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Abstract

Background. Glioblastoma (GBM; World Health Organization grade IV) assumes a variable appearance on MRI
owing to heterogeneous proliferation and infiltration of its cells. As a result, the neurovascular units responsible
for functional connectivity (FC) may exist within gross tumor boundaries, albeit with altered magnitude. Therefore,
we hypothesize that the strength of FC within GBMs is predictive of overall survival.

Methods. We used predefined FC regions of interest (ROls) in de novo GBM patients to characterize the presence
of within-tumor FC observable via resting-state functional MRI and its relationship to survival outcomes.

Results. Fifty-seven GBM patients (mean age, 57.8 + 13.9 y) were analyzed. Functionally connected voxels, not iden-
tifiable on conventional structural images, can be routinely found within the tumor mass and was not significantly
correlated to tumor size. In patients with known survival times (n =31), higher intranetwork FC strength within GBM
tumors was associated with better overall survival even after accounting for clinical and demographic covariates.
Conclusions. These findings suggest the possibility that functionally intact regions may persist within GBMs and

that the extent to which FC is maintained may carry prognostic value and inform treatment planning.

Key Points

Glioblastoma multiforme (GBM) is a highly infiltrative and
deadly form of brain cancer."? Given the heterogeneous nature
of this disease, its distribution within brain parenchyma is ex-
tremely variable. It is clear that tumor growth results in death of
surrounding tissue and displacement of native cells. However,
limited evidence suggests that functionally intact brain tissue
may be preserved within the tumor boundaries.3® Most of this
evidence has been derived by intraoperative direct stimulation
of sensorimotor and language areas (ie, eloquent cortex).3¢This

mode of inquiry neglects cognitive processes such as attention,
executive function, and planning, which are not easily assessed
in the operating room.”®These functions are relevant to patient
outcomes; hence, their neglect during presurgical planning may
lead to compromised patient well-being and overall survival.®"
Moreover, prior studies of preserved intratumor function have
been limited by small sample sizes. Accordingly, drawing pop-
ulation inferences regarding survival in patients with brain tu-
mors in general and GBM in particular has been challenging.
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Importance of the Study

Assessment of preserved function within GBM tu-
mors has been limited to observation of overt re-
sponses to direct electrical stimulation of “eloquent”
cortex. This mode of functional assessment ignores
crucial functionality outside the sensorimotor and
language systems. Moreover, the heterogeneous na-
ture of GBMs implies that preservation of function
within tumor boundaries may vary across patients.

Task-based functional magnetic resonance imaging
(T-fMRI) is routinely employed during presurgical planning
of tumor resections.'>'* More recently, resting-state func-
tional MRI (rs-fMRI) has been used as an alternative tech-
nique for functional mapping with several advantages over
T-fMRI. For instance, rs-fMRI can be acquired in patients
who are unable to cooperate with a task, such as young
children or patients who are cognitively impaired.'>" The
rs-fMRI method relies on identification of temporally cor-
related, intrinsic fluctuations of infra-slow blood-oxygen-
level-dependent (BOLD) signals (ie, functional connectivity
[FC]). The associated topographies are widely known as
resting-state networks (RSNs). RSNs correspond to func-
tional systems instantiating attention, executive control,
and episodic memory, in addition to motor and language
function.'® Motor and language maps derived by rs-fMRI
have shown good correspondence with results obtained
with stimulation mapping and T-fMRI."%2 Several rs-fMRI
studies have identified network-specific changes in pa-
tients with brain tumors, but sample sizes were small and
tumor pathologies heterogeneous.?' The possibility of pre-
served GBM intratumor function has so far not been ad-
dressed using rs-fMRI.

We acquired rs-fMRI in 57 de novo GBM patients prior
to surgery and evaluated intratumor FC of several RSNs.
We tested the hypothesis that the magnitude of this con-
nectivity is associated with overall survival. Our data show
that the strength of intratumor FC is an independent pre-
dictor of survival. Thus, rs-fMRI has potential prognostic
value in GBM patients.

