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Altered hemodynamics contribute
to local but not remote functional
connectivity disruption due to
glioma growth

Inema E Orukari1, Joshua S Siegel2, Nicole M Warrington3,
Grant A Baxter4, Adam Q Bauer4, Joshua S Shimony4,
Joshua B Rubin3,5 and Joseph P Culver1,4,6

Abstract

Glioma growth can cause pervasive changes in the functional connectivity (FC) of brain networks, which has been

associated with re-organization of brain functions and development of functional deficits in patients. Mechanisms under-

lying functional re-organization in brain networks are not understood and efforts to utilize functional imaging for surgical

planning, or as a biomarker of functional outcomes are confounded by the heterogeneity in available human data. Here

we apply multiple imaging modalities in a well-controlled murine model of glioma with extensive validation using human

data to explore mechanisms of FC disruption due to glioma growth. We find gliomas cause both local and distal changes

in FC. FC changes in networks proximal to the tumor occur secondary to hemodynamic alterations but surprisingly,

remote FC changes are independent of hemodynamic mechanisms. Our data strongly implicate hemodynamic alterations

as the main driver of local changes in measurements of FC in patients with glioma.
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Introduction

Glioma growth causes diffuse reorganization of func-
tional brain networks.1 These network alterations have
been associated with the development of motor2 and
cognitive3 deficits and changes in functional localiza-
tion.4 Consequently, functional connectivity (FC) ana-
lysis of brain networks is a promising technique for
both prognosticating risk of functional deficits and
pre-surgical mapping in glioma patients. FC is a meas-
ure of neural activity synchrony between brain
regions.5,6 Brain regions in the same network tend to
have high degrees of FC. Before FC analysis can be
established in the setting of gliomas, the mechanisms
of how gliomas drive FC change need to be delineated.

Unfortunately, studies of FC in patients with glioma
are complicated by the heterogeneity in tumor charac-
teristics, such as type and location. Tumor characteris-
tics in mice can be better controlled.7 Thus, mouse
studies provide an opportunity to investigate

1Department of Biomedical Engineering, Washington University in St.

Louis, St. Louis, MO, USA
2Department of Neurology, Washington University in St. Louis, St. Louis,

MO, USA
3Department of Pediatrics, Washington University in St. Louis, St Louis,

MO, USA
4Mallinckrodt Institute of Radiology, Washington University in St. Louis,

St Louis, MO, USA
5Department of Neuroscience, Washington University in St. Louis, St

Louis, MO, USA
6Department of Physics, Washington University in St. Louis, St. Louis,

MO, USA

Corresponding author:

Inema E Orukari, Department of Biomedical Engineering, Washington

University School of Medicine, 4515 McKinley Ave, Room 2318, St. Louis,

MO 63110, USA.

Email: inema.orukari@wustl.edu

The last two authors contributed equally to this work.

Journal of Cerebral Blood Flow &

Metabolism

2020, Vol. 40(1) 100–115

! Author(s) 2018

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0271678X18803948

journals.sagepub.com/home/jcbfm

https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0271678X18803948
journals.sagepub.com/home/jcbfm


mechanisms of FC change in the context of gliomas
with detailed control over size, shape, location and
type of tumor. However, mapping FC in mice is chal-
lenging. The small size of the mouse brain makes func-
tional connectivity magnetic resonance imaging
(fcMRI) difficult to perform due to low signal-to-
noise ratios and logistics.8 Functional connectivity opti-
cal intrinsic signal (fcOIS) imaging is an alternative
approach to study FC in mice.9 fcOIS is a relatively
simple optical reflectance imaging technique that can
be used to access brain dynamics and FC through the
intact skull. fcOIS has been successfully applied to
mouse models of Alzheimer’s disease10 and stroke.11

Since fcOIS and fcMRI use similar contrasts (changes
in hemoglobin concentrations) and analysis, findings in
mice with fcOIS can be readily extended to human
fcMRI studies. Therefore, we undertook the following
investigations to establish the relevance and reliability
of an intracranial murine xenograft model of glioblast-
oma (GBM) in relation to fcMRI findings in patients
with gliomas.

