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Abstract
Purpose. To characterize the radiological response to procarbazine and CCNU (chloroethyl-cyclohexyl-nitrosourea) 
(PC) polychemotherapy in patients with oligodendroglioma.
Methods. In this retrospective single-center cohort study, patients with Central Nervous System World Health 
Organization (CNS WHO) grade 2 or 3 oligodendroglioma treated with PC between 2003 and 2019 were included. 
Tumor characteristics were assessed on magnetic resonance imaging (MRI) and [18F]Fluoroethyltyrosine positron 
emission tomography ([18F]FET PET) before and after completion of PC. The T1/T2 ratio was assessed to characterize 
diffuse versus sharply delineated MRI phenotype. Progression-free survival (PFS) and overall survival (OS) were 
analyzed.
Results. Forty-six patients with a median follow-up of 118 months were identified. Median absolute T2 tumor volume 
was 52 cm³ (range 10-285) prior to PC and 29 cm³ (range 3-286) after. Median tumor volume decrease was −30% 
(range −96% to +113%). In treatment-naïve patients, median tumor volume decrease was −41% (range −92% to +14%) 
versus −7% (range −96% to +113%) in pretreated patients (P < .01). Stratification according to CNS WHO grade (P = .89) 
or contrast enhancement (P = .07) did not yield significant differences. The T1/T2 ratio was lower after PC (0.69 vs 
0.50, P = .04), and higher T1/T2 ratios were associated with shorter PFS (P = .04) in multivariate analysis. On [18F]FET 
PET, there was a trend towards lower maximum tumor-to-brain ratios (TBRmax) after PC (P = .07).
Conclusion. PC polychemotherapy induces substantial tumor volume reductions in subsets of patients with oligo-
dendroglioma, particularly in treatment-naïve patients. The observations that circumscript oligodendrogliomas may 
be associated with earlier progression and that PC treatment may induce a shift toward a more diffuse phenotype 
require prospective validation.

Key Points

•	 PC polychemotherapy induces a substantial tumor volume decrease in a subset of patients 
with oligodendroglioma, especially in treatment-naïve patients.

•	 PC polychemotherapy might induce a phenotype switch towards a slightly more diffuse 
appearance on MRI as assessed by the T1/T2 ratio.

•	 A sharply delineated phenotype on MRI is associated with shorter progression-free survival.
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Standard treatment for patients with newly diagnosed oligo-
dendroglioma comprises tumor resection followed by obser-
vation or radiotherapy followed by procarbazine, CCNU 
(lomustine) and vincristine (PCV) polychemotherapy.1 Patients 
with oligodendroglioma are typically young to middle-aged 
adults who show few or no symptoms in the early stages of 
the disease.2-4 Survival can extend to decades even with 
expectative management strategies initially, and preservation 
of neurological function and independency in activities of 
daily living should be considered carefully in the care of these 
patients.2,5,6 Age below 40, absence of fixed neurological defi-
cits and low tumor burden have traditionally been considered 
as criteria justifying a wait-and-scan strategy,7 but these data 
predate the recognition of isocitrate dehydrogenase (IDH) 
mutations as a major prognostic factor. With the emergence 
of new promising therapeutic agents, notably mutant IDH 
inhibitors such as vorasidenib, alternative strategies become 
available for subsets of patients not considered candidates 
for immediate chemoradiotherapy.8

While the risks of postoperative deficits and radiotherapy- 
induced toxicity might depend on the tumor volume and 
involvement of eloquent areas, those of systemic therapies 
do not. Neoadjuvant strategies have been implemented a 
core principle for the treatment of numerous neoplasms 
such as breast cancer, rectal adenocarcinoma, soft-tissue 
sarcoma and non-small cell lung cancer.9-12 Similar con-
trolled studies for patients with gliomas have not yet been 
conducted, but chemotherapy-induced tumor volume 
decreases have been reported in small case series of patients 
with IDH-mutant gliomas.13-16 The extent of these changes, 
including potential tumor growth despite chemotherapy, 
and its association with prior tumor-specific therapies and 
potential risk factors for shorter survival such as contrast 
enhancement on MRI, tumor size or Central Nervous System 
World Health Organization (CNS WHO) grade remain incom-
pletely defined.

