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Purpose:

To determine the effect that R132H mutation status of
diffuse glioma has on extent of vascular dysregulation and
extent of residual blood oxygen level–dependent (BOLD)
abnormality after surgical resection.

Materials and
Methods:

This study was an institutional review board–approved
retrospective analysis of an institutional database of patients, and informed consent was waived. From 2010 to
2017, 39 treatment-naïve patients with diffuse glioma
underwent preoperative echo-planar imaging and BOLD
functional magnetic resonance imaging. BOLD vascular
dysregulation maps were made by identifying voxels with
time series similar to tumor and dissimilar to healthy
brain. The spatial overlap between tumor and vascular
dysregulation was characterized by using the Dice coefficient, and areas of BOLD abnormality outside the tumor
margins were quantified as BOLD-only fraction (BOF).
Linear regression was used to assess effects of R132H
status on the Dice coefficient, BOF, and residual BOLD
abnormality after surgical resection.

Results:

When compared with R132H wild-type (R132H2) gliomas, R132H-mutated (R132H+) gliomas showed greater
spatial overlap between BOLD abnormality and tumor
(mean Dice coefficient, 0.659 6 0.02 [standard error] for
R132H+ and 0.327 6 0.04 for R132H2; P , .001), less
BOLD abnormality beyond the tumor margin (mean BOF,
0.255 6 0.03 for R132H+ and 0.728 6 0.04 for R132H2;
P , .001), and less postoperative BOLD abnormality (residual fraction, 0.046 6 0.0047 for R132H+ and 0.397 6
0.045 for R132H2; P , .001). Receiver operating characteristic curve analysis showed high sensitivity and specificity in the discrimination of R132H+ tumors from R132H2
tumors with calculation of both Dice coefficient and BOF
(area under the receiver operating characteristic curve,
0.967 and 0.977, respectively).

Conclusion:

R132H mutation status is an important variable affecting the extent of tumor-associated vascular dysregulation and the residual vascular dysregulation after surgical
resection.
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I

n 2016, the World Health Organization incorporated the use of molecular phenotypes into the diagnostic
criteria of diffuse glioma, marking a
paradigm shift in neuro-oncology (1).
Perhaps the most important of these
molecular markers are mutations in isocitrate dehydrogenase (IDH), with the
IDH1 R132H mutation being the most
common. IDH mutations are evident in
more than 75% of patients with grade
II or III gliomas and in approximately
10% of patients with glioblastomas (2–
6). IDH mutant gliomas are less aggressive tumors (7) and occur in younger
patients (8). Additionally, these tumors
are easier to resect, more chemosensitive, and associated with longer survival
when compared with IDH wild-type
tumors, regardless of histologic grade
(4,9). IDH wild-type gliomas have more
aggressive clinical features. This finding is reflected in their appearance at
structural magnetic resonance (MR)
imaging, including less well-defined
boundaries of T2-weighted fluid-attenuated inversion recovery (FLAIR) hyperintensity (10,11), more heterogeneous
signal intensity (11), greater bilateral
pattern of growth (11), and reduced
anisotropy outside the contrast material–enhanced tumor (12). Although
these imaging characteristics reflect
the infiltrative nature of IDH wild-type
gliomas, it is unknown whether IDH
mutant gliomas are associated with diseased brain tissue outside the tumor
borders defined by conventional imaging (ie, T1-weighted imaging with and
without contrast enhancement, and T2weighted FLAIR).