We hypothesized GBM cells would have effects on
FC that are not restricted to the local area of the tumor.
To test this hypothesis, we developed FC metrics allow-
ing us to assess widespread changes in FC in a quanti-
tative manner. Additionally, we hypothesized
hemodynamic changes may explain some of the FC
changes due to glioma growth, since gliomas are
known to have abnormal neo-vasculature. To test this
hypothesis, we measured several hemodynamic param-
eters, including cerebral blood flow (CBF), average
spectral power of hemodynamic fluctuations, and
hemodynamic lags. To validate the relevance of our
findings to human glioma, we directly tested if key find-
ings translated to a cohort of 27 glioma patients with
resting-state functional MRI (R-fMRI) data.

Materials and methods

Ethics statement

All animal studies were approved by the Washington
University School of Medicine Animal Studies
Committee under guidelines and regulations consistent
with the Guide for the Care and Use of Laboratory
Animals, Public Health Service Policy on Humane
Care and Use of Laboratory Animals, and the
Animal Welfare Act and Animal Welfare
Regulations. Animal reporting is according to
ARRIVE guidelines. All human studies were approved
by the Washington University School of Medicine
Internal Review Board. All patients provided informed
consent for participation in an NIH-funded neurosur-
gery tumor database (CONDR NIH 5R01NS066905)
in accordance with the Helsinki declaration.

Mouse model methods

Cell culture. U87MG cells obtained from ATCC were
grown in MEM alpha with 10% fetal bovine serum
and 1% penicillin/streptomycin. The cells were infected
with lentivirus encoding an enhanced green fluores-
cence protein (eGFP)-firefly luciferase transgene (U87-
GL), which enabled quantification of xenograft growth
by bioluminescence imaging.12 U87-GL cells were then
engineered to overexpress a catalytically dead phospho-
diesterase PDE7B construct as described previously.13

These cells are phenotypically similar to wildtype
U87MG cells.

Animal preparation. Female Foxn1nu athymic nude mice
(8–10 weeks of age, 18–26 g) were used in all experi-
ments. For U87-GL cell injections, mice were anesthe-
tized with 2% isoflurane and fixed in a stereotactic
frame (Kopf Instruments). After a midline scalp inci-
sion, a burr hole (< 0.5mm diameter) was made in the
skull over right somatosensory forepaw cortex using a
dental drill. A 31 gauge 10-ll Hamilton syringe was
positioned and inserted into the right hemisphere
using the following coordinates relative to bregma:
anteroposterior¼þ0.5mm, mediolateral¼þ2.15
toþ 2.2mm, and dorsoventral¼�0.5 to �0.6mm. A
nanoinjector pump (Stoelting) was used to infuse
5� 105 cells in 2 ll of phosphate-buffered saline (PBS)
at a rate of 0.1–0.2 ll/min. Following injection, the
needle was left in place for 5–10min to ensure complete
diffusion of the cells. Mice injected with 2 ll of PBS
served as sham controls. The incision was closed with
a 4–0 nylon suture and triple antibiotic ointment was
applied topically. After a one-week recovery, Plexiglass
cranial windows were fixed to the skull using dental
cement (C&B-Metabond) per published protocols.14,15

Histology. Eight weeks post-injection (PI), mice were
transcardially perfused with PBS and then 4% parafor-
maldehyde. Brains were removed, placed in 4% paraf-
ormaldehyde overnight, then 30% sucrose overnight.
Fixed, dehydrated brains were paraffin embedded.
Sagittal slices were stained with hematoxylin and
eosin (H&E).

In vivo mouse imaging. To measure tumor burden, we
used both bioluminescence imaging (BLI) and magnetic
resonance imaging (MRI). BLI was performed as pre-
viously described.16 MRI data were collected on a 4.7 T
small animal MRI system (Agilent Technologies) as
described previously.17

To perform functional brain imaging, we used opti-
cal intrinsic signal imaging (OISI) and laser speckle
contrast imaging (LCSI). OISI converts changes in dif-
fuse reflected light into fluctuations in hemoglobin con-
centration using the modified Beer–Lambert law per
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published protocols.9 LCSI transforms fluctuations in
speckle patterns, due to highly coherent light illuminat-
ing perfused brain tissue, into a relative index of
instantaneous CBF using a 9� 9 kernel as previously
described.18

We provide detailed descriptions of the methods for
BLI, MRI, OISI, and LCSI in the supplementary
materials section.

