expansion of the ventricles. For the psPD volumes,
the GTV and the VF, overlap was defined as an overlap of one or
more voxels. DVHs were generated for the cumulative psPD vol-
ume at each time point. Additionally, for each MRI that showed
psPD, the medical records of the associated clinical visit were
scored by three authors (AMR, WT, JJ) as either ‘‘asymptomatic”
or ‘‘symptomatic” based on reported neurological status or clinical
performance score. Again, interpretation of records was discussed
until consensus was reached.

Descriptive statistics were generated for all variables. Next,
psPD is analyzed as a time-to-event outcome in presence of com-
peting events. To this effect, a series of Cox regression models were
generated: one for overall survival (OS), one for progression free
survival (PFS) and one for ‘‘pseudo-progression free survival”
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(psPDFS). For PFS both death from all causes and PD are considered
competing failures. psPDFS is defined as the time from end of RT to
death from all causes, PD or psPD, whichever comes first. These are
used to provide estimates of event free survival, as well as well as
estimating the relative effect of covariates on the cumulative inci-
dences. In order to investigate the relationship between covariates
and the distribution of the subhazards death from all causes, PD
and psPD within psPDFS, a Fine and Gray model was generated.
This model can be used to investigate the effect of covariates on
the incidence of the psPD [19].

In order to compare OS between the group of patients with and
without psPD a separate Cox regression model was generated
using psPD as a time-dependent covariate. Additionally, a Simon-
Markuch plot was generated. Finally, time effects on lesion volume
were assessed with a linear regression model after log
transformation.

Statistical analysis was done in Stata (StataCorp. 2015. Stata
Statistical Software: Release 16. College Station, TX: StataCorp
LP) and SPSS (IBM Corp., IBM SPSS Statistics for Windows, Version
25.0.0.1, Armonk, New York).
Results

We identified 106 patients with IDH mutated, grade 2 diffuse
glioma that were treated between 1–1-2007 and 31–12-2018
(Table 1). Mean age at diagnosis was 42.1 years (95 % CI 42.1 –
46.5). Resection status was biopsy only in 17 patients (16%) and
a (partial) resection in 89 patients (84%). A 1p/19q codeletion
was present in 46 patients (43%), absent in 53 patients (50%),
and unknown in 7 patients (7%). 104 patients (98%) were treated
to a dose of 50.4 Gy in 28 fractions, 2 patients were treated to a
dose of 54 Gy in 30 fractions. Adjuvant chemotherapy was given
in 52 patients (49%). A total of 860 MRI’s of 106 patients were
reviewed. Median number of MRI’s per patient was 7 (range 1 –
25). PD occurred in 49 of 106 patients (46%). psPD was identified
in 24 of 106 patients (23%) on 76 MRI’s (supplementary data).
See Fig. 1 for two examples of psPD. In patients with psPD, median
number of MRI’s with psPD per patient was 2 (range 1 – 11). In this
group, 19 of 24 patients were observed to have transient psPD



Fig. 1. Two examples of pseudoprogression. Right: Early, transient enhancement of
a large oligodendroglioma 3, 6 and 9 months after treatment. Left: small nodular
enhancement in the ventricular wall 15 months, 21 months and 27 months after
treatment.

Fig. 2. Cumulative volume of all psPD lesions for individual patients. Timepoints
are calculated in years from end of radiotherapy. Note the logarithmic Y-axis. Late
onset lesions tend to be smaller.

Table 2
Survival analysis. Presented are Cox-regression parameters that examine the
relationship between clinical covariates and the duration of overall survival,
progression-free survival, and pseudoprogression-free survival, respectively. Addi-
tionally, a Fine and Gray analysis is presented, examining the relationship between
clinical covariates and the likelihood of psPD as a failure within the psPD survival
curve.