Implications for Patient Care
nn Blood oxygen–level dependent
(BOLD) functional MR imaging is
used to estimate the spatial
extent of unenhanced tumorrelated vascular dysregulation
prior to surgical resection of diffuse glioma.
nn BOLD functional MR imaging is
highly discriminative for isocitrate dehydrogenase 1 R132H
mutation status in diffuse glioma.
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Blood
oxygen
level–dependent
(BOLD) functional MR imaging is sensitive to glioma-related changes in
vascular regulation, as demonstrated
in studies showing decreased vascular
reactivity in peritumoral tissue during
breath holding (13,14) and decreased
activation volumes at task-based BOLD
functional MR imaging (15–17). Recently, Chow et al (18) identified an
abnormal temporal signature in the
unenhanced T2-weighted FLAIR hyperintense peritumoral region in patients
with glioblastoma, indicating the presence of infiltration-related vascular dysregulation beyond the margins of identifiable tumor. These data suggest that
other infiltrative tumors (ie, grade II
and III gliomas) are also likely to show
vascular deficits at the tumor margins.
Moreover, because IDH mutation status
and degree of tumor infiltration are related (10–12), it is plausible that the
IDH mutation may also affect the spatial extent of vascular dysregulation.
Gliomas without IDH1 R132H mutation are known to be more invasive.
We hypothesized that gliomas without
IDH1 R123H mutation will have larger
areas of BOLD signal abnormality in
the surrounding brain tissue and will
thus demonstrate greater residual
disease after surgical resection of the
tumor. Thus, we aimed to determine
the relationship that R132H mutation
status of diffuse glioma has on extent
of vascular dysregulation and extent of
residual BOLD abnormality after surgical resection.

Materials and Methods
Patient Selection
We performed a Health Insurance Portability and Accountability Act–compliant institutional review board–approved
retrospective analysis of our institutional
database of patients. Informed consent
was waived. Inclusion criteria included
patients with primary treatment-naïve
World Health Organization grade II–
IV supratentorial diffuse gliomas and
known IDH1 R132H status (wild type
[R132H2] or mutated [R132H+]) who
underwent preoperative resting-state or

task-based BOLD imaging and postoperative structural MR imaging between
2010 and 2017. Exclusion criteria were
biopsy prior to surgery (n = 2), multifocal lesions (n = 1), and known IDH
mutations other than R132H (n = 1).

Patient Characteristics
Clinical and molecular characteristics of
the selected patients are shown in Table
E1 (online). A total of 39 patients with
WHO grade II (n = 12), III (n = 14), or
IV (n = 13) glioma were included in this
study. The R132H mutation was identified in 19 (49%) patients in the sample.
Mean patient age was 49.3 years 6 15.3
(standard deviation), and no significant
difference in age was present between
patients with R132H2 and those with
R132H+ (P = .75). All tumors in the
R132H2 group were histologically astrocytic, while in the R132H+ group, 14
were astrocytic (63%) and five were oligodendroglial (37%). Only one R132H+
tumor exhibited visible enhancement at
T1-weighted contrast-enhanced imaging,
while only three of the R132H2 tumors
(19%) did not show enhancement. Six
patients (33%) with R132H+ had codeletion of chromosome arms 1p and 19q.
Image Acquisition
Prior to tumor resection, patients underwent standard-of-care structural
https://doi.org/10.1148/radiol.2017170790
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MR imaging (including T1-weighted,
T2-weighted, T2-weighted FLAIR, and
diffusion-weighted sequences) as well
as resting-state and/or task-related
echo-planar BOLD imaging performed
with one of four imagers: Philips Intera
1.5T (Philips Medical Systems, Best,
the Netherlands), Philips Achieva 3T
(Philips Medical Systems), GE Twinspeed HDx 1.5T (GE Healthcare, Milwaukee, Wis), or Excite HDX 3T (GE
Healthcare). Imaging parameters for
each patient are listed in Table E2 (online). Contrast-enhanced images were
acquired with intravenous gadobenate
dimeglumine (MultiHance; Bracco Diagnostics, Monroe Township, NJ) with
a weight-based dose of 0.2 mL per kilogram of body weight. The time between
intravenous injection and contrast-enhanced imaging was 5 minutes. BOLD
images were obtained before contrast
material administration.