FC analysis. Fourteen seed locations were positioned at
coordinates expected to correspond to the left and right
motor, forelimb somatosensory, hindlimb somatosen-
sory, barrel somatosensory, retrosplenial, parietal,
and visual cortices using a histological atlas.19 Seed
time traces were calculated by averaging the time
courses in each pixel within 0.25mm of a seed locus.
FC maps were created by calculating the Pearson’s R
correlation coefficient between each seed’s time trace
and those in every brain pixel. The Pearson’s R correl-
ation coefficients were converted to Fisher z-measures
prior to group averaging and statistical analysis using
the following equation

z rð Þ ¼ arctanh rð Þ ð1Þ

where r is the Pearson’s R correlation coefficients.
The similarity metric was obtained by calculating the

Pearson’s R correlation coefficient between a subject-
specific FC map and a corresponding reference FC
map.20 The group-average FC maps for sham-injected
mice at week 6 PI were used as reference FC maps. A
pixel’s value in a similarity map was the resulting simi-
larity metric when that pixel’s location was used as the
seed to construct the subject specific and reference FC
maps. The Pearson R-values of the similarity maps
were converted to Fisher z-measures.

The homotopic connectivity (HC) metric was
obtained by calculating the Pearson’s correlation coef-
ficient between a seed’s time trace and the time trace of
the seed’s homolog in the contralateral hemisphere.
Pearson R-values were then converted to Fisher z-mea-
sures. HC maps can be obtained by plotting HC for
every pixel in the FOV. HC maps are necessarily sym-
metric, so HC maps were visualized in the right
(injured) hemisphere.

FC contours were calculated by placing seeds in con-
tralesional (left) hemisphere to generate FC maps. The
ipsilesional (right) hemisphere of the FC maps was then
thresholded at 50% of a relative or constant maximum.
For relative FC contours, thresholds were set at 50% of
the maximum value of the group-average map for each
week for each network. For constant FC contours, the
thresholds were set at 50% of the constant maximum
value at week 4 PI for each network. Displaced func-
tional connectivity (dFC) was calculated by using the

relative contours as regions of interest in individual
mice and averaging the Fisher z-transformed correl-
ation values of all the pixels within the contour. The
group-average dFC was calculated.

Group-average zero-lag correlation maps were gener-
ated for the sagittal sinus (SS), motor right, and barrel
right seeds. This analysis was performed on oxygenated
hemoglobin data that had been filtered to the FC band
but only had the average signal from each brain hemi-
sphere regressed from it and not the SS seed. The aver-
age correlation between the SS and both the motor right
and barrel right seeds was calculated.

Calculations of average power. The average oxygenated
hemoglobin signal power in the frequency range corres-
ponding to three frequency bands (0.01Hz–0.04Hz,
0.04Hz–0.08Hz, and 0.08Hz–0.12Hz) was computed
for every pixel within our field of view (FOV) as
described.21 This analysis was performed on oxyge-
nated hemoglobin data that was collected at �30Hz,
unfiltered, and did not have the average signal from
each brain hemisphere regressed from it. Comparisons
of power maps at week 4 and week 6 PI were performed
with and without regressing the SS seed.

Mouse lag analysis. Regional-lagged correlation was per-
formed by cross-correlating every pixel’s time trace
with the time trace of that pixel’s contralateral homo-
logue and measuring the time shift associated with peak
correlation using MATLAB’s xcorr function. This ana-
lysis was performed on oxygenated hemoglobin data
that had been filtered over 0.009Hz to 0.08Hz without
any signal regression. Mean lag maps were created for
each mouse by calculating the average lag across each
mouse’s imaging session in 5-min increments.

Mouse tumor volume quantification. Hyperintensities in T2-
weighted MR images were used to manually segment
tumor area in each slice using ImageJ software
(National Institutes of Health). Slice tumor volumes
were calculated by multiplying tumor area by the slice
thickness. When tumors were present in multiple slices,
total tumor volume was estimated by summing all slice
tumor volumes.