A modified regimen of procarbazine and CCNU (PC) without 
vincristine is administered at our institution—in lieu of PCV—in 
order to avoid the risk of vincristine-associated peripheral neu-
ropathy.17 This present study explored PC-induced tumor vol-
ume changes as the main outcome parameter in subgroups 
of patients with oligodendrogliomas, stratified by patient- and 
tumor-related risk factors. We sought to evaluate the potential 
role of PC polychemotherapy as a neoadjuvant therapy for 
selected patients based on magnetic resonance imaging (MRI) 
and, if available, [18F]Fluoroethyltyrosine positron emission 
tomography ([18F]FET PET). Beyond the assessment of tumor 
volumes, we investigated the MRI phenotype before and after 
PC polychemotherapy by means of the T1/T2 ratio, a recently 

published parameter used to quantitively describe a diffuse 
versus sharp appearance on MRI.18 The T1/T2 ratio represents 
the quotient of the absolute T1-hypointense tumor volume 
divided by the T2-hyperintense tumor volume. Sharply delin-
eated gliomas appear as hypointense lesions on T1-weighted 
sequences and as hyperintense lesions of similar size on 
T2-weighted sequences.19,20 In such cases, the T1/T2 ratio is 
close to 1. In contrast, gliomas that appear diffuse on MRI typ-
ically show much smaller volumes on T1-weighted sequences, 
resulting in a T1/T2 ratio that approaches 0. A cutoff value of 
0.33 has been reported to indicate inferior resectability and 
overall survival (OS) in patients with astrocytoma.18,21

Methods

Patient Evaluation and Histopathology

The study was conducted with the approval of the institu-
tional ethics committee of the Ludwig Maximilian University 
Hospital Munich (project number 20-513). The local database 
of the Center for Neuropathology was searched for patients 
diagnosed with glioma with IDH mutations and 1p/19q 
codeletion between 2003 and 2019 and reclassified according 
to the CNS WHO Classification 2021 (Supplementary Figure 
S1).3 Molecular status of 1p/19q was assessed by means of 
microsatellite marker analysis.22 IDH1 and IDH2 mutations 
were confirmed by immunohistochemical staining and 
pyrosequencing in all patients. Inclusion criteria comprised 
history of PC polychemotherapy and available MRI data at 
baseline and within three months after completion of the last 
PC cycle. PC polychemotherapy was given for 6 cycles if tol-
erated, following dosing regimens from prospective clinical 
trials.23,24 Due to the risk of peripheral polyneuropathy, vin-
cristine was not routinely administered for the treatment of 
oligodendroglioma at our institution but left to physician and 
patient preference. Patients treated with PC or PCV were 
pooled and termed “PC,” as only 4 patients received vincris-
tine. The baseline scan was the last scan before initiation of 
PC. Patients who did not have a tumor resection underwent 
a stereotactic, frame-based biopsy for tissue sampling.25,26 In 
patients having undergone tumor resection, the baseline MRI 
scan had to show measurable disease according to RANO 
2.0 definition, ie ≥ 1 cm non-enhancing or enhancing tumor 
in all three orthogonal directions.27 Medical records were 
investigated and patient-related data assessed. Clinical status 
was quantified by Karnofsky performance status as part of 
the clinical routine.

Importance of the Study

Despite the established role of PC polychemotherapy in 
patients with oligodendroglioma, the magnitude and 
determinants of chemotherapy-induced tumor volume 
changes remain poorly characterized. In this study, we 
performed quantitative magnetic resonance imaging 
(MRI)-based volumetric analyses before and after PC 

polychemotherapy and integrated these measurements 
with assessment of tumor imaging phenotype using the 
T1/T2 ratio. This allowed us to characterize patterns of 
radiological response and identify clinical factors asso-
ciated with treatment effect and progression.

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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Progression-free survival (PFS) was defined as the interval 
from initiation of PC polychemotherapy to disease progres-
sion, as determined by clinical and radiological evaluation 
and corresponding multidisciplinary tumor board recom-
mendations. Therapeutic interventions comprised tumor 
resection, radiotherapy, or temozolomide therapy. 
Complications from PC polychemotherapy were evaluated 
utilizing the Common Terminology Criteria for Adverse 
Events (CTCAE) version 5.28 OS was defined as the time from 
diagnosis by histological sampling until date of death. The 
time from initiation of PC polychemotherapy to death was 
termed post-PC survival.