HR P value

Overall survival 1p/19q codeletion: present 0.39 0.02
median = 8.9 y

95% CI 5.7 – 10.5
Chemotherapy: any 0.74 0.44

Resection status: biopsy 1.1 0.82

Progression-free survival 1p/19q codeletion: present 0.62 0.16
median = 4.6 y

95% CI 4.0 – 7.0
Chemotherapy: any 0.39 0.01

Resection status: biopsy 1.54 0.2

psPD - free survival 1p/19q codeletion: present 0.91 0.07
median = 3.3 y

95% CI 2.9 – 4.4
Chemotherapy: any 0.62 0.06

Resection status: biopsy 1.87 0.04

SHR P value

Fine and Gray
psPD from psPDfs

1p/19q codeletion: present 2.34 0.05

Chemotherapy: any 1.15 0.73
Resection status: biopsy 1.85 0.19
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(79%) and in 5 of 24 patients (21%) psPD remained stable until end
of follow-up for at least 12 months. In the group of transient psPD,
median duration of psPD was 0.9 years (0.4 – 5.0). psPD was clas-
sified as asymptomatic in 69 of 76 MRI’s that showed psPD (91%).
All instances of symptomatic psPD occurred in 4 of 24 patients
with psPD (17%). A total of 95 lesions were delineated, with 82
of 95 lesions (86%) situated within the original GTV and 19 of 95
lesions (20%) within the ventricular fringe. The mean of the maxi-
mal lesion volume for all patients was 2.4 cc (95% CI 0.12 – 4.9).
Lesion volume decreased with time after radiotherapy (p = 0.03,
see Fig. 2). Minimal dose to psPD lesions was 50.1 Gy (95% CI
48.0 – 52.3) and maximal dose was 52.0 Gy (51.6 – 52.3). At the
time of analysis, the median length of follow-up in patients still
alive was 4.4 years (range 0.3 – 13.2). A total of 38 of 106 patients
had died (36%) and the projected OS was 8.9 years (95% CI 5.7 –
10.5) (Table 2). On univariate Cox analysis, there was a significant
effect of 1p/19q codeletion (HR 0.39, p = 0.02) on OS. There was no
significant effect of chemotherapy (HR 0.74, p = 0.44) or resection
status (HR 1.1, p = 0.82) on OS. PD occurred in 49 of 106 patients
3

(46%) and median PFS was 4.6 years (95% CI 4.0 – 7.0). On univari-
ate Cox analysis, there was a significant effect of chemotherapy
(HR 0.39, p < 0.01) on PFS. There was no significant effect of
1p/19q codeletion, (HR 0.65, p = 0.16) or resection status (HR
1.54, p = 0.2) on PFS. Median psPDFS was 3.3 years (95% CI 2.9 –
4.4). The cumulative incidence of psPD was 13% at 1 year, 22% at
5 years, and 28% at 10 years (Fig. 3). Median interval between
end of radiotherapy and psPD was 0.9 years (range 0.3 – 7.6). On
univariate Cox analysis, there was a significant effect of resection
status (HR 1.87, p = 0.04) on psPDFS. There was no significant effect
of chemotherapy (HR 0.62, p = 0.06), and 1p/19q codeletion (HR
0.91, p = 0.07) on psPDFS. Comparing the subhazard distribution
for the failure psPD in a Fine and Gray analysis, a significant effect



Fig. 3. Incidence of psPD from psPD free survival, with death from any cause and PD as competing risks. N = number of cases, F = number of events. Individual curves are
shown for 1p/19q codeletion (SHR 2.34, p = 0.048, chemotherapy (SHR 1.15, p = 0.73) and resection status (SHR 1.85, p = 0.19).
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for 1p/19q codeletion (SHR 2.34, p = 0.05) was found. The effects of
chemotherapy (SHR 1.15, p = 0.73) and resection status (SHR 1.85,
p = 0.19) did not reach significance. When analyzing psPD as a
time-dependent covariate, no difference in OS between the group
of patients with and without psPD was found (HR 0.71, p = 0.45)
(supplementary data). Of the 24 patients with psPD, 18 (75%) were
alive at the end of follow up and 6 (25%) had died of disease. Med-
ian OS from onset of psPD was not reached. Nine out of the 24
patients with psPD (38%) had PD after psPD, 15 patients (63%)
had no disease progression. Median PFS from onset of psPD was
4.0 years.
Discussion