Mouse MRI and OIS co-registration and lesion

segmentation. The rostrocaudal and mediolateral reso-
lutions were 1mm and 125 lm, respectively, for MRI,
while the resolution in both directions for OISI was
approximately 225 lm based on a Gaussian smoothing
kernel with a standard deviation of 1.2 pixels and a
pixel size of 78 lm. Therefore, cubic interpolation was
used on the MRI images to make the resolutions of
MRI and OISI equivalent. To transform the 3D MRI
images into 2D images in the same plane as the OISI
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images, the maximal voxel intensity value in the ven-
trodorsal direction was projected to the horizontal
plane. The maximum intensity projection (MIP)
image was then affine-transformed to a common atlas
space using lambda and bregma as landmarks. To seg-
ment tumor regions, the MIP images were normalized
by subtracting the average intensity value in a 30 pixel
by 30-pixel square in each contralesional hemisphere
and dividing every pixel by the difference between max-
imum intensity and the value that was subtracted. Next,
every pixel with intensity values below 0.35 were set to
zero and the rest of the pixel were set to one. The
largest contiguous region of non-zero pixels is desig-
nated as tumor (Figure 4(a)).

Human patient methods

Subject enrollment. Inclusion criteria included: newly
diagnosed primary brain tumor; age above 18 years;
clinically indicated MRI scan as determined by the
treating neurosurgeon. Additionally, we required the
patient have an R-fMRI scan. Exclusion criteria
included: prior brain tumor surgery, or an MRI scan
not performed at WU; 30 patients met these criteria.

Human R-fMRI acquisition. All patients were scanned
using a Washington University School of Medicine
Siemens (Erlangen, Germany) 3T Tim-Trio scanner
with a 12-channel head coil. Structural scans included:
(1) a sagittal T1-weighted MP-RAGE (TR¼ 1950ms,
TE¼ 2.26ms, flip angle¼ 90 �, voxel
size¼ 1.0� 1.0� 1.0mm); (2) a transverse T2-weighted
turbo spin-echo (TR¼ 2500ms, TE¼ 435ms, voxel-
size¼ 1.0� 1.0� 1.0mm); and (3) 2D FLAIR (fluid-
attenuated inversion recovery) (TR¼ 7500ms,
TE¼ 326ms, 3mm slices and1.5� 1.5mm in-plane
resolution). Resting state functional scans were
acquired with a gradient echo EPI sequence
(TR¼ 2200ms, TE¼ 27ms, 32 contiguous 4mm
slices, 4� 4mm in-plane resolution, total time of
12min) during which participants were instructed to
fixate on a small cross in a low luminance environment.

Human tumor segmentation and region of interest

definition. Tumors were manually segmented using
Analyze (www.mayo.edu) by inspection of the structural
images (T1-weighted post enhancement, T2- weighted,
FLAIR), simultaneously displayed in atlas space. All
segmentations were reviewed by an experienced neuror-
adiologist (J.S. Shimony) with special attention to dis-
tinguishing glioma from surrounding vasogenic edema.

Two additional related regions of interest were gener-
ated. A ‘peri-tumoral’ region was identified by dilating the
tumor by 10mm and then excluding any voxels within the
tumor or outside of the brain. A ‘non-tumor’ region

included all voxels in the ipsilateral hemisphere to the
tumor, but not including the tumor or peri-tumoral region.

Human R-fMRI data preprocessing. R-fMRI data under-
went preprocessing as described22 and detailed in the
supplementary materials section.

Data underwent additional preprocessing steps: (6)
temporal bandpass filtering, retaining frequencies
between 0.01–0.1Hz, (7) removal of spurious variance
through regression of 12 parameters of head motion
(six parameters obtained by rigid body motion correc-
tion, as well as their derivatives), 2 ventricle regions of
interest, and 2 white matter regions of interest, and (8)
flagging of frames with a framewise displace-
ment> 0.5mm to be excluded from the R-fMRI com-
putations.23 A shift mask was then generated by
removing frames proceeding or after excluded frames.
A minimum of 120 usable frames was required for sub-
ject inclusion. Thus, 3 out of 30 patients were excluded.
In the retained data, on average, 402 out of 439 frames
remained in the included patients.

