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OBJECTIVE. Glioblastoma is an invasive primary brain malignancy that typically infiltrates
the surrounding tissue with malignant cells. It disrupts cerebral blood flow through a variety of
biomechanical and biochemical mechanisms. Thus, neuroimaging focused on identifying regions
of vascular dysregulation may reveal a marker of tumor spread. The purpose of this study was to
use blood oxygenation level–dependent (BOLD) functional MRI (fMRI) to compare the temporal
dynamics of the enhancing portion of a tumor with those of brain regions without apparent tumors.
MATERIALS AND METHODS. Patients with pathologically proven glioblastoma underwent preoperative resting-state BOLD fMRI, T1-weighted contrast-enhanced MRI, and
FLAIR MRI. The contralesional control hemisphere, contrast-enhancing tumor, and peritumoral edema were segmented by use of structural images and were used to extract the time
series of these respective regions. The parameter estimates (beta values) for the two regressors and resulting z-statistic images were used as a metric to compare the similarity of the tumor dynamics to those of other brain regions.
RESULTS. The time course of the contrast-enhancing tumor was significantly different from that of the rest of the brain (p < 0.05). Similarly, the control signal intensity was
significantly different from the tumor signal intensity (p < 0.05). Notably, the temporal dynamics in the peritumoral edema, which did not contain enhancing tumor, were most similar
to the those of enhancing tumor than to those of control regions.
CONCLUSION. The findings show that the disruption in vascular regulation induced by
a glioblastoma can be detected with BOLD fMRI and that the spatial distribution of these disruptions is localized to the immediate vicinity of the tumor and peritumoral edema.
lioblastoma is a highly vascularized angiogenic tumor that induces a variety of abnormalities
that cause vascular dysregulation
[1]. Results with rodent models have shown
that during abluminal cell migration, glioma
cells surround existing blood vessels and displace the astrocytic end-feet covering the
vascular surface. This disrupts astrocytic
control of vascular tone in arteriolar smooth
muscle [2]. Furthermore, displacement of astrocytes leads to destabilization of the basement membrane and down-regulation of endothelial tight junctions [3–6], which result
in a breach of the blood-brain barrier (BBB)
[7]. Thus, results with rodent models suggest
that disruption of astrocytic control of vascular tone by end-foot displacement is strongly
associated with breaches of the BBB. Though
this phenomenon has been studied extensively in rodents, it is not known whether similar
mechanisms operate in humans [1].

G

Problems of vascular regulation in and
around tumors that have breached the BBB
have been well documented in humans. For
example, hypocapnic and hypercapnic challenges that normally cause vasoconstriction
and dilation have reduced or no response
around glioblastoma [8]. Within the contrastenhancing region, perfusion-weighted imaging has shown elevated cerebral blood volume [9, 10]. PET [11], dynamic perfusion CT
[12], and arterial spin labeling [13, 14] have all
shown increases in cerebral blood flow. In addition, contrast-enhancing tumor regions also
exhibit greater permeability on dynamic contrast-enhanced images [15], and the degree of
permeability has been found to correlate with
tumor grade [16]. In contrast, the region surrounding the contrast enhancement, identified as hyperintense FLAIR signal intensity,
exhibits few abnormalities in cerebral blood
flow, cerebral blood volume, or permeability [12, 13, 15, 17, 18]. Together, the results of
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these studies are consistent with those in rodent models of end-foot displacement: vascular regulation is impaired in contrast-enhancing (BBB breached) regions and appears
normal in nonenhancing (BBB intact) regions.
Results of several studies, however, suggest possible vascular dysregulation in peritumoral nonenhancing regions. For example, direct optical imaging of the cortex has
shown abnormal 0.1-Hz oscillations near
an oligodendroglioma [19], and task-based
blood oxygenation level–dependent (BOLD)
functional MRI (fMRI) studies [20] have
shown reductions in evoked activation near
the tumor [21–23]. Although the finding
was suggestive, the oligodendroglioma was
part of a single case study, and task-based
BOLD fMRI can have alternative explanations for reduced vascular responses, specifically that reductions may be due to neural rather than vascular deficits. Moreover, to
test the hypothesis that vascular dysregulation and breaches of the BBB in humans are
caused by the same mechanism in humans
as in rodents, it is necessary to compare vascular function in the contrast-enhancing region with vascular function in the peritumoral region. If end-foot displacement by glioma
cells leads to both, then contrast-enhancing
regions should exhibit vascular dysfunction,
whereas nonenhancing regions should have
normal vascular function. However, if the
contrast-enhancing and noncontrast enhancing regions both show similar vascular dysregulation, then the mechanisms that disrupt
vascular control and the BBB may be different from those proposed in rodents.
The purpose of this study was to characterize the variation in the BOLD signal intensity induced by the tumor to determine
whether vascular dysregulation coincides
with a breakdown in the BBB, as suggested by results of the aforementioned animal
models of glioma infiltration. Specifically, we used resting-state fMRI to measure
BOLD dynamics in patients with glioblastoma to determine whether impairments in
vascular regulation are limited to regions
with a breach of the BBB defined by areas
of contrast enhancement; can be detected in
abnormal, FLAIR hyperintense peritumoral
brain regions; or are subject to both conditions. We also examined whether the tumor
BOLD signal intensity detected in the peritumoral region varies as a function of distance
from the tumor and whether the peritumoral
region has an abnormal temporal profile relative to other brain regions.
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Fig. 1—Methods.
A, Chart shows analysis pipeline consisting of tissue segmentation and mask creation from T1-weighted
plus contrast-enhanced and FLAIR images. Blood oxygenation level–dependent (BOLD) data were motionand slice-timing corrected and registered to structural images. Masks were transformed from structural to
functional space, and time series were extracted from each mask. Multiple regression was performed with
time series as regressors.
B, MR images show volumetric masks of contrast-enhancing tumor and peritumoral FLAIR hyperintensity
drawn by radiologist. Control masks consisted of contralesional hemisphere and contralesional white and gray
matter segmentations.
C, MR image shows that for each patient, time series was extracted from control mask and contrast-enhancing
tumor mask. Time series were assumed to represent normal (control mask) and tumor tissue (contrastenhancing mask) and were used as regressors in linear regression model.