Volumetric Measurements and Imaging 
Parameters

All patients received MRI scans on 1.5 or 3.0 Tesla MRI scan-
ners prior to tissue acquisition and after termination of PC 
polychemotherapy. T1-weighted sequences with and with-
out contrast agent (gadopentetate dimeglumin) as well as 
T2-sequences had to be available in all patients. Contrast 
enhancement was evaluated in accordance with the Visually 
AcceSAble Rembrandt Images approach (VASARI) 
(REMBRANDT—The Cancer Imaging Archive [TCIA]) as not 
present, mild/minimal, or marked/avid. Tumor segmentation 
was done in a semi-automated fashion on T2-weighted MRI 
sequences as well as T1-weighted sequences without con-
trast agent by expert raters utilizing Elements Smartbrush 
software (Brainlab AG, Munich, GER). The T1/T2 ratio was 
calculated before and after PC polychemotherapy. Response 
to and progression after PC polychemotherapy on MRI was 
assessed retrospectively according to RANO 2.0 (Response 
Assessment in Neuro-Oncology) criteria for enhancing and 
non-enhancing gliomas.27 For non-enhancing lesions, 
responses included complete response (CR), partial 
response (PR), minor response (MR), stable disease (SD), 
and progressive disease (PD), and for gliomas with enhanc-
ing and non-enhancing components, all the above except 
for MR.27

If available before and after PC polychemotherapy, 
sequential [18F]FET PET images were investigated. To this 
end, a local Hermes workstation was used (Hermes Medical 
Solutions, Stockholm, Sweden). Mean and maximum stan-
dardized uptake values (SUVmean/SUVmax) were mea-
sured. The PET-positive tumor volume was segmented on 
the basis of a 1.6-fold SUVmean background threshold as 
recommended by PET RANO 1.0.29 The mean and maximum 
tumor-to-brain ratio (TBRmean/TBRmax) were calculated by 
dividing the tumor SUVs by background SUVmean. To deter-
mine response, PET RANO 1.0 categories were applied.29

Statistics

The primary objective of this study was to assess radiolog-
ical response to PC polychemotherapy as measured by 
changes in tumor volume. Secondary endpoints included 
PFS, OS, and RANO-based response. The T1/T2 ratio was 
analyzed as an imaging biomarker and exploratory 

variable. Statistical analyses were computed using 
GraphPad Prism 10.5.0 (GraphPad Software Inc., Boston, 
USA). Comparison of categorical variables was performed 
using the Chi-square test or Fisher’s exact test, as appro-
priate. When global tests revealed significant differences 
across more than two groups, pairwise post-hoc compar-
isons were conducted using Fisher’s exact test with 
Bonferroni correction for multiple testing. Continuous vari-
ables were compared using the unpaired t-test for normally 
distributed data and the Mann-Whitney U test for 
non-normally distributed data. Normal distribution was 
assessed using D’Agostino’s K-squared test. Correlations 
between non-parametric datasets were assessed using 
Spearman’s correlation coefficient, whereas Pearson’s cor-
relation coefficient was calculated for normally distributed 
data. Cox proportional hazards regression was used to 
determine associations between patient-related parame-
ters and PFS after PC as well as OS in univariate and mul-
tivariate analyses. Hazard ratios (HR) and 95% confidence 
intervals (95% CI) were calculated. Variables with a signif-
icant P-value in univariate analyses were entered into mul-
tivariate analyses. A two-sided P-value ≤ .05 was considered 
statistically significant.

Results

Patient Characteristics

We identified 46 patients diagnosed between 2003 and 2019 
who met inclusion criteria. Median age at diagnosis was 39 
(range 19-75) (Table  1 and Supplementary Figure S1). 
Stereotactic biopsy without tumor resection prior to PC poly-
chemotherapy was performed in 42 patients (91%). A tumor 
resection was performed in 4 patients (9%). A CNS WHO 
grade 2 was diagnosed in 39 patients (85%) and a grade 3 
in 7 patients (15%). Contrast enhancement on MRI was seen 
in 31 patients (67%). The contrast enhancement was mild in 
17 patients (37%) and avid in 14 (30%) (Table 1). Seventeen 
patients (37%) received PC polychemotherapy without prior 
radiotherapy or temozolomide chemotherapy. Nineteen 
patients (41%) had already received temozolomide therapy, 
and 22 patients (48%) had been treated with radiotherapy. 
Radiotherapy and temozolomide therapy had been given to 
12 patients (26%) prior to PC. PC was administered in 4 
patients (9%) and PC without vincristine in 42 patients (91%). 
The intended number of cycles was 6. The median number 
of cycles completed was 6 (range 2-6). The median time from 
completion of the last PC cycle to MRI was 1 month (range 
0-3). PC was halted for toxicity in 12 patients (26%) and for 
PD in 6 patients (13%). In three patients, a tumor resection 
was performed due to PD under PC. In 2 patients, radiother-
apy was performed, and in 1 patient, temozolomide was 
initiated. There was no grade 4 or 5 adverse event according 
to CTCAE v5.0 in the entire cohort. In 18 patients (39%), no 
adverse event was reported. Grade 1 adverse events were 
reported in 16 patients (35%), grade 2 in 4 patients (9%), and 
grade 3 in 8 patients (17%). The most frequent adverse 
events were leukopenia (n = 9; 20%), thrombocytopenia 
(n = 7, 15%), and fatigue (n = 7; 15%).

