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Abstract
Background and Purpose: To quantitatively compare the recurrence patterns of glioblastoma (isocitrate dehydrogenase-wild

type) versus grade 4 isocitrate dehydrogenase-mutant astrocytoma (wild type isocitrate dehydrogenase and mutant isocitrate

dehydrogenase, respectively) following primary chemoradiation. Materials and Methods: A retrospective matched cohort

of 22 wild type isocitrate dehydrogenase and 22 mutant isocitrate dehydrogenase patients were matched by sex, extent of resec-

tion, and corpus callosum involvement. The recurrent gross tumor volume was compared to the original gross tumor volume and

clinical target volume contours from radiotherapy planning. Failure patterns were quantified by the incidence and volume of the

recurrent gross tumor volume outside the gross tumor volume and clinical target volume, and positional differences of the recur-

rent gross tumor volume centroid from the gross tumor volume and clinical target volume. Results: The gross tumor volume

was smaller for wild type isocitrate dehydrogenase patients compared to the mutant isocitrate dehydrogenase cohort (mean±
SD: 46.5± 26.0 cm3 vs 72.2± 45.4 cm3, P= .026). The recurrent gross tumor volume was 10.7± 26.9 cm3 and 46.9± 55.0 cm3

smaller than the gross tumor volume for the same groups (P= .018). The recurrent gross tumor volume extended outside the

gross tumor volume in 22 (100%) and 15 (68%) (P= .009) of wild type isocitrate dehydrogenase and mutant isocitrate dehydro-

genase patients, respectively; however, the volume of recurrent gross tumor volume outside the gross tumor volume was not

significantly different (12.4± 16.1 cm3 vs 8.4± 14.2 cm3, P= .443). The recurrent gross tumor volume centroid was within

5.7 mm of the closest gross tumor volume edge for 21 (95%) and 22 (100%) of wild type isocitrate dehydrogenase and mutant

isocitrate dehydrogenase patients, respectively. Conclusion: The recurrent gross tumor volume extended beyond the gross

tumor volume less often in mutant isocitrate dehydrogenase patients possibly implying a differential response to
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chemoradiotherapy and suggesting isocitrate dehydrogenase status might be used to personalize radiotherapy. The results require

validation in prospective randomized trials.

Keywords
radiation therapy, brain tumor, genes, adaptive radiation therapy, glioblastoma

Abbreviations
CTV, clinical target volume; GTV, gross tumor volume; IDH, isocitrate dehydrogenase; mutIDH, mutant IDH; OS, overall

survival; PFS, progression-free survival; RANO, Response Assessment in Neuro-Oncology; rGTV, recurrent gross tumor

volume; wtIDH, wild type IDH.

Received: April 3, 2022; Revised: May 27, 2022; Accepted: June 8, 2022.

Introduction
Isocitrate dehydrogenase (IDH) mutation status has established
itself as a fundamental molecular biomarker in gliomas1,2 and
serves as a defining feature in the 2016 and 2021 World
Health Organization classifications of brain tumors.3,4 Patients
with grade 4 IDH mutant astrocytoma3 (previously referred to
as IDH mutant glioblastoma4) have a demonstrated increase
in progression-free and overall survival compared to patients
with glioblastoma3 (previously referred to as IDH wild-type
glioblastoma4).5–10 The current standard of care for both de
novo glioblastoma and grade 4 IDH-mutant astrocytoma
(these 2 groups are hereafter referred to as wtIDH and
mutIDH, respectively) is maximal safe surgical resection, fol-
lowed by radiotherapy to 54 to 60 Gy in 30 fractions with con-
current followed by adjuvant temozolomide chemotherapy.11,12

Within this treatment strategy, patterns of failure with respect to
the high-dose radiation fields have been well characterized.13–16

Such results have established the current radiation planning
approach of targeting the surgical cavity and any residual enhanc-
ing tumor on T1-weighted MRI plus a 1.5 to 3 cm margin to
include the region at the highest risk of recurrence.11,17–19

Despite differences in the underlying biology,20 the same radio-
therapy guidelines are used for both wtIDH and mutIDH partially
due to the lack of data on the relationship between IDH status and
failure patterns.