Histopathologic Analysis
R132H mutation status was determined
with immunohistochemical staining for
the R132H mutated protein (mouse
monoclonal antibody H09; Dianova,
Hamburg, Germany). Given its association with favorable outcomes and
response to treatment, 1p/19q codeletion (19), which was tested by using
fluorescence in-situ hybridization, was
included as a molecular marker in our
volumetric analysis.
Image Preprocessing
All BOLD data were processed as described by Chow et al (18) (Appendix
E1 [online]). In brief, BOLD time series
were extracted from the tumor (identified on unenhanced and contrast-enhanced T1-weighted MR images) and
contralesional hemisphere and were
included in a multiple linear regression
model. Two z statistic images were generated to describe the similarity of each
voxel to the tumor (ztumor) and contralesional hemisphere (zcontralesional). These
two images were subtracted (ztumor– zcon) to create a BOLD biomarker of
tralesional
vascular dysregulation. Masks of the
tumor (defined as the region of contrast enhancement in enhancing tumors
or as the region of T1 hypointensity
Radiology: Volume 287: Number 3—June 2018
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in nonenhancing tumors), peritumoral
T2-weighted FLAIR hyperintensity, and
BOLD abnormality were hand drawn
by a board-certified neuroradiologist
(C.I.H.) with 6 years of experience in
neuroradiology.

Volumetric Comparisons
Two measures were used to compare
the extent of vascular dysregulation in
R132H+ and R132H2 tumors. The Dice
coefficient provides a measure of overlap between the vascular dysregulation
mask and the tumor mask, as follows:
Dice =

2 ⋅ BOLD ∩ TUMOR ,
BOLD + TUMOR

where |BOLD| and |TUMOR| are the
number of voxels in the two samples
and where 0 represents no overlap and
1 represents perfect overlap between
masks. The BOLD-only fraction (BOF)
represents the fraction of vascular dysregulation located outside the tumor:
BOF =

BOLD ∉ TUMOR ,
BOLD ∪ TUMOR

where BOLD ∉ TUMOR represents
the number of BOLD voxels not overlapping tumor voxels; 0, no vascular
dysregulation outside the tumor; and
1, all vascular dysregulation outside
the tumor. Both the Dice coefficient
and the BOF were also quantified relative to T2-weighted FLAIR hyperintensity. Fractions were visualized by using
box and whisker plots, which show the
median, first and third quartiles, and
minimum and maximum values. Comparisons of Dice and BOF coefficients
in R132H2 and R132H+ tumors were
performed by using two-tailed Student
t tests (P , .05) and receiver operating characteristic curve analysis. To
determine whether other factors that
are associated with the R132H mutation can explain the group differences,
we performed two-tailed Student t
tests after using regression analysis to
remove the variance associated with
grade (II, III, or IV), histologic subtype
(astrocytoma or oligodendroglioma),
1p19q codeletion status, tumor volume, and patient age.
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Regression analysis was performed
to determine whether the amount of residual vascular dysregulation in R132H2
tumors was greater than that in R132H+
tumors. A test for a difference in regression intercepts was performed by using
the test statistic:

t=

a1 − a2 ,
sa −a
1

2

with n1 + n224 degrees of freedom and
where a is the intercept, SS is the sum
of squares, n is the number of subjects, X is the subject estimates of residual fraction, and sa1−a2 is the pooled
variance:

sa1−a2 =
2
2
 SS + SS   1
1
X1
X 2 .
 1
2 
 n + n − 4   n + n + SS + SS 
 1
  1
2
2
1
2 

Results
R132H Mutation Is Associated with
Spatial Extent of Vascular Dysregulation
Representative T1-weighted contrastenhanced and T2-weighted FLAIR images, as well as BOLD maps from four
R132H+ tumors and four R132H2 tumors are shown in Figure 1. In R132H+
tumors, the BOLD abnormality closely
matches the hypointense tumor on images acquired with the T1-weighted
sequence and the area of hyperintensity
on images acquired with the T2-weighted FLAIR sequence (Fig 1, A). In the
R132H2 gliomas, the BOLD abnormality extends beyond the margins of enhancing and nonenhancing tumors on
images acquired with the T1-weighted
sequence and beyond the hyperintense
region on images acquired with the T2weighted FLAIR sequence (Fig 1, B).
This volumetric relationship is further
depicted in Figure 2, which displays
sample axial sections of all 39 tumors
showing the spatial relationship between
visible tumor and BOLD-defined abnormalities. R132H+ tumors show extensive
overlap between tumor and BOLD abnormalities, and the BOLD signal does
not extend far beyond the tumor (Fig 2,
A). In contrast, the BOLD abnormality
967
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Figure 1