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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Response Patterns to PC Polychemotherapy

Best responses by RANO 2.0 were partial (n = 8) or MR (n = 3) 
in 11 patients (24%), SD in 29 patients (63%), and PD in 6 
patients (13%) (Table 1). There was no CR. Pairwise Fisher tests 
with Bonferroni correction confirmed that patients with PD had 
received significantly more prior therapies than patients with 
PR/MR (P = .006) or SD (P = .02). PR or MR were more frequent 
in female patients (64%) than in male patients (36%), although 
this difference was not significant (P = .24) (Supplementary 
Table S1). Median tumor volume before initiation of PC poly-
chemotherapy was 52 cm3 (range 10-285). Median tumor vol-
ume after PC polychemotherapy, ie the tumor volume 
measured on the MRI scan that was obtained at the end of the 
last PC cycle, was 29 cm3 (range 3-286) (Table 1 and Figure 1). 
Relative median tumor volume decrease was −30% (range: 
−96% to +113%). Thirteen patients (28%) showed a volume 
decrease of more than −50%. In radiotherapy- and 
temozolomide-naïve patients (n = 17; 37%), median tumor vol-
ume decrease was −41% (range: −92% to +14%) and more 
extensive than in patients with prior radiotherapy or temozolo-
mide therapy (n = 29; 63%) who had a median tumor volume 
decrease of −7% (range: −96% to +113%) (P < .01). In patients 
with non-contrast-enhancing oligodendrogliomas, median 
tumor volume decrease was −35% (range: −76% to +15%). This 
decrease was not significantly different from contrast-enhancing 
tumors (median: −21%; range: −96% to +113%) (P = .07). Patients 
with CNS WHO grade 2 oligodendrogliomas did not show a 
greater extent of volume decrease than patients with CNS 
WHO grade 3 oligodendrogliomas (median: −30% versus 
−34%, P = .89). In a subgroup analysis of patients pretreated 
with temozolomide only or radiotherapy only, no significant 
differences were seen (prior temozolomide only versus radio-
therapy only, median: −17% versus +4%, P = .69). In patients 
treated with radiotherapy and chemotherapy, the median vol-
ume change was 0.0% (range −68% to +113%).

When looking at absolute volume changes, there was a 
better response in radio- and temozolomide-naïve patients 
with a median decrease of −34.4 cm3 (range: −112.0 cm3 to 
+3.6 cm3) versus a median decrease of −4.7 cm3 (range: 
−174.3 cm3 to +151.8 cm3) in patients having received those 
therapies at any time before PC (P = .01) (Figure 2). There was 
no significant difference when comparing absolute values 
of non-contrast-enhancing to contrast-enhancing oligoden-
drogliomas (median: −8.4 cm3 versus −11.9 cm3; P = .75) or 
CNS WHO grade 2 to CNS WHO grade 3 oligodendrogliomas 

Table 1.  Baseline characteristics

Parameter
All patients  
(n = 46)

Age (years)

  Median 39

  Range 19-75

Sex, n (%)

  Female 20 (43)

  Male 26 (57)

KPS prior to PC

  Median 90

  Range 70-100

Type of prior therapies beyond surgery

  None 17 (37)

  Only TMZ 7 (15)

  Only RT 10 (22)

  RT/TMZ combined 0

  RT and TMZ sequentially (separate lines) 12 (26)

Prior tumor-specific therapies, n (%)

  0 13 (28)

  1 14 (30)

  2 10 (22)

  ≥3 9 (20)

Main location, n (%)