Materials and Methods
Subjects

Fifty-seven patients with new primary GBM underwent
evaluation prior to surgical resection. Patients were re-
cruited from the neurosurgery brain tumor service, ini-
tially as part of a National Institutes of Health (NIH)-funded
tumor database grant (NIH 5R0TNS066905). All aspects of
the study were approved by the Washington University in
St Louis (WUSTL) institutional review board and the clin-
ical data were retrospectively reviewed. The following in-
clusion criteria were used: new diagnosis of primary brain
tumor; age more than 18 years; and clinical need for an
MRI scan, including rs-fMRI as determined by the treating

The prognostic significance of such preserved func-
tion remains uncertain. Using resting-state functional
MRI, we examined the extent to which FC is pre-
served in GBMs. Our results demonstrate that FC can
be identified within most GBM tumors. Additionally,
the strength of this connectivity may serve as a bio-
marker with prognostic significance before surgery
or other treatments.

neurosurgeon. Exclusion criteria included prior surgery
for brain tumor, inability to have an MRI scan, and referral
from an outside institution with an MRI scan performed
without rs-fMRI.

For control analyses, clinically healthy adult data (n =100
subjects) were obtained from the Harvard-Massachusetts
General Hospital (MGH) Brain Genomics Superstruct
Project (GSP).This dataset is described by Yeo et al.?? Adult
participants provided written informed consent in accord-
ance with the guidelines set by the institutional review
boards of Harvard University and Partners Healthcare.

MRI Acquisition

Data were acquired using a Siemens 3T Trio or Skyra MRI
scanner. Patients were scanned using a standard clinical
presurgical tumor protocol. Anatomic imaging included
T1-weighted (T1w) magnetization prepared rapid acquisi-
tion gradient echo (MPRAGE), T2-weighted (T2w) fast spin
echo, fluid attenuated inversion recovery (FLAIR) imaging,
and postcontrast T1w fast spin echo in 3 projections. The
rs-fMRI was acquired using an echo planar imaging se-
guence (voxel size =3 mm cubic; echo time [TE] = 27 ms;
repetition time [TR] = 2.2-2.9 s; field of view = 256 mm; flip
angle = 90°) for a total of 320 frames. For the GSP subjects,
the data were acquired as described by Yeo et al briefly
summarized here: the data were collected on SiemensTrio
3T scanners using a 12-channel phased-array head coil.??
The structural data were acquired using a high-resolution
multi-echo T1w MPRAGE sequence. The rs-fMRI was col-
lected using a gradient-echo echo planarimaging sequence
(voxel size = 3 mm cubic; TE =30 ms; TR = 3000 ms; field of
view = 216 mm; flip angle = 85°). Two BOLD runs were ac-
quired per subject with 124 frames per run (6.2 min).

MRI Preprocessing

Preprocessing procedures used standard approaches as
previously described.'® This included compensation for
slice-dependent time shifts, removal of systemic odd-even
slice intensity differences due to interleaved acquisition,
and rigid body correction for head movement within and
across runs. Atlas transformation was achieved by com-
position of affine transforms connecting the functional
imaging volumes with the T2w and T1w structural images,
resulting in a volumetric time series in isotropic 3 mm?3
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atlas space. Additional preprocessing included spatial
smoothing (6 mm full-width half-maximum Gaussian blur
in each direction), voxelwise removal of linear trends over
each run, and temporal low pass filtering retaining fre-
quencies less than 0.1 Hz. Spurious variance was reduced
by regression of nuisance waveforms derived from head
motion correction and extraction of the time series from
regions of white matter and cerebrospinal fluid.The whole-
brain (global) signal was included as a nuisance regressor.
Frame censoring was performed to minimize the impact of
head motion on the correlation results. Thus, frames (vol-
umes) in which the root mean square (evaluated over the
whole brain) change in voxel intensity relative to the pre-
vious frame exceeded 0.5% (relative to the whole-brain
mean) were excluded from the FC computations.

Tumor Segmentation

Using the software application ITK-SNAP? brain tumors
were segmented semi-automatically using multimodal
image acquisitions (T1w, postcontrast T1w, T2w, and
FLAIR). This enabled the separation of contrast-enhancing
tumor, necrosis, and surrounding FLAIR hyperintense
edematous areas from normal cortical and subcortical
tissue. Tumor was defined as a contrast-enhancing plus
necrotic-appearing region.