Figure 1: Preoperative maps of vascular dysregulation for R132H+ and R132H2 groups. A, In the four R132H+ gliomas, blood oxygen–level dependent abnormality is mostly confined to T2 fluid-attenuated inversion recovery (FLAIR) hyperintensity. Additionally, the T2 FLAIR borders of the nonenhancing tumors are well defined.
B, The four R132H2 gliomas show regions of vascular dysregulation beyond the tumor borders defined by structural imaging. The two nonenhancing R132H2
gliomas show poorly defined borders on T2 FLAIR images, consistent with previous reports.

extends beyond the tumor in R132H2
tumors (Fig 2, B). A similar overlap relationship is present when compared with
T2-weighted FLAIR hyperintensity; the
BOLD abnormality closely matches the
hyperintensity on T2-weighted FLAIR
images in R132H+ tumors (Fig E1, A
[online]) but extends beyond the hyperintensity in R132H2 tumors (Fig E1, B
[online]).
Figure 3 presents the quantitative
comparison between the tumor volume
and the BOLD abnormality volume in
R132H2 and R132H+ tumors. By using visible tumor (T1 hypointensity in
nonenhancing tumors and contrast enhancement in enhancing tumors) as the
region of interest, the overlap between
tumor and BOLD abnormality was significantly larger in R132H+ gliomas
968

(mean Dice, 0.659 6 0.02 for R132H+
gliomas and 0.327 6 0.04 for R132H2
gliomas; P , .001) (Fig 3, A). In contrast, the BOF was smaller in R132H+
gliomas (mean Dice, 0.728 6 0.04 for
R132H2 gliomas and 0.255 6 0.03
for R132H+ gliomas; P , .001) (Fig 3,
B). Receiver operating characteristic
curve analysis showed high sensitivity
and specificity in the discrimination of
R132H+ and R132H2 tumors with both
Dice coefficient (Fig 3, C; area under
the receiver operating characteristic
curve = 0.967) and BOF (Fig 3, D; area
under the receiver operating characteristic curve = 0.977) analyses. A similar,
albeit weaker, relationship was present
between BOLD abnormality and T2weighted FLAIR hyperintensity (Fig E2
[online]).

To determine whether other R132Hassociated factors could explain these
group differences in vascular dysregulation, we included tumor grade, histologic
subtype, 1p/19q codeletion, tumor volume, and patient age in a linear model
(Table E3 [online]). No factor other than
R132H status explained a significant
amount of the variance (P . .05) in the
overlap between BOLD and tumor and,
after using regression analysis to remove
variance associated with these factors,
the Dice coefficient remained significantly smaller in R132H2 tumors (mean,
0.327 6 0.03) than in R132H+ tumors
(mean, 0.610 6 0.02) (P , .001) (Fig E3,
A [online]). For BOF, grade and tumor
volume were significant factors (Table
E3 [online]); after using regression
analysis to remove variance associated

radiology.rsna.org
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Figure 2

Figure 2: Examples of overlap between tumor and vascular dysregulation maps from R132H+ and R132H2 gliomas. A, Axial sections from R132H+ gliomas (n
= 19) show a close relationship between blood oxygen–level dependent (BOLD) abnormality and tumor, with large regions of overlap. B, R132H2 tumors (n = 20)
exhibit less overlap and greater volume of abnormal BOLD beyond tumor boundaries.

with R132H-associated factors, BOF was
still greater in R132H2 tumors (mean,
0.602 6 0.03) than in R132H+ tumors
(mean, 0.245 6 0.03) (P , .001) (Fig E3,
B [online]).
We also compared the relationship
between R132H mutation status and
grade (Fig 4). There were no significant
differences between grade II and grade
III R132H+ gliomas in terms of Dice coefficient (mean = 0.656 6 0.03 vs 0.665
6 0.02, respectively; P = .81) or BOF
(mean = 0.264 6 0.03 vs 0.226 6 0.05,
respectively; P = .54). Similarly, no significant differences were present between
grade III and grade IV R132H2 tumors
in terms of Dice coefficient (mean =
0.231 6 0.08 vs 0.363 6 0.04, respectively; P = .81) or BOF (mean = 0.820 6
0.07 vs 0.702 6 0.04, respectively; P =
.54). However, both Dice coefficient and
BOF showed significant differences between grade III R132H+ and R132H2
tumors (P . .001 for Dice and BOF).