The goal of this retrospective study was to quantitatively
evaluate the pattern of recurrence between the wtIDH and
mutIDH groups by assessing the volume of the recurrent
tumor relative to the gross tumor and clinical target volumes
from radiation planning. We also assessed the displacement
of the centroid of the recurrent tumor relative to the radiother-
apy planning volumes. Our hypothesis was that, given their
underlying biologic differences, tumor recurrence pattern
differs between the wtIDH and mutIDH groups following stan-
dard primary chemoradiotherapy.

Methods and Materials

Patient Characteristics, Treatment, and Imaging
This retrospective matched cohort study was approved by the
Sunnybrook Health Sciences Centre Research Ethics Board

with a waiver of the informed consent (under the auspices of
project identification number 2724, “Magnetic Resonance
Imaging as a Tool to Adapt Concurrent Chemoradiation
Treatment for Malignant Gliomas”). The design and reporting
of this study conforms to published STROBE guidelines.21

Using our local database from 2009 to 2019, 22 consecutive
adult (18 years old or older) patients with de novo grade 4
IDH-mutant astrocytoma (mutIDH group) who completed
primary radiation (54-60 Gy in 30 fractions) with concurrent
temozolomide chemotherapy were identified. Patients who
received any other chemotherapeutic agents such as bevacizu-
mab were not included. Subsequently, 22 adult patients with
de novo glioblastoma (wtIDH group) who also completed
primary radiation (54-60 Gy in 30 fractions) with concurrent
temozolomide chemotherapy were selected. To decrease
biases between the groups and create a matched cohort, patients
from the wtIDH group were selected such that the 2 groups
were explicitly matched in the categories of sex, extent of sur-
gical resection (gross total, subtotal, or biopsy), and involve-
ment of corpus callosum. Matching by age was not feasible
due to the generally younger age of mutIDH patients22 and
the resulting lack of age-matched wtIDH controls in our data-
base. In addition, clinical characteristics such as performance
status, individual radiotherapy details, and time from surgery
to the radiotherapy planning were not available. Al patient
details were de-identified for presentation in this manuscript.
Patient characteristics are summarized in Table 1.

The gross tumor volume (GTV) and clinical target volume
(CTV) contours from radiation planning along with the
gadolinium-enhanced T1-weighted sequence from the MRI
on which the recurrence was declared were downloaded to an
offline workstation. The CTV and GTV were contoured in
agreement with published guidelines,23,24 and the declaration
of recurrence was made in accordance with the Response
Assessment in Neuro-Oncology (RANO) criteria.25 To ensure
that no cases of pseudoprogression were included in the
dataset, the follow-up imaging performed after the declaration
of recurrence by RANO criteria was also reviewed for every
patient. The recurrent MRI was coregistered and resampled to
the space of the planning CT or MRI using SPM12. The recur-
rent GTV (rGTV) was then manually contoured on the recurrent
MRI as the T1 enhancing tumor by a neuroradiologist (PJM)
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using ITK-SNAP26 and was exported as binary mask. The
rGTV contours were confirmed by a radiation oncologist spe-
cializing in the central nervous system (AS). The rGTV was
said to extend outside the GTV if the volume of the rGTV
outside the GTV was greater than 0.3 cm3. This threshold
was used to account for small spurious regions where the
rGTV and GTV share a border (eg, along with the dura). All
3 contours analyzed in this work, along with the planned dose
distribution, are illustrated for a single patient in Figure 1A.

Survival Analysis
Progression-free and overall survival were assessed from the
date of the planning CT or MRI with the resulting progression-
free survival (PFS) and overall survival (OS) rates calculated
using the Kaplan-Meier product-limit method. The log-rank
test was used to assess the statistical significance of IDH muta-
tion status on PFS and OS.

Volumetric and Positional Analyses
The GTV, CTV, and rGTV contours were exported in Analyze
7.5 image format. Positional and volumetric analyses were per-
formed after importing these masks into MATLAB (v. 9.7.0).
The following metrics, illustrated in Figure 1B, were quantified
for each patient using an in-house script:

1. Volume of the GTV, CTV, and rGTV.
2. Volume of the rGTV outside of the GTV (the region

labeled “A” in Figure 1B) and CTV (region “B” in
Figure 1B). This volume is presented as both an abso-
lute volume and relative to the full rGTV volume.

3. Distance of the rGTV centroid from each of the GTV
and CTV centroids, where the centroid is the geometric
center of the 3-dimensional contour. These are denoted
by the arrows connecting the rGTV centroid (orange) to
the GTV (red) and CTV (blue) centroids, respectively,
in Figure 1B.