Resting-State Network Identification

Based on the study by Hacker et al,* 169 ROls
throughout the brain were selected, with each ROI be-
longing to one of 7 canonical resting-state networks.
Using the segmented contrast-enhanced (CE) bounded
tumor and the peritumor FLAIR hyperintense “edema”
regions as masks, the ROIs found within those areas
were identified (Fig. 1C). To create a time series for each
resting-state network, the voxels within each network-
specific ROl outside of the tumor and peritumor regions
(ie, extratumor regions) were averaged together. Using
Pearson correlation, the network BOLD time series were
then correlated with their corresponding network ROls
found within the tumor to obtain the intranetwork con-
nectivity strength for that ROI. Additionally, the BOLD
time series of each network was Pearson correlated with
the time series for each voxel found within the tumor (ie,
intratumor) to identify the correlation strength of each
voxel to every network. Computed correlations were
Fisher z-transformed. A conservative threshold of r> 0.3
was taken as indicating the presence of FC of a voxel to a
particular network.?® Each of the 100 controls in the GSP
dataset was treated identically to every GBM patient.
Patient-derived tumor and peritumor masks were used
to create virtual tumor and peritumor regions. Seed-
based FC then was computed in each control.

Statistical Analysis

Statistical analyses were performed in Excel, R, GraphPad
Prism, and MatLab. The log-rank test was used to compare
Kaplan-Meier survival curves of intratumor connectivity
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Fig. 1 Intratumor FC in GBM patients. (A) Postcontrast T1w im-
ages in a sample of 8 patients. (B) Heatmaps showing the distribu-
tion of tumor density in the full sample of 57 patients. (C) Schematic
of ROIs used to determine network affiliation. Rs-fMRI time series
were averaged over ROls outside the tumor to define RSN-specific
time series. Correlation of these time series against intratumor ROls
yielded assessment of intratumor FC. VIS: visual network; DAN:
dorsal attention network; SMN: sensorimotor network; VAN: ventral
attention network; LAN: language network; FPC: fronto-parietal con-
trol network; DMN: default mode network.

derived via ROIs and voxelwise (n =31). Bonferroni cor
rection was applied to correct for multiple comparisons.
Additionally, univariate and multivariate Cox regressions
were employed to compare the effects of covariates (age,
tumor volume, Karnofsky performance score [KPS],
intratumor ROl intranetwork connectivity, intratumor
voxelwise network connectivity) on survival. The patients
evaluated by Cox regression were isocitrate dehydrogenase
(IDH) wild-type (n =31). A P-value of 0.05 indicated statistical
significance.

Data and Materials Availability

The GSP data are available at https://www.neuroinfo.org/
gsp. Tumor data will be available upon request to E.C.L.
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Results

GBM Intratumor Functional Connectivity Is
Identifiable in Most Patients

A total of 57 patients (15 females, 42 males) with a histolog-
ical diagnosis of de novo GBM were retrospectively identi-
fied (Table 1).The average age was 57.8 + 13.9 years (range,
21-83). Most patients had either a partial (n =27) or gross
total (n =25) resection followed by chemotherapy and
radiation. Heterogeneity of GBM location, size, and mor-
phology is illustrated in Fig. 1A. Fig. 1B shows heatmaps
representing the distribution of tumor density (as defined
by CE T1w boundaries) in the present patient sample.
GBMs were approximately evenly distributed in the left
(29 patients) and right (22 patients) hemispheres.Tumor in-
volvement was bilateral in 6 (11%) patients. Genetic studies
were performed in most cases (Table 1). These studies in-
cluded O%-methylguanine DNA-methyltransferase (MGMT)
promoter methylation, IDH1-R132 (IDH1) mutation, and
epidermal growth factor receptor (EGFR) amplification.

Table1 Demographic, clinical, and molecular characteristics of
GBM patients
No. of patients 57
Mean age, y (range) 57.8 + 13.9 (21.4-83.4)
Sex
Male 42
Female 15
CE volume (cm?) 39.5+34.9
FLAIR volume (cm?®) 116.0 £ 73.0
KPS, n (%)
>70% 24 (42)
Missing 3
Extent of resection
Gross total 25
Subtotal 27
Biopsy 1
Laser 4
MGMT status
Methylated 23
Non-methylated 31
Missing 8
IDH mutation
Mutated 5
Wild-type 51
Missing 1
EGFR amplification
Positive 17
Negative 21
Missing 19

Of those whose status was recorded, 23 out of 54 patients
(42.6%) showed MGMT methylation; only 5 out of 56 had
confirmed IDH1 mutations (8.9%); 17 out of 37 were posi-
tive for EGFR amplification (44.7%).