Greater Postoperative Residual BOLD
AbnormalIty in R132H2 Glioma
Given the differences in vascular dysregulation pattern associated with the
R132H mutation, we assessed whether
Radiology: Volume 287: Number 3—June 2018
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surgical resection of R132H2 tumors
was associated with more residual BOLD
abnormality than was surgical resection
of R132H+ tumors. Examples of postoperative structural MR imaging with overlaid vascular dysregulation maps from the
preoperative BOLD examination suggest
that R132H2 tumors are associated with
greater residual vascular deficits after
resection (Fig 5, A). To quantify this effect, we plotted the fraction of residual
BOLD abnormality as a function of visible tumor resected (Fig 5, B). As expected, there was a negative relationship
between fraction of tumor resected and
residual vascular deficits (slope, 20.60
for R132H2 and 20.94 for R132H+; P ,
.001 for both). The two linear models enabled us to estimate the mean fraction
of residual BOLD abnormality remaining
after a hypothetical gross total resection.
For R132H+ tumors, a gross total resection would result in less than 5% of the
original BOLD abnormality remaining
(mean intercept, 0.046 6 0.0047). In
contrast, a gross total resection would
result in approximately 40% of the
original BOLD abnormality remaining
for R132H2 tumors (mean intercept,
0.397 6 0.045). These estimates were

radiology.rsna.org

significantly different (test of difference
between intercepts, P = .006; t = 3.00;
degrees of freedom, 35).

Discussion
The current study shows that the R132H
mutation may be an important indicator
of the vascular effects gliomas have on
surrounding peritumoral tissue. Specifically, we observed greater vascular
dysfunction outside the identifiable margins in R132H2 tumors than in R132H+
tumors. This was evidenced by smaller
BOLD and tumor overlap (Dice coefficient) and larger fractions of BOLD
dysfunction beyond the borders of visible tumor (BOF). Our results also show
that BOLD imaging is highly predictive
of the R132H mutation and may serve
as an imaging biomarker for R132H
status. Other diagnostic markers, such
as 1p19q codeletion and histologic tumor type (oligodendroglioma versus
astrocytoma), had no significant effect
on Dice or BOF coefficients. Similarly,
tumor grade had no effect on the Dice
coefficient and had little effect on BOF
beyond the variance explained by the
R132H mutation. Moreover, none of
969
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Figure 3

Figure 3: Volumetric analysis of structural MR imaging and blood oxygen–level dependent (BOLD)
abnormality volumes in R132H+ and R132H2 tumors. A, Spatial overlap (Dice coefficient) between BOLD
abnormality and visible tumor is greater in R132H+ tumors. B, The fraction of BOLD abnormality outside the
tumor (BOLD-only fraction) is greater in R132H2 tumors. Discriminability is high for both, C, Dice and, D,
BOLD-only fraction.

these factors, including tumor volume
and patient age, were able to explain the
large influence that R132H status had on
vascular function in peritumoral regions.
We estimated the amount of residual BOLD abnormality after tumor resection. Our results suggest that after a
hypothetic gross total resection, approximately 40% of the preoperative BOLD
abnormality would remain in R132H2
gliomas compared with less than 5% in
R132H+ gliomas. This may shed light
on previous findings in the neurosurgical literature that resection of nonenhancing T2-weighted FLAIR hyperintense peritumoral tissue in addition to
the enhancing tumor conveys a survival
benefit in IDH1 mutant grade III and IV
astrocytomas but not in IDH1 wild-type
970

grade III or IV astrocytomas (20). As
shown in our study, aggressive resection of the tumor core and T2-weighted
FLAIR hyperintense peritumoral tissue
in R132H+ tumors is likely to remove
the majority of diseased brain tissue
identified on the BOLD maps of vascular dysregulation. Similarly, it has been
reported that supratotal resection (ie,
resection beyond the borders of the tumor visible at structural imaging) leads
to prolongation of time to malignant
progression in grade II gliomas, which
are predominantly IDH1 mutated,
when compared with gross total resection (21). Because of the large extent
of vascular dysregulation beyond the
borders of IDH wild-type tumors, even
aggressive resection of nonenhancing