Human R-fMRI lag processing and analysis. For every brain
voxel, lag was calculated relative to the ‘homotopic’
reference voxel in the opposite hemisphere. The homo-
topic reference voxel was determined by flipping about
the X-axis in atlas space. Lagged cross-correlation ana-
lysis was performed for each voxel over the range �5
TRs (�2.2 seconds) as previously described22 and
detailed in the supplementary materials section.

Statistical analysis

All statistical comparisons were performed using
MATLAB (Mathworks). Statistical tests were per-
formed to determine if there was a significant linear
relationship between the logarithm of BLI signal and
the mean similarity across individual mouse brains or
the logarithm of BLI signal and HC for all seeds.
Multiple comparisons were corrected using the false
discovery rate method (P< 0.05, corrected) for pixel
by pixel HC map analysis and the Bonferroni method
(P< 0.05, corrected) for all other instances. Statistical
significance was determined by two-tailed unpaired or
paired Student’s t tests. One sample t-test analysis was
used to test whether lags in human data were signifi-
cantly different from a zero-mean distribution.

Results

Glioma growth disrupts FC

We stereotactically implanted a human GBM cell line
(U87-GL) into the right forepaw somatosensory cortex
of nude mice (n¼ 13, Figure S1(a)). We chose this cell
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line because it grows in a circumscribed manner with-
out infiltration or dissemination throughout the brain.
We injected into the right forelimb somatosensory
cortex because it borders motor and hindlimb regions.
This approach enabled us to identify effects of tumor
growth on connectivity both proximal and distal to the
injection site without the complication of secondary,
infiltrative, or metastatic tumor.

We utilized multiple imaging modalities to assess
tumor growth and changes in FC (Figure S1(b)).
Placement of the cranial window and OISI was delayed
until one week PI to allow the burr hole to heal. FC
network structure was monitored using fcOIS.
Anatomical tumor volume was quantified longitudin-
ally using magnetic resonance imaging (MRI).
Potential CBF alterations due to tumor growth were
monitored using LSCI in the third and sixth week PI.
We sacrificed the mice in the eight week via transcardial
perfusion and performed histology.

BLI provided a non-invasive, validated measure of
tumor burden12 (Figure S2(a)). BLI signal grew expo-
nentially from week to week (Figure S2(b)), confirming
the expected cell proliferation trajectory.
Complementary to the BLI results, MRI (Figure
S2(c)) quantification of tumor volume in a subset of
mice (n¼ 6) shows a trend that tumor volume increases
with the passage of time (Figure S2(d)).

Group-average FC maps (n¼ 13) constructed with
oxygenated hemoglobin traces provided a robust repre-
sentation of the effect of glioma growth on FC
(Figure 1). Since the gliomas could displace functional
regions on the ipsilateral brain hemisphere, only FC
maps for seeds in the brain hemisphere contralateral
to the injection site are displayed. FC maps for seeds
in the brain hemisphere ipsilateral to the injection site
are provided in Figure S3. Additionally, group-average
FC maps (n¼ 20) from sham-injected mice showed
reduced FC near the injection. FC recovered with
time and normalized by week 4 PI (Figures S4 and
S5). Since we were interested only in the effects of
tumor growth on FC, we analyzed FC maps starting
in week 4 PI. Thus, only group-average FC maps from
week 4 PI onward are displayed in Figure 1. In general,
functional connections between the two hemispheres
declined as time progressed after week 4 PI. Of the
networks assessed, only the retrosplenial network main-
tained symmetry throughout the duration of the experi-
ment. Group-average FC maps constructed with
deoxygenated hemoglobin (Figure S6) or total hemo-
globin (Figure S7) traces showed similar results.

Changes in FC metrics correlate with tumor burden

A challenge of working with FC data is the multitude of
brain maps generated by different seed locations.

To reduce this complexity, we calculated a single FC
similarity metric for each pixel. The FC similarity
metric was generated by correlating the topology of
experimental FC maps with a reference FC map.20

Group-average FC similarity maps exhibited global dis-
ruptions in FC (Figure 2(a)). There was an inverse rela-
tionship between global FC similarity and the
logarithm of the BLI signal (Figure 2(b)).