In this group of WHO grade 2 diffuse glioma patients, defined
according to the 2016 WHO criteria, psPD occurred in 24 of 106
patients (23%), with an cumulative incidence of 13% at one year
increasing to 28% at 10 years. Most lesions (79%) were observed
to disappear completely in patients classified as psPD. The favor-
able PFS and OS calculated from onset of psPD indicate that psPD
is probably not a herald of early PD. An 1p/19q codeletion was
found to be associated with a more favorable OS and PFS. The
use of chemotherapy was associated with an improvement in PFS
but not OS, probably owing to the relatively short duration of
follow-up [20]. Although extent of resection is a well-known pre-
dictor of survival, there was no effect of resection status in our
study, probably due to the small number of patients in the
biopsy-only group [21]. The observation that psPD is associated
4

with a more favorable prognosis could not be replicated when
psPD is treated as a time-dependent covariate [4,5,8].

Comparing the cumulative incidence of psPD in this series with
results from literature is difficult, owing to significant heterogene-
ity in event definition and statistical analysis between studies
(Table 3). Still, some observations can be made. The prevalence
of psPD in this cohort of 23% is comparable to the 17% to 35%
reported for grade 2 diffuse glioma. Additionally, the median time
from end of radiotherapy to onset of psPD of 8.8 months is within
the 7.6 months to 14 months previously reported [8,10]. Currently,
the published series do not allow for a meaningful comparison of
psPD in PT vs XRT.

The minimal dose delivered to the psPD regions was within 95%
of the prescribed dose in all cases. The ventricular predilection pre-
dicted by the model by Bahn et al [16] was not directly apparent in
our dataset, with 20% of lesions occurring within the ventricular
fringe. While the relative biological effect (RBE) of photons is con-
stant throughout the dose distribution, in PT the RBE increases at
the distal edge of the Bragg peak. This effect can result in an inho-
mogeneous RBE throughout PT dose distributions used for treating
glioma, often in medial structures such as the periventricular zone.
As such, it is possible that the periventricular zone is more at risk
for psPD in PT than in XRT. Again, making a direct comparison is
difficult, as lesions inside the original GTV were excluded from
the Bahn model, and 86.3% of all lesions in this dataset are situated
within the GTV.

In most patients, psPD seemed to occur without associated
symptoms, which may be helpful in clinical decision making on
new contrast enhancing lesions encountered during follow up.



Table 3
Overview of series reporting prevalence of pseudoprogression after radiotherapy in adult glioma (WHO 1 – 3). When possible, the prevalence of psPD in the WHO 2 subgroup is
calculated from published data.

Patients (total) psPD prevalence (total) Follow up (years) % PT treatments Patients (WHO grade 2) psPD prevalence (grade 2)

Lin, 2016[3] 143 20.0% n/a 0% 59 17%
van West, 2017[4] 63 20.6% 5.0 0% 63 21%
Bronk, 2018[5] 99 14.1% 3.1 34% 36 *
Acharya, 2018[6] 160 11.3% 2.4 23% 67 n/a
Ahmad, 2019[7] 319 12.9% 6.0 2% 121 **
Dworkin, 2019[8] 119 43.6% 4.8 100% 81 35%
Ritterbush, 2021[9]y 100 14.0% n/a 57% 33 18%
Eichkorn, 2022[10] 185 25.4% 3.8 100% 160 24%
This study 106 22.6% 4.4 0% 106 23%

* No significant difference in psPD prevalence between grade 2 and 3 was reported.
** 90% of WHO grade 2 cases were in the low dose (<54 Gy) group. The prevalence of psPD in this group was 8%.
y All cases with psPD were in the PT group. No psPD was seen in the photon group.
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Additionally, the decision process can be aided by comparing the
incidence between psPD and PD within the psPD free survival
curve. For example, in the first year, the cumulative incidence of
psPD was twofold that of PD (13% vs 6%), while by year three psPD
was less likely than PD (19% vs 21%). Several clinical covariates
were found to be associated with the occurence of psPD. Similar
to previous reports, there is a strong association with the 1p/19q
codeletion [5,6]. It is hypothesized that the relatively leaky vascu-
lature and propensity to contrast enhancement seen in oligoden-
drogliomas is related to this increased incidence of psPD [22].
Although the association between the use of chemotherapy and
psPD is well described in high grade glioma, this effect was not
seen in this group of grade 2 diffuse glioma. A higher propensity
of residual tumor volume to exhibit new contrast enhancement
early after radiotherapy might explain the shorter psPD free sur-
vival in the biopsy-only group. However, as this group was quite
small and risk of psPD was not proportional over time in both
groups, a difference in the subhazard radio could not be
demonstrated.