Resting-state time series were extracted from a set of
169 ROIs belonging to 7 canonical RSNs defined in atlas
space (Fig. 1C).%* ROl-based and voxel-based measures
were used to evaluate the prevalence and variability of
intratumor FC (see Materials and Methods). The patient FC
measures were compared with control FC measures de-
rived from 100 normal young adults in the Harvard-MGH
Brain GSP dataset.?2The patient and control data were ana-
lyzed identically with “tumor boundaries” in the controls
duplicated from those in the patients. Findings using the
contralesional mirror site as a control ROl were obtained in
a subset of patients (n =35) (see Supplementary Methods
and Supplementary Figure 1).

At least one intratumor ROl was found in 93% of GBM
patients. Averaging over patients, the mean number of
intratumor ROIs per RSN ranged from 0.40 to 2.44. The
distribution of intratumor ROI-based FC strengths (Fisher
z-transformed Pearson correlation) was approximately
zero-centered in the patients (Fig. 2A). In contrast, the
same quantity in the control population was centered
around 0.5 (Fig. 2B). No RSN specificity of intratumor
FC was apparent in either group. For all RSNs, the mean
“intratumor” FC in the controls was significantly dif-
ferent from zero (one-sample t-test, P<0.0001) and sig-
nificantly different from the corresponding network in
GBM patients (two-sample rank sum test, P<0.00001).
ROI-based intratumor FC distributions, collapsed over
RSNs, are shown in Fig. 2C, D for the patients and con-
trols, respectively. Systematically lower FC in tumor ROls
is expected (GBM patients mean: 0.048 vs 0.52 in con-
trols, unpaired t-test, P < 0.00001). In principle, FC in non-
functional tissue should be narrowly distributed about
zero (Supplementary Figure 2). Instead, the patient and
control distributions were comparably wide, although a
small, but statistically significant, difference was found
between the FC distribution standard deviations of the
patients and controls (GBM patients: 0.24 vs controls:
0.28; F-test, F=0.7414, P<0.0001). The mean FC within
patient intratumor ROIs was statistically greater than zero
(one-sample t-test, P< 0.0001) with a larger standard de-
viation than expected by chance (GBM patients: 0.24 vs
null distribution: 0.08; F-test, F=0.1137, P<0.0001; see
Supplementary Figure 2).

The observation of occasionally significant intratumor
FC prompted us to investigate the topography of this
phenomenon. Six representative patients are illustrated
in Fig. 3A. Voxels in which FC with any of the 7 canon-
ical RSNs exceeded 0.3 (operationally defined as “func-
tionally connected”) are shown in green. This criterion
is arbitrary but provides a basis for comparisons across
patients. Functionally connected voxels were very un-
evenly distributed across patients (Fig. 3B). At least one
such voxel was present in 98.3% of patients (n =56). In
most patients (n =29), such voxels accounted for less
than 20% of the tumor mass. More than half of the tumor
mass met this criterion in only 7% of patients (n =4).
Functionally connected voxels tended to occur in clusters,
but otherwise no characteristic distribution (eg, tumor
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Intratumor network connectivity (ROI)

A GBM

..ﬁ..@...ﬁ.@é{,m

-1.0 T T T T T T T
VIS DAN SMN VAN LAN FPC DMN
Resting state network

o
o
1

@)

GBM

w B (&)
o o o
1 1 1

>

ROI frequency
n
o

—_
o o
1

1 1 1 1
-1.0 -05 0.0 0.5 1.0 1.5
FC

FC

B Controls
1.5
1.0 4
0.5
0.0
_05 -
-1 0 1 1 I 1 1 1 1
VIS DAN SMN VAN LAN FPC DMN
Resting state network
D Controls
5000
. 4000
[}
c
2 3000 -
o
e
+= 2000 +
o
T 1000 A
0 T 1 1
-1.0 -05 0.0 0.5 1.0 1.5
FC