4. Distance of the rGTV centroid to the closest edge of the
GTV, illustrated by the arrow connecting the rGTV cen-
troid (orange) to the GTV border (red) in Figure 1B. If

the rGTV centroid is within the GTV, this distance is
zero.

Statistical Analysis
Recurrence categorization outside the GTV and/or CTV was
statistically assessed with Fisher exact test. Student paired t
test was used to compare the contour volumes, volumetric
data, and positional data between the wtIDH and mutIDH
groups. In all analyses, P values were 2-sided and P< .05 was
considered statistically significant. All statistical analyses
were performed using the SAS software suite (v 9.4).

Results
Patient characteristics are summarized in Table 1 demonstrating
matching in terms of sex, extent of resection, and involvement
of corpus callosum between the wtIDH and mutIDH groups.

Survival Analysis
Kaplan-Meier estimates of PFS and OS are outlined in Figure 2.
Median PFS was 9.0 (95% confidence interval (CI): 4.9-12.9)
and 15.1 months (95% CI: 6.0-28.6) for the wtIDH and
mutIDH groups (P= .016), respectively. Similarly, median
OS was 14.2 (95% CI: 10.1-19.2) and 42.2 months (95% CI,
23.8-50.2) for the same respective groups (P< .001).

Volumetric Analysis of Recurrence
Volumes of the GTV, CTV, and rGTV are summarized in
Figure 3A to C. The mean GTV was smaller in the wtIDH
versus the mutIDH group (mean± SD: 46.5± 26.0 cm3 vs
72.2± 45.4 cm3, P= .026). The CTV and rGTV volumes
were not statistically different between wtIDH and mutIDH
groups (P= .545 and P= .308, respectively). The difference
between GTV and rGTV volumes in individual patients is illus-
trated in Figure 3D to E; the rGTV was on average 10.7±
26.9 cm3 smaller than the original GTV for the wtIDH group,
and 46.9± 55.0 cm3 smaller for mutIDH group (P= .018).

The volume of the rGTV outside the planning contours is
summarized in Figure 4A. For the wtIDH and mutIDH groups,
the mean volume of the rGTV outside the GTV was 12.4±
16.1 cm3 (26.8± 22.4% of the rGTV) and 8.4± 14.2 cm3 (28.4
± 29.5%) (P= .443). The rGTV extended outside the GTV in
22 (100%) and 15 (68%) of wtIDH and mutIDH groups, respec-
tively (P= .009). In other words, the rGTV was completely con-
tained within the GTV for 0 (0%) and 7 (32%) of wtIDH and
mutIDH patients. The rGTV extended outside the CTV in 6
(27%) and 7 (32%) patients from the same groups (P= 1.00).
Finally, the mean rGTV volume outside the CTV was 2.7±
11.0 cm3 (5.2± 20.5% of the rGTV) and 0.6± 1.2 cm3 (4.5±
7.2%) (P= .387) for wtIDH and mutIDH patients, respectively.

Positional Analysis of Recurrence
The displacement of the rGTV centroid from the GTV and CTV
centroids is outlined in Figure 4B. The displacement of rGTV

Table 1. Patient Characteristics.

wtIDH
(n= 22)

mutIDH
(n= 22) P value

Median age in years (range) 54.5 (39-68) 41.5 (24-82) <.001
Sex
Male 15 (68%) 16 (73%) 1.00
Female 7 (32%) 6 (27%)

Resection type
Gross total 4 (18%) 4 (18%) 1.00
Subtotal 17 (77%) 17 (77%)
Biopsy 1 (5%) 1 (5%)

Corpus callosum involvement
Yes 12 (55%) 12 (55%) 1.00
No 10 (45%) 10 (45%)
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centroid for the wtIDH and mutIDH groups was 9.5± 9.8 mm
and 12.2± 8.4 mm (P= .446) from the GTV, and 14.6±
8.8 mm and 15.9± 7.9 mm (P= .718) from the CTV,
respectively.