We also assessed connections between a seed loca-
tion and its homotopic counterpart (Figure 3(a)).
Homotopic connectivity (HC) maps rely on the fact
healthy FC maps exhibit a high degree of symmetry.
HC has been shown in other applications to be strongly
correlated with behavioral deficits and recovery.24–26 In
glioma-injected mice, two large regions showed signifi-
cant reduction in HC between weeks 4 and 6 (t-test,
p< 0.05, FDR corrected) – one near the injection site
and one remote. Focusing only on HC between seeds
provided a localized assessment of connectivity struc-
ture (Figure 3(b)). The motor, barrel, parietal and
visual networks exhibited a significant (p< 0.05,
Bonferonni corrected) loss of HC at week 6 PI com-
pared to week 4 PI. Conversely, in sham-injected mice,
HC in regions near the injection site significantly
increased during the early time points after the injection
then remained stable during the later time points
(Figure S8). To establish a relationship between FC
disruption and tumor burden further, we correlated
HC measures for each seed at all time points with the
corresponding BLI measure (Figure 3(c)). There was a
significant anti-correlation (p< 0.05, Bonferonni cor-
rected) between log BLI signal and HC for the motor,
forelimb, hindlimb, barrel, and visual seeds. These find-
ings indicate FC in some parts of the brain is more
susceptible to the effect of glioma growth than others
and both local and remote regions are affected. The
residuals for the linear regressions for both similarity
and HC appear randomly distributed about zero, sug-
gesting the linear regression model is valid (Figure S9).

Glioma growth causes local and remote FC
disruptions

Since the HC maps suggest glioma growth has region-
specific effects on FC, we examined the spatial relation-
ship between tumor location and topology of FC dis-
ruption. To accomplish this, we developed methods to
co-register MRI and OIS data (Figure 4(a)). We then
generated tumor frequency maps for the subset of mice
with MRIs (n¼ 6) to show the spatial distribution rela-
tive to a reference OIS image (Figure 4(b)). Since there
is a region in the center of tumor frequency map where
all six tumors are present, the stereotaxic injection was
likely in a consistent location. The pixel by pixel t-test
(Figure 4(c)) map between group-average HC maps
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(n¼ 13) at week 4 and week 6 PI was used to indicate
regions of the brain with disrupted FC. An overlay of
the map of disrupted FC and non-zero tumor frequency
pixels masked by the FOV of OISI showed there were
both local and remote regions of disrupted FC
(Figure 4(d)). Interestingly, there was an absence of
tumor cells in the remote region of disrupted connect-
ivity, as indicated by H&E staining (Figure 4(e)).

Displacement does not account for remote FC
disruptions

Gliomas can affect FC maps by either reducing the
magnitude of FC between nodes or displacing the loca-
tion of nodes in space.4,27 However, the HC and simi-
larity metrics cannot differentiate between these two
effects. To distinguish displacement from reductions
in the magnitude of FC, we analyzed FC contours
(Figure 5(a)). Relative FC contours showed functional
regions moved as time progressed. Constant FC

contours captured the diminished magnitude of FC as
time progressed. Both FC contour analyses revealed
some functional areas were split into non-contiguous
regions as the tumors grew. Because the locations of
the functional areas moved as time progressed, we
used the relative FC contours as regions of interests
to calculate average dFC values in individual mice
(Figure 5(b)). When using dFC, which is less sensitive
to displacement than HC, only the motor, parietal, and
visual networks had significantly (p< 0.05) reduced
connectivity in glioma-injected mice.

The lack of significant change in dFC for the barrel
network suggests FC changes local to tumor injection
site may be caused by displacement. Conversely, the
displacement analysis indicates the remote disruption
of FC in Glioma mice is not due to displacement of
brain tissue. When accounting for displacement in
sham-injected mice, FC did not decrease in any net-
works. FC in hindlimb network actually significantly
increased (Figure S10).

Figure 1. FC maps. Group-average functional connectivity maps constructed with oxygenated hemoglobin traces of mice injected

with glioma cells (n¼ 13) for the fourth, fifth and sixth weeks post-injection. Maps demonstrate a loss of symmetry over time. Group-

average functional connectivity maps of mice with sham injections (n¼ 20) for the sixth week post-injection are included for reference.