Fig.2 ROI-based FC (Fisher z-transformed correlation) within GBMs. (A) FC in GBM patients (n = 53). FC strength is represented as a boxplot
corresponding to assigned network. The mean of the VIS, DAN, FPN, and DMN FC distributions were not significantly different from zero (one
sample t-test, P> 0.05). However, in some patients, some ROls had FC values of 0.5 or greater. (B) Virtual intratumor FC in controls. Each con-
trol (n = 100) was treated as every GBM patient (n = 53) to obtain the expected connectivity strengths and overall intranetwork distributions
for the ROIs found within the tumor masks of each GBM patient. The median of every network in controls was greater than its corresponding
distribution in GBM patients (two-sample Wilcoxon rank sum-test, P < 0.00001). (C) Intratumor FC distribution in GBM patients, collapsed over
RSNs. The mean of this distribution is significantly greater than zero (one-sample t-test, P < 0.0001). (D) Virtual intratumor FC distribution in
controls. The mean of this distribution is ~0.5. The control FC distribution is smoother because it represents a larger sample of “intratumor”

ROls.

core vs periphery) was evident on visual inspection.
Quantitatively, a greater proportion of functionally con-
nected voxels was found in CE areas compared with ne-
crotic (NEC) regions (CE mean = 0.78 vs NEC mean = 0.22;
unpaired t-test, P<0.0001; Fig. 3C). The fraction of func-
tionally connected voxels was slightly greater in small
versus large tumors (Fig. 3D), although this relation was
not statistically significant by formal regression analysis
(R?2=0.0322, P=0.182).

Strength of GBM Intratumor Functional
Connectivity in Relation to Survival

Heterogeneity of intratumor FC across patients raises
the possibility that this measure may relate to survival.
To examine this possibility, we analyzed the available
data in all patients with intratumor ROls and known sur-
vival times (interval between diagnosis and death; n =31;
SupplementaryTable 1).This analysis was conducted using
both ROI-based and voxel-based intratumor FC measures.

In both cases, the patients were median split into low FC
and high FC groups, and survival data were compared
using the Wilcoxon rank sum test and Kaplan-Meier sur-
vival analysis.

The ROIl-based FC measure was evaluated as the me-
dian intranetwork FC over all intratumor ROls. Median
survival in the high FC group (15.51 mo) was significantly
longer than that in the low FC group (8.35 mo) (right-tailed
Wilcoxon rank sum, W =204, P<0.001, Bonferroni cor
rected) (Fig. 4A). Similarly, Kaplan-Meier analysis dem-
onstrated a significant difference in survival (log-rank test,
P <0.001, Bonferroni corrected) (Fig. 4B).

For the voxelwise analysis, each intratumor voxel was
assigned a value equal to the maximum FC over the 7 ca-
nonical RSNs. The voxel-based FC measure then was evalu-
ated as the median intranetwork FC over all the voxels in
each patient’s tumor. Median survival times for the high FC
and low FC groups were 14.1 months and 10.5 months, re-
spectively. This difference was not significant (right-tailed
Wilcoxon rank sum, W =281, P=0.11, Bonferroni corrected).


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa189#supplementary-data
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Fig. 3 Voxelwise identification of intratumor function. (A) Postcontrast T1w slices and corresponding intratumor FC maps of 6 GBM patients
demonstrate tumor and intratumor FC heterogeneity. Green denotes voxels that were assigned FC after obtaining a correlation r> 0.3 with at least
one resting-state network. Beige denotes voxels that did not meet this criterion (no FC). (B) Distribution of the percentage of intratumor FC voxels
by number of patients reveals that most patients have a low proportion of functional voxels. (C) Bar chart showing the proportion of FC voxels in
contrast-enhanced (CE) and necrotic (NEC) areas in GBM tumors (n =56). Error bars denote 95% ClI. CE regions demonstrate significantly higher
proportion of FC than NEC areas (CE = 0.78 vs NEC = 0.22, unpaired t-test, P < 0.0001). (D) Plot of percentage of intratumor FC voxels versus tumor

volume demonstrating no significant correlation (P = 0.182).

Similarly, the Kaplan—Meier analysis showed a modest differ-
ence in survival times (longer survival in the high FC group
by log-rank test, P=0.084, Bonferroni corrected) (Fig. 4C).