The rGTV centroid was on average 1.4± 6.7 mm and 0.7±
1.5 mm (P= .615) from the closest edge of the GTV for the
wtIDH and mutIDH groups, respectively. As summarized in
Figure 4C, this distance was 0 mm (ie, the rGTV centroid

Figure 1. (A) Axial slice of patient with grade 4 IDH-mutant astrocytoma illustrating analysis volumes. Overlaid on the T1 with gadolinium
contrast planning MRI are the gross tumor volume (GTV; red contour), clinical target volume (CTV; blue contour), and recurrent gross tumor
volume (rGTV; orange contour). Also shown for illustrative purposes is the 60 Gy prescribed radiotherapy dose plan (colorwash). (B) Schematic
2-dimensional illustration of metrics quantified in this study. The GTV, CTV, and rGTV are denoted by the red, blue, and orange contours,
respectively; the centroid of each contour is indicated. The 3 arrows demonstrate the distance of the rGTV centroid from the GTV centroid, CTV
centroid, and closest edge of the GTV. The regions of the rGTV outside the GTV (labeled “A”) and CTV (“B”) are also indicated.

Figure 2. Kaplan-Meier estimates of progression-free survival (A) and overall survival (B) for the wtIDH (blue) and mutIDH (red) groups with
95% confidence interval delineated by the shaded region.
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was within the GTV) for 21 (95%) of the wtIDH patients; the
sole patient with a nonzero distance had an rGTV centroid
31.4 mm from the closest portion of the GTV. This distance
was also zero in 18 (82%) mutIDH patients and ranged from
2.0 to 5.7 mm in the 4 (18%) remaining mutIDH patients.

Discussion
Radiotherapy in glioblastoma and grade 4 IDH-mutant astrocy-
toma relies critically on the geometric expansion from the GTV
to the CTV. An opportunity to refine these relatively large CTV
margins relies on identifying patient subgroups for which this
expansion could potentially be decreased. In this retrospective
matched cohort, we demonstrated a differential recurrence
pattern between these 2 groups with the rGTV extending
outside the planning GTV less often in the mutIDH group as
compared to wtIDH group. The volume of the recurrence
extending beyond the GTV and CTV, however, was not statisti-
cally different between the 2 groups nor was the displacement
of the recurrent tumor centroid relative to the planning GTV
or CTV.

IDH mutation is an increasingly important molecular bio-
marker of in terms of tumor behavior and therapy response in
patients with high-grade gliomas. In our patient cohort, the
GTV was larger in mutIDH patients. Unlike the wtIDH

group, the tumor in mutIDH patients is thought to predomi-
nantly progress from a clinically silent lower grade glioma27

over a long period of time and, therefore, more time to slowly
grow to larger volumes prior to symptom development. We
also observed a larger decrease between the volume of the plan-
ning GTV and the recurrent tumor in the mutIDH group, which
may suggest a better response to chemoradiation in mutIDH
patients. In turn, this may imply that interfraction variability
is greater in the mutIDH group, and patients with grade 4
IDH-mutant astrocytoma might therefore benefit from more fre-
quent interfraction treatment assessment and adaptation.28–32

An important caveat is that subtle imbalances in how CTVs
were created between the 2 groups cannot be definitively
ruled out. Final GTV/CTV contours were available to us but
the underlying geometric expansions and amount of FLAIR
hyperintensity subsequently included in CTV for each individ-
ual case were not available for all cases. That said, a smaller
recurrence volume in the mutIDH group with a centroid of
the rGTV within 5.7 mm of the initial GTV for all patients in
the mutIDH group suggests further clinical trials with adaptive
limited margin CTVs are warranted. This may be of particular
interest for mutIDH patients, as they are generally younger
with prolonged survival and may preferentially benefit from
improved neurocognitive outcomes with smaller RT
margins.33 In addition, the temporal and spatial heterogeneity

Figure 3. (A-C) Gross tumor (GTV), clinical targeting (CTV), and recurrent gross tumor (rGTV) volumes for the wtIDH and mutIDH groups. In
all 3 panels, the scatter points denote individual patient volumes; points are randomly offset along with the abscissa to improve visualization. The
horizontal dashed lines with “o” and “x” endpoints denote the mean and median, respectively, of the group. The GTV and rGTV volume data are
delineated in a different forms in panels (D-E) to highlight individual patient differences between these 2 volumes. In both panels, the n= 22
patients in each of the wtIDH (D) and mutIDH (E) groups are shown along with the ordinal with the filled and open circles denoting the GTV and
rGTV volumes, respectively. Patients are sorted by their GTV volume. The rGTV was 10.7± 26.9 cm3 (mean± SD) and 46.9± 55.0 cm3 smaller
than the GTV for wtIDH and mutIDH groups, respectively (P= .018).