Materials and Methods
Patient Selection

After institutional review board approval of
this HIPAA-complaint study, a query of the neuropathology department at Columbia University
Medical Center from January 2012 to November
2013 was conducted. Specifically, the records of
patients who had undergone primary resection of
glioblastoma and preoperative resting state fMRI
were evaluated. A retrospective review of these
medical records was conducted to determine demographic information, including sex and age. Patients with newly detected brain tumors who did
not have a history of brain surgery or chemoradiation and who had undergone structural and functional imaging at Columbia University Medical
Center for routine presurgical planning were in-

cluded. Patients with recurrence or nonnative disease or with multifocal lesions were excluded.

Analysis Overview

The tumor, peritumoral, and control ROIs were
identified on the structural images. The functional
and structural images were then coregistered, and
the BOLD signal intensity from the ROIs was extracted. Linear regression was performed to identify which voxels in the brain were correlated with
the mean time series in the contrast-enhancing
tumor and which were correlated with the mean
time series of the control mask (Fig. 1A).

Image Acquisition

All imaging was performed with a 3-T MRI
system (Signa, GE Healthcare) and an eight-chan-
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Fig. 2—Top to bottom, 35-year-old woman, 54-year-old man, 35-year-old man, 61-year-old man, and 57-year old woman with glioblastoma.
Contrast-enhanced T1-weighted and FLAIR images show location of enhancing tumor and peritumoral regions. Columns 3 and 4 show
z-statistic maps of enhancing tumor time series and control time series and represent strength of relation between regressors and each voxel.
Outline of peritumoral region is overlaid on top of z-statistic maps. As expected, highest z-statistic values for tumor time series are inside
enhancing portion of tumor. Peritumoral region also exhibits strong relation to enhancing tumor. Control time series is positively correlated with
most voxels outside enhancing tumor and has low or negative correlation in peritumoral region.
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nel head-array coil (Signa HDxt, GE Healthcare).
Functional imaging was performed with the echoplanar imaging BOLD sequence (TR/TE, 2/34;
FOV, 21 cm; matrix, 64 × 64; slice thickness, 5 mm;
voxel size, 3.28 × 3.28 mm; acquisition duration,
6 minutes). We also performed FLAIR (TR/TE,
9000/156; inversion time, 2250 ms) and volumetric
T1-weighted unenhanced and contrast-enhanced
sequences (T1-weighted 3D inversion recovery fast
spoiled gradient-recalled sequence with the following parameters: TR/TE, 10.2/4.2 ms; inversion
time, 450 ms; alpha, 13°; bandwidth, 25 kHz; FOV,
25 cm2; matrix, 256 × 256; slice thickness, 1.2 mm).
Contrast-enhanced images were acquired with IV
gadobenate dimeglumine (MultiHance, Bracco)
with a weight-based dose of 0.2 mL/kg. The time
between IV injection and contrast-enhanced imaging was 5 minutes. BOLD images were obtained
before contrast-enhanced imaging.