  Frontal 28 (61)

  Insular 5 (11)

  Temporal 8 (17)

  Parietal 4 (9)

  Occipital 1 (2)

  Midline 0 (0)

CNS WHO grade, n (%)

  2 39 (85)

  3 7 (15)

Contrast enhancement, n (%)

  No 15 (33)

  Mild/minimal 17 (37)

  Marked/avid 14 (30)

PC cycles, n

  Median 6

  Range 2-6

RANO 2.0 response, n (%)

  Complete response 0 (0)

  Partial response 8 (17)

  Minor response 3 (7)

  Stable disease 29 (63)

  Progressive disease 6 (13)

Initial T2 volume (cm3)

  Median 52

  Range 10-285

T2 volume after PC 
polychemotherapy (cm3)

  Median 29

  Range 3-286

Initial T1/T2 ratio

  Median 0.69

  Range 0.03-1.0

Parameter
All patients  
(n = 46)

T1/T2 ratio after PC polychemotherapy

  Median 0.5

  Range 0.01-1.0

Prior tumor-specific therapies comprise tumor resection, radiotherapy 
and temozolomide chemotherapy. PC, procarbazine and CCNU 
(lomustine); KPS, Karnofsky performance status; TMZ, temozolomide; 
RANO, Response Assessment in Neuro-Oncology; RT, radiotherapy; 
CNS, central nervous system; WHO, World Health Organization.

Table 1.  Continued

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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(median: −10.8 cm3 versus −8.4 cm3; P = .59) (Figure  2). 
Non-contrast-enhancing, radio- and temozolomide-naïve 
oligodendrogliomas (n = 8, 17%) showed a median tumor 
volume decrease of −49% (range: −76% to +7%).

The median T1/T2 ratio before therapy decreased from 
0.69 (range 0.03-1.0) to 0.5 (range 0.01-1.0) after PC therapy 
was (P = .04).18

There was a trend toward lower TBRmax values with a 
median of 2.98 before PC polychemotherapy and 2.31 there-
after (P = .07). TBRmean showed a non-significant median 
decrease from 1.95 before to 1.89 after PC (P = .48). Median 
PET volume was 10.5 cm3 before PC and 4.2 cm3 after 
(P = .85). According to PET RANO 1.0, 6 patients (43%) 
showed a PR, while 5 (36%) and 3 patients (21%) showed a 
stable or PD, respectively.

A lower number of previous lines of treatment moderately 
correlated with a larger extent of volume decrease (r = 0.5, 
P < .01). The pre-PC tumor volume did not correlate with rel-
ative tumor volume changes (r=−0.15; P = .33) but with abso-
lute tumor volume changes (r=−0.55, P < .01). The number of 
PC cycles completed did not correlate with relative or abso-
lute tumor volume change (r=−0.28; P = .06 and r=−0.14; 
P = .34, respectively). Tumor size did not correlate with the 
T1/T2 ratio (r = 0.07; P = .68). Neither did absolute (r = 0.14; 
P = .4) or relative (r = 0.02; P = .92) tumor volume changes.

Outcome Associations of Response Patterns

Median PFS was 41 months, and progression was docu-
mented in 30 patients (65%). At database closure, 15 patients 

(33%) had died. Median overall follow-up for alive patients 
was 118 months. On univariate analysis, larger absolute 
tumor volumes after PC polychemotherapy (HR 1.01; 95% CI, 
1.0-1.01; P = .03) and a higher T1/T2 ratio (HR 4.44; 95% CI, 
1.37-15.84; P = .01) were associated with shorter PFS. Minimal 
or absence of CE on MRI (HR 0.59; 95% CI, 0.35-0.97; P = .04) 
and a higher number of PC cycles completed (HR 0.71; 95% 
CI, 0.56-0.92; P = .01) were associated with better PFS (Table 2). 
Only a lower/higher T1/T2 ratio persisted as a prognostic fac-
tor on multivariate analysis (per 1.0-unit increase: HR 3.66; 
95% CI, 1.09-13.28; P = .04) (Table 2). This corresponded to an 
approximately 14% increase in hazard per 0.1 increase in the 
T1/T2 ratio. Larger tumor volumes before (HR 1.01; 95% CI, 
1.0-1.01; P = .04) and after (HR 1.01; 95% CI, 1.0-1.01; P = .02) PC 
polychemotherapy as well as CE on MRI prior to PC polyche-
motherapy (HR 0.57; 95% CI, 0.25-0.97; P = .04) showed an 
association with OS on univariate analysis, but not on mul-
tivariate analysis (Table 3). Lower KPS, larger tumor volumes 
after PC polychemotherapy, CE and higher number of prior 
tumor-specific therapies were associated with shorter post-PC 
survival in univariate analysis. In multivariate analysis, larger 
absolute T2 volumes after PC were associated with shorter 
post-PC survival (Supplementary Table S2).