Stewart et al 5



of IDH status in high-grade gliomas is currently an open ques-
tion. Although such heterogeneity has been identified for other
glioblastoma molecular markers,34–36 it is unclear if similar het-
erogeneity exists for IDH status. Should such heterogeneity in
IDH status be discovered, it may be a contributing factor to
the interfraction variability observed in the present study.

The macroscopic changes in the tumor and target volumes
identified in this work occur in the context of both radiotherapy
and chemotherapy treatments. Although the addition of temo-
zolomide chemotherapy to radiotherapy is the current standard
of care due to its demonstrated survival benefit,11 approxi-
mately 50% of patients demonstrate a poor response to this
agent.37 The exact mechanism for this resistance is thought to
involve MGMT expression38 and likely involves other
aspects of the glioblastoma microenvironment.39 As the tar-
geted agent bevacizumab has not demonstrated a survival
benefit in the context of glioblastoma,40 recent efforts have
focused on targeting different pathways such as IDH.41 With
the present study demonstrating a difference between mutIDH
and wtIDH patients in terms of radiotherapeutic response, we
look forward to revisiting and expanding these results in the
context of IDH targeted chemotherapy should this agent enter
widespread clinical use.

We have demonstrated in this small cohort that recurrent
tumor extends less often beyond the planning GTV in the
mutIDH group. Knowing that the main reason for
GTV-to-CTV expansion is to account for infiltrative micro-
scopic disease, our results suggest that the current guidelines
for the expansion of GTV to CTV for radiation planning in glio-
blastoma patients11,12 could be revisited for the mutIDH group
in the setting of a clinical trial. However, caution is required as

the recurrent tumor still extended outside the planning GTV in
68% of mutIDH patients, and a traditional CTV was treated in
all patients in this study. There have been preliminary studies
supporting limited CTV expansions (down to 0.5 cm) and this
is an active area of research.42,43 In the future, molecular anal-
ysis44,45 may contribute to identify a subgroup where margin
reduction is warranted.

This study had several limitations. The retrospective nature of
the study is a source of bias and the sample size in our study was
small. With the recent 2021 WHO classification of central
nervous system tumors and consistently improving molecular
characterization, we look forward to having these results revis-
ited in future studies with larger patient numbers. Also, clinical
characteristics including performance status, time from surgery
to the planning CT, and per-patient radiotherapy details were
not available. We cannot rule out, for example, that the pre-
scribed radiotherapy dose was unbalanced between the
mutIDH and wtIDH groups. Finally, data regarding MGMT
methylation status and other molecular biomarkers of high-grade
gliomas46 were not available for this study. As a result of these
limitations, this study should be viewed as exploratory and
hypothesis generating. Larger prospective studies and ultimately
randomized trials evaluating margin reduction are required
before the current radiotherapy margin paradigm can be changed.

Conclusions
Although failure patterns in high-grade gliomas have been well-
characterized across unstratified patient populations, it is
unknown whether these patterns are influenced by isocitrate
dehydrogenase mutation (IDH) status. We quantitatively

Figure 4. Volumetric (A) and positional (B-C) analyses of recurrent gross tumor volume (rGTV) for the wtIDH and mutIDH groups. (A) rGTV
volume outside the gross tumor volume (GTV; left panel) and clinical target volume (CTV; right panel). (B) Distance of the rGTV centroid from
the GTV (left panel) and CTV (right panel) centroids. (C) Distance of the rGTV centroid from the closest edge of the GTV. In all panel groups in
the scatter points denote individual patient measurements; these points are randomly offset along with the abscissa to improve visualization. The
horizontal dashed lines with “o” and “x” endpoints denote the mean and median, respectively, of the group.
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evaluated recurrence tumor volumes in a matched cohort of adult
patients with de novo IDH-wild type glioblastoma (wtIDH) and
grade 4 IDH-mutant astrocytoma (mutIDH) and, to the best of
our knowledge, this study is the first to demonstrate 3 key
results. First, we demonstrated that the tumor recurrence may
less often extended beyond the radiotherapy gross tumor
volume (GTV) in mutIDH patients. Second, we quantified that
the GTV in mutIDH patients can be larger than wtIDH patients
at the time of radiation planning. Third, in patients with
mutIDH, the tumor size may decrease to a much larger extent
compared to wtIDH patients. Finally, we note that the centroid
of the recurrence was within 6 mm of the GTV border for 43
of 44 (98%) patients in the combined cohort, potentially support-
ing the use of small margin radiotherapy strategies.
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