Multivariate Cox regressions were performed to control for
potential influences of clinical and demographic covariates
(eg, performance status) on survival times (Table 2). Patients
with high postoperative KPS (>70) had longer survival times
(hazard ratio [HR]: 0.31, 95% CI: 0.012-0.82, P=0.018), in ac-
cordance with previously reported results.?® The ROI-based
FC measure remained prognostic of overall survival after
inclusion of demographic covariates (HR: 0.29, 95% CI:
0.12-0.66, P=0.0035). The range of effect sizes was similar
for intratumor ROI-based FC and KPS, but intratumor FC was
a stronger predictor of survival. Univariate Cox regression
showed that intratumor voxelwise FC was a significant pre-
dictor of survival, and this effect was maintained with inclu-
sion of age, tumor size, and KPS as covariates (HR: 0.33, 95%
Cl: 0.13-0.84, P=10.021).

Discussion

It has been reported that functional brain tissue exists
within GBM tumors.3® Evidence speaking to this ques-
tion has so far been limited by functional scope (ie, a focus
on eloquent cortex) as well as study parameters (ie, low
sample size and heterogeneous tumor pathology). Here,
we used rs-fMRI in 57 newly diagnosed GBM patients
to non-invasively assess resting state FC within tumor
boundaries. Intratumor FC was evaluated in conformity
with priors derived from a large sample of normal individ-
uals.?* Mean FC within tumor boundaries was significantly
greater than zero (Fig. 2C, D). Importantly, this measure
was remarkably variable over patients (Fig. 3B). Moreover,
high intratumor FC was associated with longer survival
(Fig. 4).

Some fraction of FC variability is attributable to meas-
urement error.?’ Variable intrinsic activity organization (in
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Fig.4 Intratumor FC stratifies overall survival in GBM patients. (A) ROl derived FC: Overall survival in GBM patients with low intratumor FC are com-
pared with patients with high intratumor FC. Asterisk indicates significant difference (right-tailed Wilcoxon rank sum, W = 240, P < 0.001, Bonferroni
corrected). (B) ROl derived FC: Kaplan—Meier survival analysis comparing overall survival in low intratumor FC GBM patients and high FC patients.
Patients with high intratumor FC had a significantly longer overall survival than those with low intratumor FC (HR: 0.25, 95% CI: 0.11-0.58, P = 0.0011).
(C) Voxelwise derived FC: Overall survival in GBM patients with low intratumor FC are compared with patients with high intratumor FC (right-tailed
Wilcoxon rank sum, W = 281, P=0.11, Bonferroni corrected). (D) Voxelwise derived FC: Kaplan—Meier survival analysis comparing overall survival
in low intratumor FC GBM patients and high FC patients. Patients with high intratumor FC had a significantly longer overall survival than those with
low intratumor FC (HR: 0.45, 95% CI: 0.21-0.98, P = 0.044).

Table2 Univariate and multivariate survival analysis

Characteristic Univariate Cox Multivariate Cox (ROI FC) I:Mcl;ltivariate Cox (voxelwise
HR (95% Cl) P-value HR (95% Cl) P-value HR (95% Cl) P-value

Age at initial diagnosis 1.01 (0.96,1.05) 0.84 0.996 (0.96, 1.03) 0.79 0.97 (0.93, 1.02) 0.25

CE volume (cm3) 1.02 (1.01,1.03) 0.0038 1.02 (1.01, 1.03) 0.0044 1.02 (1.01, 1.04) 0.00095

KPS >70 0.33(0.13,0.84) 0.02 0.31(0.12, 0.82) 0.018 0.35(0.13, 0.92) 0.034

Intratumor FC (ROI) = high 0.25 (0.11,0.58) 0.0011 0.29(0.12, 0.66) 0.0035

Intratumor FC (voxelwise) = high 0.45 (0.21, 0.98) 0.044 0.33(0.13, 0.84) 0.021

Cox proportional hazards model was performed for univariate and multivariate regression (n =31).

extratumor tissue) present in all individuals may also con-  (Fig. 2C, D, Supplementary Figure 1C, D). Inter-individual
tribute.?82° Nevertheless, the nearly equal widths of the differences in the extent of preserved physiology is the
tumor and control FC distributions is somewhat surprising  most plausible explanation for the finding in question.
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The survival results are consistent with this view: tumors
with more preserved physiology carry a more favorable
prognosis.