Discussion

PC polychemotherapy is an established treatment option for 
patients with newly diagnosed and recurrent oligodendrogli-
oma, but its time-dependent effect on tumor size and appear-
ance on MRI remains understudied. We here investigated 

Figure 1.  Waterfall (A, C) and spider (B, D) plots for absolute (A, B) and relative (C, D) tumor volume changes associated with PC polychemotherapy 
in patients with oligodendroglioma. The response at the end of PC polychemotherapy is shown. PC, procarbazine and CCNU (lomustine); Δ, delta/
difference; cm3, cubic centimeter.

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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relative and absolute tumor volumes before and after PC 
polychemotherapy as well as the imaging phenotype (diffuse 
versus sharply delineated) by means of the T1/T2 ratio.18 
Patients were stratified according to potential risk factors to 
determine subgroup-specific effects. We report a substantial 
tumor volume decrease in a subset of patients (Figures 1 and 
3). Treatment-naïve patients showed a more extensive tumor 
volume decrease, and the number of prior treatments—ie 
radio- and temozolomide therapies—negatively correlated 
with volume decrease. Accordingly, PC polychemotherapy 
might be especially effective in reducing tumor volume early 
in the disease course. There was no differential effect of PC 
polychemotherapy when stratifying for contrast enhance-
ment or CNS WHO grade.

There is only limited data on “neoadjuvant” administra-
tion of chemotherapy regimens in patients with oligoden-
droglioma.13,14 While guidelines allow for the individual 

consideration of chemotherapy regimens without radiother-
apy in younger patients with large tumors, this strategy 
might also be useful in select patients with smaller tumors 
and infiltration of eloquent areas.1 No treatment-naïve 
patient showed PD while on PC polychemotherapy 
(Supplementary Table S1).

The role of resection is pivotal in the treatment of these 
patients, and supramaximal resection might provide addi-
tional survival benefit.30,31 A preoperative tumor volume 
reduction might enable more extensive resections and 
potentially counteract invasion of eloquent brain regions.30

Our data did not show an association of CNS WHO grade 
with response to PC, consistent with the notion that grading 
of oligodendrogliomas remains challenging and that grad-
ing introduces an arbitrary cutoff into a continuous disease 
spectrum. However, regarding CE, a differential effect of PC 
cannot be excluded based on our data. There was a trend 

Figure 2.  Spider plot showing absolute tumor volume changes after completion or discontinuation of PC polychemotherapy. Subgroups of patients 
with oligodendrogliomas are shown, stratified by CNS WHO tumor grade (A, B); contrast enhancement on magnetic resonance imaging (C, D) and 
treatment status (E, F). PC, procarbazine and CCNU (lomustine); CNS, central nervous system; WHO, World Health Organization; Δ, delta/difference; 
cm3, cubic centimeter.

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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toward more extensive relative tumor volume decrease in 
patients without contrast enhancement (P = .07), and when 
looking selectively at treatment-naïve patients without con-
trast enhancement, the tumor volume decrease was espe-
cially extensive with a median decrease of −49%. No patient 
with PD according to RANO 2.0 showed CE before initiation 
of PC. Further studies with larger cohorts are needed to 
determine the predictive role of CE for the radiological 
response to PC. The prognostic importance of absolute 
tumor volumes in patients with oligodendrogliomas is sup-
ported by our study since post-PC tumor volume was asso-
ciated with post-PC survival in multivariate analysis 
(Supplementary Table S2).30 Absolute tumor volume 
decrease correlated with the initial tumor size, but relative 
decrease did not. Accordingly, PC polychemotherapy might 
be similarly effective in large and in smaller tumors and 
tumor size was not associated with PC resistance. A higher 
initial T1/T2 ratio, ie patients with a sharply delineated 