Advanced imaging modalities may help in distinguishing psPD
from PD. Diffusion weighted imaging, perfusion imaging, FDG
and amino acid PET have all been shown to be of additional diag-
nostic value in high grade glioma [23]. In lower grade glioma, psPD
lesions typically are smaller than in high grade glioma, which
places additional demands on spatial resolution. Recently,
O (2 [18F] fluoroethyl)-L tyrosine PET (FET-PET) has been demon-
strated to be of considerable value in differentiating PD from psPD
[24,25], although this may be lower in in IDH mutated glioma [26].
An interesting alternative to using a single imaging modality is the
computerized interpretation of multimodal imaging, which has
been shown to outperform individual imaging modalities in distin-
guishing PD from psPD [27].

Research into radiological outcomes in diffuse glioma would
greatly benefit from a shared radiological, radiotherapeutic and
neuro-oncological consensus regarding both definition and statisti-
cal analysis of psPD. To further this discussion, we described psPD
in a well-defined cohort that includes molecular testing, using a
sequential definition of endpoints and a method of analysis that
accounts for competing risks. There are still some limitations to
this study, such as the underrepresentation of adjuvant
chemotherapy in this historical cohort. Due to the low number of
events it was not feasible to implement a multistate model [28].
Such an approach, as well as extending the duration of follow-
up, could be helpful in future comparisons of psPD occurrence
between XRT and PT cohorts.
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Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2023.109674.
References

[1] de Wit MC et al. Immediate post-radiotherapy changes in malignant glioma
can mimic tumor progression. Neurology 2004;63:535–7.

[2] Taal W et al. Incidence of early pseudo-progression in a cohort of malignant
glioma patients treated with chemoirradiation with temozolomide. Cancer
2008;113:405–10.

[3] Lin AL et al. Molecular and histologic characteristics of pseudoprogression in
diffuse gliomas. J Neuro-Oncol 2016;130:529–33.

[4] van West SE et al. Incidence of pseudoprogression in low-grade gliomas
treated with radiotherapy. Neuro Oncol 2017;19:719–25.

[5] Bronk JK et al. Analysis of pseudoprogression after proton or photon therapy of
99 patients with low grade and anaplastic glioma. Clin Transl Radiat Oncol
2018;9:30–4.

[6] Acharya S et al. Association of 1p/19q Codeletion and radiation necrosis in
adult cranial gliomas after proton or photon therapy. Int J Radiat Oncol Biol
Phys 2018;101:334–43.

[7] Ahmad H et al. Oligodendroglioma confers higher risk of radiation necrosis. J
Neuro-Oncol 2019;145:309–19.

[8] Dworkin M et al. Increase of pseudoprogression and other treatment related
effects in low-grade glioma patients treated with proton radiation and
temozolomide. J Neurooncol 2019;142:69–77.

[9] Ritterbusch R, Halasz LM, Graber JJ. Distinct imaging patterns of
pseudoprogression in glioma patients following proton versus photon
radiation therapy. J Neurooncol 2021;152:583–90.

[10] Eichkorn T et al. Radiation-induced contrast enhancement following proton
radiotherapy for low-grade glioma depends on tumor characteristics and is
rarer in children than adults. Radiother Oncol 2022;172:54–64.

[11] Wen PY et al. Response assessment in neuro-oncology clinical trials. J Clin
Oncol 2017;35:2439–49.

[12] Kumar AJ et al. Malignant gliomas: MR imaging spectrum of radiation therapy-
and chemotherapy-induced necrosis of the brain after treatment. Radiology
2000;217:377–84.

[13] Harrabi SB et al. Radiation induced contrast enhancement after proton beam
therapy in patients with low grade glioma - how safe are protons? Radiother
Oncol 2021.