Tumor-Related ROIs

All tumor ROIs (Fig. 1B) were drawn by a neuroradiologist with a certificate of added qualification in neuroradiology and 17-years of experience.
The ROI for the enhancing portion of the tumor
was identified by calculating the difference of the
unenhanced and contrast-enhanced T1-weighted
images and manually drawing a mask around the
enhancing portion. A separate mask was drawn
around the necrotic center. The ROI of the peritumoral region was identified by manually drawing
a mask around the abnormal hyperintense white
matter on the FLAIR image. Then the enhancing
tumor mask and the necrotic center mask were subtracted from the peritumoral mask to generate the
final mask of the peritumoral region. Three sets of
control masks were created in the contralesional
hemisphere: the entire contralesional hemisphere,
the contralesional white matter, and the contralesional gray matter. Gray and white matter segmentation for the contralesional masks was performed
with the Centre for Functional MRI of the Brain
(FMRIB) automated segmentation tool [24].

All ROIs were defined on the high-resolution
structural images (1 mm × 1 mm × 1.2 mm). To
generate the functional ROIs, which were collected at lower spatial resolution (3.28 mm × 3.28
mm × 5 mm), functional images were registered
to structural images (6 df, linear), and the transformation matrix was applied to the ROIs to put
them into functional space. To minimize any influence from nonenhancing portions of the surrounding tissue due to partial volume effects, the
masks were thresholded such that the partial volume fraction of enhancing tumor was at least 0.95.
No spatial smoothing was applied to the functional data to ensure that the BOLD signals from adjacent regions were not averaged together.

Image Processing

All data were processed with FMRIB Software Library (FSL version 5.0.6) [25] and Matlab
(2012b, MathWorks) software. Tissue segmentation was performed with the FMRIB automated
segmentation tool, and linear registration was applied with the FMRIB linear registration tool.
Each functional image was motion corrected,
slice timing corrected, and skull stripped. No
spatial or temporal filtering was performed before
the regression analyses to minimize the mixing
of signal intensity from adjacent brain regions.
To minimize the effect of head motion on BOLD
signal intensity, the motion parameters were regressed out of the data before regression was performed with the tumor and control time series.
The 18 motion regressors used in the regression
model consisted of three translations, three rotations, the first derivative of each, and the square of
each. We also included a CSF regressor, extracted from the ventricles, to represent nonvascular
artifacts. The final regression model consisted of
20 regressors (18 motion, one CSF regressor, and
the intercept) and was run during preprocessing.
The residual from this model was then used for
all subsequent regression analyses of tumor and
control ROIs.
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Blood Oxygenation Level–Dependent
MRI Dynamics

We extracted the BOLD time series from the
ROI defined by the contrast-enhancing portion of
the tumor (Fig. 1C). We extracted the BOLD time
series for the contralesional control hemisphere by
averaging all voxels within the control mask. The
BOLD signal intensity for the contralesional hemisphere is similar to the global mean signal intensity, which is often included in the regression model in studies of functional connectivity as a means
of controlling for BOLD correlations that may
stem from cardiac pulsations and respiration-related changes in arterial CO2 [26–28]. However, it
has also been found that the global signal intensity
can reflect whole-brain fluctuations of neural origin
[29]. Though this signal intensity is often considered a nuisance variable that is regressed out as part
of the preprocessing of BOLD data [30, 31], in the
current study the contralesional hemisphere signal
intensity was used as a temporal signature of hemodynamics that reflects a normal response to cardiac pulsatility and respiration-related CO2 changes
or normal neural sources that are common across
the whole brain. Multiple linear regression was performed according to the two-regressor model (Fig.
1C), that is, the enhancing tumor and contralesional
control mean time series and their first derivatives
to allow variation in timing. The output of this analysis and the metrics used to draw our conclusions
consisted of parameter estimates (beta weights)
and z-statistic values (beta weights normalized by
the residual variance) for each voxel. All statistical analyses were performed with FSL and Matlab
software with p = 0.05 and cluster corrected at p =
0.05 according to gaussian random field theory.