GBM tumors characteristically are histologically hetero-
geneous as well as infiltrative.3'32We observed intratumor
FC in contrast-enhancing regions as well as hypointense,
non-contrast-enhancing regions commonly thought of as
necrotic. In principle, FC should not exist within truly ne-
crotic (nonviable) tissue. However, recent work suggests
that high cellularity may be present within regions that
appear to be necrotic by MRL3 Thus, it is plausible that
neuropil retaining some degree of FC may be intermixed
with nonfunctional tumor cells, as illustrated in Fig. 3A.
The low proportion of functionally connected voxels found
within necrotic regions also supports this notion (Fig. 3C).
Moreover, in our data, the fraction of “functionally con-
nected” voxels was only weakly related to tumor volume
(Fig. 3D).This observation also is consistent with the highly
infiltrative nature of GBMs.

The survival results shown in Fig. 4 suggest that loss
of intratumor FC is a marker of more advanced and/or
more aggressive tumors. The simplest explanation for this
finding is that tumor growth causes progressive destruc-
tion of functioning neural tissue.? Alternatively, attenuated
FC could result from impaired neurovascular coupling.®*
More elaborate possibilities are suggested by recent work
demonstrating that GBM cells form synapses with neurons
that interfere with normal excitability and promote inva-
sion.?*36The present data cannot distinguish between any
of these pathophysiological mechanisms. Thus, although
the present results do suggest that retained FC within GBM
tumors has positive prognostic value, this observation re-
mains empirical.

A final point that bears discussion is the distinction be-
tween evoked versus intrinsic BOLD fMRI signals, the latter
of which constitutes the basis of resting-state FC. In the
context of presurgical mapping, T-fMRI responses typically
appear approximately where expected, outside the tumor
(allowing for shifts owing to mass effect) but not inside the
lesion; not uncommonly, such responses abruptly truncate
at the lesion boundary.'”3”38Thus, there would seem to be
little reason to expect intrinsic BOLD signal fluctuations in-
side GBM tumors, notwithstanding that sensory and motor
responses to direct electrical stimulation over GBM tumors
are well documented.>*The apparent discrepancy between
T-fMRI and rs-fMRI is procedural: The objective of -fMRI is
to localize the representation of function outside the tumor
with the objective of sparing functional tissue during sur-
gery. In standard practice, no effort is made to detect or
display weak T-fMRI responses inside the tumor. Here, in
contrast, the analysis is explicitly focused on intratumor
voxels, which, on the whole, showed weak evidence of FC
with parts of the brain outside the tumor. Statistical anal-
ysis revealed that the prevalence of intratumor FC varied
widely among patients and this variability carried prog-
nostic value. However, it is unlikely that the “functionally
connected” parts of GBM tumors contribute to online be-
havior. Indeed, we tested this possibility in our patients
and found that KPS was unrelated to intratumor FC metrics
(both ROI-based and voxel-based), controlling for age and
tumor volume (Table 2).

Intratumor FC measures may distinguish patients
during the treatment planning phase, enabling neuro-
surgeons, oncologists, and patients to be more informed
prior to surgery. First and foremost, improved prognosti-
cation of a given patient’s likely outcome following diag-
nosis would enable the patient to make more informed
decisions regarding his/her therapeutic options. As an ex-
ample, connectivity metrics suggesting a poor prognosis
would imply that less aggressive surgery is warranted to
preserve function during the limited time the patient has
left. Conversely, connectivity metrics suggesting a good
prognosis might imply that a more aggressive surgical
approach is warranted in order to delay recurrence. These
findings may also help in selecting and stratifying patients
for clinical trials. However, further studies will be required
to evaluate how consistent these findings are in the larger
GBM population.

In summary, this study demonstrates that functionally
connected brain tissue, as defined by rs-fMRI, is present
in the substantial majority of GBM patients. Further, the
strength of FC within the tumor has prognostic value.Thus,
rs-fMRI as a potential radiological prognostic indicator re-
quires further study.

Supplementary Material

Supplementary data are available at

Neuro-Oncology online.
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