[14] Paganetti H. Relative biological effectiveness (RBE) values for proton beam
therapy. variations as a function of biological endpoint, dose, and linear energy
transfer. Phys Med Biol 2014;59:R419–72.

[15] Underwood TSA et al. Asymptomatic late-phase radiographic changes among
chest-wall patients are associated with a proton RBE exceeding 1.1. Int J Radiat
Oncol Biol Phys 2018;101:809–19.

[16] Bahn E et al. Late contrast enhancing brain lesions in proton-treated patients
with low-grade glioma: clinical evidence for increased periventricular
sensitivity and variable RBE. Int J Radiat Oncol Biol Phys 2020;107:571–8.

[17] Giantsoudi D et al. Incidence of CNS injury for a cohort of 111 patients treated
with proton therapy for medulloblastoma: LET and RBE associations for areas
of injury. Int J Radiat Oncol Biol Phys 2016;95:287–96.

[18] Jaspers JPM et al. Pattern of failure in IDH mutated, low grade glioma after
radiotherapy - implications for margin reduction. Radiother Oncol
2021;156:43–8.

[19] Austin PC, Fine JP. Practical recommendations for reporting Fine-Gray model
analyses for competing risk data. Statist Med 2017;36:4391–400.

https://doi.org/10.1016/j.radonc.2023.109674
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0005
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0005
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0010
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0010
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0010
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0015
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0015
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0020
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0020
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0025
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0025
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0025
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0030
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0030
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0030
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0035
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0035
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0040
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0040
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0040
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0045
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0045
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0045
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0050
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0050
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0050
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0055
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0055
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0060
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0060
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0060
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0065
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0065
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0065
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0070
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0070
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0070
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0075
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0075
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0075
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0080
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0080
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0080
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0085
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0085
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0085
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0090
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0090
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0090
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0095
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0095


Pseudoprogression in IDH mutated low grade glioma
[20] Shaw EG et al. Randomized trial of radiation therapy plus procarbazine,
lomustine, and vincristine chemotherapy for supratentorial adult low-grade
glioma: initial results of RTOG 9802. J Clin Oncol 2012;30:3065–70.

[21] Kavouridis VK et al. Contemporary assessment of extent of resection in
molecularly defined categories of diffuse low-grade glioma: a volumetric
analysis. J Neurosurg 2019:1–11.

[22] Smits M. Imaging of oligodendroglioma. Br J Radiol 2016;89:20150857.
[23] Henssen D et al. Challenges and opportunities for advanced neuroimaging of

glioblastoma. Br J Radiol 2023;96:20211232.
[24] Pyka T et al. Diagnosis of glioma recurrence using multiparametric dynamic

18F-fluoroethyl-tyrosine PET-MRI. Eur J Radiol 2018;103:32–7.
6

[25] Maurer GD et al. (18)F-FET PET imaging in differentiating glioma progression
from treatment-related changes: a single-center experience. J Nucl Med
2020;61:505–11.

[26] Skoblar Vidmar M et al. The value of FET PET/CT in recurrent glioma with a
different IDH mutation status: the relationship between imaging and
molecular biomarkers. Int J Mol Sci 2022;23.

[27] Gao Y et al. Deep learning methodology for differentiating glioma recurrence
from radiation necrosis using multimodal magnetic resonance imaging:
algorithm development and validation. JMIR Med Informat 2020;8:e19805.

[28] Niyazi M et al. Volumetric and actuarial analysis of brain necrosis in proton
therapy using a novel mixture cure model. Radiother Oncol 2020;142:154–61.

http://refhub.elsevier.com/S0167-8140(23)00212-8/h0100
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0100
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0100
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0105
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0105
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0105
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0110
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0115
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0115
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0120
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0120
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0125
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0125
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0125
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0130
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0130
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0130
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0135
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0135
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0135
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0140
http://refhub.elsevier.com/S0167-8140(23)00212-8/h0140

	Early and late contrast enhancing lesions after photon radiotherapy for IDH mutated grade 2 diffuse gliomaIDH mutated low grade glioma --
	Methods
	Results
	Discussion
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