Blood Oxygenation Level–Dependent Signal
Intensity Versus Distance

To assess the effect of distance on BOLD signal
intensity, we tested whether the BOLD signal intensity in the peritumoral region changed as a
function of distance from the contrast-enhancFig. 3—Group means. Z-statistics for enhancing
tumor time series averaged across subjects (n = 14).
A, Graph shows mean time series of tumor region
has highest correlation with voxels within tumor
and fluctuates around zero in control regions.
Peritumoral region has values midway between
tumor and control. Error bars represent standard
error, and all pairwise comparisons are significant.
(Tumor regressor was constructed by averaging time
series of all voxels within contrast-enhancing tumor
mask. This average time series was then correlated
with each voxel within tumor mask. Because mean
time series of entire contrast-enhancing ROI is not
identical to each contrast-enhancing voxel time
series, correlation between two is less than 1.)
B, Graph shows control time series has highest
correlation with control regions and no correlation
with tumor. All pairwise comparisons are significant.
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To determine whether combining the tumor
and control maps results in improved contrast between the tumor and control voxels, we tested image contrast using the D prime statistic, as follows:
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Results
Patient Selection
In total, we identified 14 patients (10
[71.4%] men, four [28.6%] women; mean age,
54.1 ± 11.2 [SD] years; range, 37–76 years) at
the institution during the study period who
had native disease and underwent BOLD
resting-state fMRI before tumor resection.
Patients with recurrent disease and previous
treatment with chemotherapy or radiation
therapy were excluded from the study.
Temporal Signature of Tumor and
Contralesional Hemisphere
We tested whether the temporal dynamics of voxels within the tumor, as defined by

40

A
5

12
10

0

–5

–10

8
6
4
2
0

–15

0

20
40
Distance (mm)

60

–2

0

20
40
Distance (mm)

,

where ztumor represents the z-statistic intensities
from the voxels located within the contrast-enhancing tumor mask and σtumor represents the SD
of those voxels. The D prime between the tumor
and control regions was computed for each patient, and the mean D prime was plotted.

AJR:206, May 2016

4

4

60

B
0.10

p = 6 × 10–4

0.05

Fig. 4—Effect of distance.
A, Scatterplots show z-statistics for all voxels in
peritumoral region plotted as function of distance
from nearest contrast-enhancing voxel for single
patient. Tumor signal intensity has negative slope
with distance, suggesting decreasing tumor gradient.
Control signal intensity has opposite relation.
B, Graphs show slope lines for each patient (gray) and
mean slope (black). All patients have negative tumor
slope. All but one have positive control slope.
C, Graph shows both negative tumor slope and
positive control slope are significantly different from
zero.

the time series extracted from the contrastenhancing tumor ROI, could be detected
outside the contrast-enhancing boundary.
Similarly, we tested whether the temporal
dynamics of the control hemisphere were
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To measure the effect of proportion of gray to
white matter in the control mask on estimates of
vascular dysregulation, we extracted the z-statistics
for each voxel in the peritumoral mask generated
by the gray matter segmented control mask and by
the white matter segmented control mask. The correlation was computed between the z-statistic values generated by the two control masks within the
peritumoral region for each subject. The mean correlation across subjects was computed after performance of the Fisher z transform and applying the inverse of the Fisher z transform to the mean and SD.
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ing region. For this analysis, the distance between each voxel in the peritumoral regions and
the nearest contrast-enhancing voxel was calculated. The BOLD signal intensity for tumor and
the BOLD signal intensity for control regions were
then plotted as a function of nearest distance from
the tumor. A regression analysis was performed
for each patient to measure the effect of distance
on the tumor signal intensity and on the control
signal intensity. The parameter estimates of the
slope were averaged across patients.
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detectable inside the peritumoral and contrast-enhancing tumor boundaries. Figure
2 shows the z-statistic maps for the tumor
and control regressors. As expected, the
voxels inside the contrast-enhancing re-