oligodendroglioma phenotype on MRI, were associated with 
significantly shorter PFS, even in multivariate analysis. The 
biological mechanisms underlying both differential appear-
ance on MRI and potential differences in PFS are unknown. 
The shorter PFS of sharply delineated oligodendrogliomas 
was not mirrored by OS (Tables 2 and 3). As the median T1/
T2 ratio was lower after PC polychemotherapy, there might 
be a PC-induced shift toward a slightly more diffuse pheno-
type (Table 1). Studies correlating imaging phenotype with 
histological features and molecular signatures are urgently 
needed. The median T1/T2 ratio was 0.5 after therapy. A 
threshold at 0.33 has been established as a cutoff for limited 
resectability and shorter OS in patients with astrocytoma.18,21 
The clinical implications of the T1/T2 ratio, both regarding 
resectability and prognostication, has not yet been investi-
gated in patients with oligodendroglioma. Unfortunately, 
the number of patients with available, sequential [18F]FET 
PET imaging was low in this cohort. However, despite the 
low number of patients, there was a trend toward lower 

Table 2.  Uni- and multivariate analyses for progression-free survival

Univariate analysis

Factor PFS

HR 95% CI P-value

Agex 1.01 0.98-1.05 .49

KPSx 0.97 0.93-1.03 .33

CNS WHO grade (3 versus 2) 1.2 0.43-5.1 .75

Contrast enhancement 
(marked versus minimal 
versus no)

0.59 0.35-0.97 .04*

T2 volume before PCx 1.00 1.0-1.01 .22

T2 volume after PCx 1.01 1.0-1.01 .03*

Volume change (absolute)x 1.00 1.0-1.01 .47

Volume change (relative)x 1.53 0.7-3.1 .27

T1/T2 ratio before PCx 4.44 1.37-15.84 .01*

T1/T2 ratio after PCx 1.44 0.47-4.37 .52

PC cycles(n) 0.71 0.56-0.92 .01*

Prior tumor-specific 
therapiesx

1.25 0.98-1.56 .08

Multivariate analysis

Factor PFS

HR 95% CI P-value

Contrast enhancement 
(marked versus minimal 
versus no)

0.74 0.41-1.33 .31

T2 volume after PCx 1.0 1.0-1.01 .4

T1/T2 ratio before PCx 3.66 1.09-13.28 .04*

PC cycles(n) 0.84 0.59-1.23 .41

Prior tumor-specific therapies comprise tumor resection, radiotherapy 
and temozolomide chemotherapy. PFS, progression-free survival; HR, 
hazard ratio; CI, confidence interval; KPS, Karnofsky performance 
status; CNS, central nervous system; WHO, World Health Organization; 
PC, procarbazine and CCNU (lomustine); n, number of cycles. 
Statistical significance: P < .05 (*). Continuously scaled variables are 
denoted by x. Italic values indicate P-values. Bold values indicate 
statistically significant results (P < .05).

Table 3.  Uni- and multivariate analyses for overall survival

Univariate analyses

Factor OS

HR 95% CI P-value

Agex 1.02 0.98-1.07 .36

KPSx 0.97 0.92-1.02 .21

CNS WHO grade (3 versus 2) 0.29 0.1-2.8 .32

Contrast enhancement 
(marked versus minimal 
versus no)

0.57 0.25-0.97 .04*

T2 volume before PCx 1.01 1.0-1.01 .04*

T2 volume after PCx 1.01 1.0-1.01 .02*

Volume change (absolute)x 1.00 0.99-1.02 .84

Volume change (relative)x 2.07 0.72-5.67 .17

T1/T2 ratio before PCx 0.83 0.17-4.37 .82

T1/T2 ratio after PCx 2.71 0.6-13.89 .2

PC cycles(n) 0.75 0.52-1.1 .14

Prior tumor-specific 
therapiesx

1.32 0.96-1.77 .08

Multivariate analyses

Factor OS

HR 95% CI P-value

Contrast enhancement 
(marked versus minimal 
versus no)

0.6 0.28-1.23 .16

T2 volume before PCx 1.0 0.99-1.01 .99

T2 volume after PCx 1.01 1.00-1.02 .22

Prior tumor-specific therapies comprise tumor resection, radiotherapy 
and temozolomide chemotherapy. OS, overall survival; HR, hazard ratio; 
CI, confidence interval; KPS, Karnofsky performance status; CNS, 
central nervous system; WHO, World Health Organization; PC, 
procarbazine and CCNU (lomustine); n, number of cycles. Statistical 
significance: P < .05 (*). Continuously scaled variables are denoted by x. 
Italic values indicate P-values. Bold values indicate statistically 
significant results (P < .05).