areas likely fails to remove a significant
portion of the disease. Thus, preoperative knowledge of IDH status provided
by BOLD vascular dysregulation maps
may be beneficial to the surgical planning of resection margins. Preoperative
BOLD maps could also be beneficial
to radiation oncologists in the identification of areas of residual tumor after
surgical resection to provide boost irradiation, which may improve survival.
Our results also show that BOLD
imaging can be used to detect tumorrelated vascular abnormalities that
are undetectable with standard-ofcare structural MR imaging. All of the
R132H2 tumors analyzed showed evidence of BOLD abnormality beyond the
margins of peritumoral edema shown by
T2-weighted and T2-weighted FLAIR imaging (Fig E1 [online]), suggesting that
the BOLD vascular abnormalities are a
result of tumor infiltration and are not
caused simply by a breach of the bloodbrain barrier or edema-associated mass
effect. This is consistent with other advanced structural imaging techniques,
including diffusion-tensor imaging (22)
and perfusion MR imaging (23), that are
sensitive to invading glioma beyond the
tumor core. The more extensive BOLD
vascular deficits outside the visible tumor and edema margins are consistent
with the highly infiltrative and aggressive
nature of R132H2 tumors (1). In contrast, the R132H mutation is associated
with decreased invasiveness and reduced angiogenesis via downregulation
of the Wnt/b-catenin signaling pathway
(24,25). Furthermore, 2-hydroxyglutarate, an oncometabolite produced by
the R132H mutation, has been shown
to downregulate HIF-1a and may, consequently, reduce hypoxia-induced neovascularization (26). Further studies are
needed to identify the molecular mechanisms responsible for the differences
in vascular function beyond the tumor
margins.
Our study had several limitations.
Because of the small study sample size
(n = 39), we were not able to make
conclusions about the other less common IDH1 and IDH2 mutations. Furthermore, because our cohort did not
have localized biopsies, we cannot
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confined to the tumor core and that
were associated with less residual
disease after resection. These findings
may explain why patients with R132H+
malignant astrocytomas have a better
prognosis and experience longer durations of progression-free survival after
gross total resection of the tumor (28).

Figure 4

Figure 4: Volumetric analysis by grade. A, The Dice coefficient between blood oxygen–level dependent
(BOLD) abnormality and tumor in grade III R132H+ tumors is more similar to grade II R132H+ tumors than
grade III R132H2 tumors. Similarly, grade III R132H2 tumors are more similar to grade IV R132H2 tumors
than grade III R132H+ tumors. B, The same pattern is present in the BOLD-only fraction.

Figure 5
Figure 5: Postoperative residual blood oxygen–
level dependent (BOLD) analysis. A, Four examples
of residual BOLD abnormality after resection.
R132H+ tumors show smaller residual volumes
than do R132H2 tumors. B, Linear regression
of the fraction of residual BOLD abnormality as a
function of fraction of visible tumor resected shows
that there is more residual BOLD abnormality in
R132H2 tumors. The estimated residual fraction of
BOLD abnormality from a hypothetical gross total resection (estimated from the intercept of the regression fit at fraction resected = 1) was predicted to be
less than 5% in R132H+ tumors but approximately
40% in R132H2 tumors.

make claims about the cellular or molecular mechanisms that contribute to
vascular dysregulation or whether this
dysregulation is caused by neovascularization, vascular co-option, or other
Radiology: Volume 287: Number 3—June 2018
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cellular mechanisms. Also, gliomas are
heterogeneous tumors (27), further
underscoring the need for multiple localized biopsies. Finally, the retrospective nature of our study likely elevated
the between-subject variability due
to inconsistent imaging parameters,
and although masks were hand drawn
by an experienced radiologist, the inconsistent imaging parameters may
have added to the variability in mask
construction.
In conclusion, we used BOLD functional MR imaging to study the nature
of vascular dysregulation in diffuse glioma. We found that, compared with
R132H2 tumors, R132H+ tumors
showed patterns of vascular dysregulation that were less invasive and more
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