5

gion show the strongest correlation with
the tumor mean time series (Fig. 2, column
3). However, the nonenhancing peritumoral region also positively correlated with the
tumor, and areas outside the peritumoral
region were either very weakly correlated
or not correlated with the tumor. In contrast, the contralesional hemisphere signal
intensity exhibited strong correlations in
areas outside the peritumoral region (Fig.
2, column 4) and was not correlated or was
negatively correlated with the tumor. The
peritumoral region exhibited intermediate
correlation with the control signal intensity. Calculating the mean of all voxels within an ROI and averaging across the group
(Fig. 3) showed significant differences between tumor and the peritumoral region
and between peritumoral and control regions. The mean z-statistic for the tumor
regressor was 3.15 (standard error [SE],
0.43) for the contrast-enhancing, 1.63 (SE,
0.22) for the peritumoral, and 0.13 (SE,
0.04) for the control regions. For the control regressor, the z-statistics were –0.001
(SE, 0.04), 0.78 (SE, 0.12), and 2.29 (SE,
0.20). The z-statistic differences between
tumor and control were 1.78 (SE, 0.23),
0.45 (SE, 0.13), and –1.34 (SE, 0.15). We
repeated this analysis using gray and white
matter segmented control masks. The z-statistic maps in the peritumoral region generated with the gray matter and white matter control masks showed mean correlation
of 0.96 across the group. This suggests that
the proportion of gray to white matter does
not have a meaningful difference in estimates of vascular dysregulation.
Results of previous studies have suggested that glioblastoma infiltration is associated
with a cell-density gradient whereby tumor
cellularity is highest nearest the contrast enhancement and decreases with distance [32,
33]. To test whether such a gradient is detectable within the peritumoral region, we assessed the relation between the BOLD signal
intensity for tumor and control and the distance to the nearest enhancing voxel. Figure
4A shows the distance relation for a single
patient. The tumor signal intensity decreases
as a function of distance, whereas the control
signal intensity increases as a function of distance. All patients had a decrease in tumor
signal intensity as a function of distance, and
all but one had an increase in control signal
intensity as a function of distance (Fig. 4B).
The group mean was significant for both tumor and control signal intensity (Fig. 4C).
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Fig. 5—Graph shows
spectral dynamics.
When averaged
across tumor and
peritumoral masks, no
significant differences
in power were detected,
suggesting that blood
oxygenation level–
dependent mechanism
is intact and only
correlations between
regions are affected by
tumor.

0.07

Tumor
Peritumoral
Control

0.06
0.05

Power

Downloaded from www.ajronline.org by Columbia University on 03/24/16 from IP address 156.145.180.197. Copyright ARRS. For personal use only; all rights reserved

Chow et al.

0.04
0.03
0.02
0.01
0

0

0.05

Temporal Dynamics of Tumor and
Contralesional Hemisphere
Finally, we used spectral analysis to test
whether the BOLD dynamics were abnormal
in the tumor and peritumoral regions relative
to control regions. The power spectrum (Fig.
5) did not show significant differences (t test,
p < 0.05) when averaged across all voxels in
each mask. A comparison of the time series
from the tumor and control regions showed
that only 11% of the variance was shared
(Pearson r = 0.33; SE, 0.08). These data indicate similar spectral characteristics but a
lack of correlation between tumor and control regions. Moreover, the lack of correlation suggests that combining the tumor and
control measures may produce better tissue
separation than either one alone. Subtraction
of the control z-statistic map from the tumor
z-statistic map (Fig. 6) shows regions with no
apparent tumor as negative (blue) voxels and
regions with contrast enhancement and abnormal FLAIR hyperintensity as positive (red)
voxels. The z-statistic differences between tumor and control maps were as follows: mean
enhancing tumor, 3.1 (SE, 0.45); mean peritumoral, 0.85 (SE, 0.19); mean control, –2.5 (SE,
0.22). Furthermore, the difference image had
higher contrast (D prime, 1.52; SE, 0.50) than
the control-only image (D prime, 1.17; SE,
0.24) and higher contrast than the tumor-only
image (D prime, 1.36; SE, 0.62).
An interesting finding in some cases was
that the BOLD signal intensity had a sharp
boundary that did not match the FLAIR hyperintensity boundary. For example, the
BOLD signal intensity boundary may have
been within the FLAIR boundary (Fig. 6A,
top middle) or outside the FLAIR boundary

0.10
0.15
Frequency (Hz)

0.20

0.25

(Fig. 6A, top right or bottom middle). Though
these results are speculative and ultimately
require pathologic verification, they nevertheless suggest that BOLD dynamics may be
useful for classifying the peritumoral region
into normal and abnormal brain matter.
Discussion
It is well known that glioblastoma causes
vascular dysregulation in contrast-enhancing
regions. The dysregulation is characterized
by reduced response to capneic challenges
[34], elevated perfusion [9–12, 14, 17], and
increased permeability [15, 16, 35–38]. However, the effect of nonenhancing infiltrating
tumor on its local environment is poorly understood. In this study, we used resting-state
BOLD data in brain tumor patients and applied correlation analysis to discern a new
peritumoral contrast we hypothesize to be
the result of vascular disruption by infiltrating glioma cells. Previous work has shown
that tumor cells can be found outside the contrast-enhancing region with density decreasing with distance [32, 33] and that extent of
resection correlates with clinical outcome
[39]. Though the results of those studies indicated that the leading edge of infiltration
is beyond the contrast-enhancing region, it
was not known whether nonenhancing tumor induces functional deficits. Our results
show that the nonenhancing peritumoral region has BOLD dynamics similar to those
of the contrast-enhancing regions of the tumor, indicating that tumor-induced vascular dysregulation does not require a breach
in the BBB. This result further suggests that
any disruptions in astrocyte-vascular interactions caused by end-foot displacement by
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glioma cells [5] are not necessarily associated with degradation of the basement membrane or down-regulation of tight junctions.
Our data may represent a step in the infiltra-