https://academic.oup.com/noa//article-lookup/doi/10.1093/noajnl/vdag184#supplementary-data
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TBRmax values after treatment. As PET-derived markers 
have been shown to be associated with outcome in patients 
with IDH-mutant gliomas, TBRs and PET volume might aid 
in assessing residual tumor burden after therapy and, in 
case of neoadjuvant strategies, to define target volumes for 
resection and radiotherapy.32

Many patients included in this study were treated before 
the era of molecular classification and current treatment 
guidelines. At our institution, conservative treatment strat-
egies had been frequently pursued, aiming to defer radio-
therapy and the potentially associated long-term side 
effects. While many patients would be treated differently 
nowadays, the introduction of new tumor-specific treat-
ments, such as IDH inhibitors, eg vorasidenib, improved 
risk stratification, and the oftentimes excellent survival 
times in patients with oligodendrogliomas might warrant 
room for individualized strategies in selected patients that 
could comprise deferral of radiotherapy or neoadjuvant 
PC. In this context, this study addresses the knowledge gap 
of radiological evolution and volume decrease under PC. 
Our study is limited by its retrospective single-center 
design, the modest cohort size, and the limited number of 
progression and death events. Accordingly, survival anal-
yses, particularly multivariable Cox regression models, 
should be interpreted with caution, as effect estimates are 
subject to uncertainty and some confidence intervals were 

wide. Our findings should therefore be considered 
hypothesis-generating and require validation in larger 
independent cohorts. Furthermore, the high number of 
patients treated with temozolomide before PC in this cohort 
does not reflect the current standard of care for oligoden-
droglioma, but many patients included in the study had 
been diagnosed prior to the molecular classification in 2016 
and prior to pivotal clinical studies.24,33-35 The preferred use 
of initial temozolomide at our department might stem from 
the favorable safety profile while still showing largely com-
parable efficacy to radiotherapy and PCV in the NOA-4 
trial.23,36 However, according to newer studies, temozolo-
mide might be associated with induction of tumor muta-
tional burden and mismatch repair deficiency in some 
gliomas, and our data suggests inferior response in 
patients with prior chemotherapy.15,37-40 Further studies are 
needed to elucidate the efficacy and long-term effects of 
temozolomide in patients with oligodendroglioma. Our 
study suggests that prior chemotherapy and radiotherapy 
might impede the response to PC but does not answer the 
question whether there are differential effects of temozolo-
mide or radiotherapy on response to PC. The patients 
included in this study were treated before introduction of 
vorasidenib, which showed promising results in patients 
with IDH-mutant, CNS WHO grade 2 gliomas.8 The response 
to PC after failure of vorasidenib therapy remains unknown.

Figure 3.  T2- and T1-weighted MRI scans of patients diagnosed with oligodendroglioma prior to PC polychemotherapy (A) and after discontinuation 
(B). MRI, magnetic resonance imaging; PC, procarbazine and CCNU (lomustine).
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In summary, PC polychemotherapy might be especially 
effective in reducing tumor volume in patients without prior 
radio- or temozolomide, and this effect does not appear to 
depend on absolute initial tumor size. PC might qualify as a 
neoadjuvant strategy in select patients to enable more 
extensive or even supramarginal tumor resections and to 
potentially allow reduction of radiation dose and field size 
to healthy brain parenchyma. Sharply delineated oligoden-
drogliomas might show earlier progression, and PC might 
shift the tumors toward a slightly more diffuse phenotype 
on MRI. The implication of diffusely versus sharply delin-
eated phenotypes on MRI remains unclear, and correlations 
with histopathological findings are urgently needed.

Supplementary Material

Supplementary material is available online at Neuro-Oncology 
Advances (https://academic.oup.com/noa).
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Lay Summary

Oligodendroglioma is a type of brain tumor that often grows slowly 
but can continue to enlarge over time. The authors of this study 
wanted to examine how these tumors respond to a chemotherapy 
combination called procarbazine and CCNU. To do this, they 
reviewed MRI and PET scans from 46 patients before and after 
treatment and measured changes in tumor size and imaging char-
acteristics. They found that chemotherapy led to substantial 
tumor shrinkage in many patients, particularly those receiving 
treatment for the first time, and that certain imaging features 
before treatment were associated with how long patients 
remained free from tumor progression.
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