tive process that precedes vascular cooption
by glioma cells. However, it is also possible
that, in humans, direct parenchymal spread
[40] of glioma cells allows the maintenance
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Fig. 6—Difference of tumor and control maps.
A, Left to right, top to bottom, 44-year-old man,
35-year-old woman, 54-year-old man, 56-yearold man, 35-year-old man, 61-year-old man with
glioblastoma. MR images show combining two
statistics into one measure produces stronger
separation between tissue types. Blue represents
regions unaffected by tumor, and red appears to be
localized to tumor and peritumoral region.
B, Graph shows group means exhibit significant
differences in pairwise comparisons.
C, Graph shows image contrast between tumor
and control regions significantly improves with
combination of tumor-only and control-only images.

of an intact BBB while causing abnormalities in the microenvironment [41] of astrocytes that disrupt normal astrocyte-vascular
interactions [2, 42].
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Though previous work has shown that glioma cells can control vascular tone [5], it is
unlikely that this mechanism can explain the
similarity in BOLD activity between the enhancing tumor and peritumoral region. Glioblastoma tumors do not have any known
means of rapidly signaling and coordinating
biochemical actions across large regions of
brain tissue, and thus, coherent fluctuations
in vascular tone within the peritumoral region cannot be due to direct glioma-mediated vascular control. Because the BOLD
signal originates primarily from capillary
and venous changes in oxygenation levels,
an alternative explanation of the similarity
in tumoral and peritumoral BOLD activity
may be common venous drainage between
the two brain regions; that is, normal BOLD
activity in the peritumoral regions may be
masked by abnormal activity in the tumor
as the blood from the two regions mixes together. Though this may be possible for very
small tumors and peritumoral regions, it is
unlikely for larger tumors and peritumoral regions that span many centimeters and
have disparate drainage systems. We found
that similarity between the two regions cannot be explained by distance effects (Fig. 3),
suggesting distinct venous drainage in the tumor and peritumoral regions.
A more likely explanation for common activity is that glioma-induced disruption in
vascular control reduces the influence of the
neurovascular unit while revealing normally hidden, intrinsic fluctuations in vascular
tone. Cerebral arteriolar diameter is modulated by both pressure [43, 44] and intraluminal flow [45–47], and in the absence of astrocytic end-feet, these intrinsic fluctuations
may become visible, leading to apparent vascular compartmentalization (Figs. 1 and 5).
Previous fMRI studies have shown glioma-related reductions in BOLD activation
[22, 23, 48]. Though these reductions can be
caused by altered neuronal function due to
tumor-induced toxicity, our data suggest they
may also be related to disruptions in neurovascular coupling. Tumor-induced neurovascular uncoupling has been found with
breath-holding during BOLD fMRI [49] and
optical imaging [19].
Finally, we speculate that resting-state
correlations may provide a robust signal for
improving tissue segmentation and classification. Figure 5 shows that combining the zstatistic maps for tumor and control time series results in opposite signs for regions with
and without apparent tumor. Furthermore,
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in some cases the peritumoral region with
FLAIR hyperintensity exhibits a mixture of
voxels, some having the BOLD signature of
contrast-enhancing tumor and others having
the BOLD signature of normal brain. Thus,
it may be possible to use resting-state fMRI
to identify the infiltrating edge of the tumor
and segment the FLAIR hyperintensity into
nonenhancing tumor and nontumor edema.
Moreover, presurgical planning is centered
on removal of the contrast-enhancing tumor. Thus, future work must assess whether removal of regions characterized by vascular dysregulation affects clinical outcome.
This study was retrospective, and no biopsy
results were available. Therefore, histopathologic studies are needed to determine the degree of infiltration that can produce detectable vascular dysregulation and to verify that
combining the tumor and control signal intensities into a single measure improves tissue classification.
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