Only functional connectivity maps for seeds in the left hemisphere contralateral to the injection site are displayed (the black dots

indicate the location of the seed used to construct the functional connectivity map).
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Hemodynamic changes contribute to local FC
disruptions only

Since measurement of FC with fcOIS is dependent on
normal coupling between neural activity and local
blood flow, and gliomas are known to have neo-vascu-
lature with abnormal properties,28 we investigated
hemodynamics in the tumor region to determine
whether vascular dysregulation influenced our FC
results. We compared motor right and barrel right FC
maps to the correlation maps for an SS seed
(Figure 6(a) and (b)). The SS seed provides a map of
the pixels correlated to vascular dynamics. At week 4
PI, neither the motor right seed nor the barrel right seed
were correlated with the SS seed. By week 6 PI, the
motor right seed had a significantly (p< 0.05) increased
correlation with the SS seed, while the barrel right seed
remained uncorrelated. The increase in correlation
between the tumor region and the vasculature (Figure
S11) is higher for anterior than posterior portions of the
SS. There is also lack of correlation between the anter-
ior SS seed and central and posterior portions of the SS.
Since our correlation analysis is all at zero-lag, it is
possible both features are due to time lags as blood

flows from the anterior to posterior along the SS.
Regardless, there is clear synchrony between the
tumor region and portions of the vasculature at later
time points that is not seen at earlier time points.

To evaluate potential increases in CBF over the
tumor, we used LCSI in a subset of glioma-injected
mice (Figure 6(c) and (d)) and a subset of sham-injected
mice (Figure S12(a) and 12(b)). In the subset of glioma-
injected mice (n¼ 3), the LCSI data suggest CBF is
increased in the center of the tumor region. However,
the LCSI data and MRI data (n¼ 6) are from mutually
exclusive subsets of all of the glioma-injected mice
(n¼ 13). Therefore, the size and location of the CBF
increase maybe biased by the small number of mice
imaged. When we quantify CBF in the somatosensory
hindlimb region in the right hemisphere, there is a sig-
nificant (p< 0.05) increase from week 3 to week 6 PI.
CBF measurements in the somatosensory hindlimb
region in the left hemisphere and the visual regions in
both hemispheres were unchanged as time progressed.
Furthermore, in the subset of sham-injected mice
(n¼ 3), neither the left and right somatosensory regions
nor the left and right visual regions were significantly
changed from week 3 to week 6 PI.

Figure 2. FC similarity metric. (a) Group-average similarity maps of mice injected with glioma cells (n¼ 13). The fourth week post-

injection map, the sixth week post-injection map, and the difference map between the fourth and sixth weeks post-injection are

displayed. The maps show a global decrease in similarity over time. (b) Scatter plot of the mean similarity across the cortex of

individual gliomas at all time point versus the logarithm of bioluminescence signal. Each mouse is represented by more than one point.

There is a significant anti-correlation between mean similarity and tumor burden.

106 Journal of Cerebral Blood Flow & Metabolism 40(1)



To evaluate spectral content of spontaneous hemo-
dynamics, we constructed maps of average power over
three frequency bands. The first two bands are over the
canonical FC band (0.009Hz–0.08Hz), which has been

shown to reflect underlying neural activity.6,9,29 The
third band is slightly higher (0.08Hz–0.12Hz), which
has been attributed to fluctuations of vascular origin21

and has been shown to have increased power in a case

Figure 3. Homotopic connectivity metrics. (a) Group-average homotopic connectivity maps of mice injected with glioma cells (n¼ 13)

for different weeks. The fourth week post-injection map, the sixth week post-injection map, and the difference and t-test (paired,

p< 0.05, FDR corrected) maps between the fourth and sixth weeks post-injection are displayed. The maps show that functional

connectivity in some regions of the brain is more disrupted than others. (b) Quantification of group-average homotopic connectivity of

glioma-injected mice (n¼ 13) for seven homotopic seed pairs within our field of view (paired, *indicates p< 0.05, Bonferroni corrected).

(c) Scatter plot of homotopic connectivity of glioma mice at all time points versus the logarithm of bioluminescence signal. Each mouse is

represented by more than one point. Homotopic connectivity pairs in specific brain regions show significant anti-correlations with tumor

burden (*indicates p< 0.05, Bonferroni corrected).
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Figure 4. MRI and OIS co-registration, tumor and disrupted functional connectivity overlay, and histology. (a) A maximum intensity

projection of T2-weighted MRIs along the ventrodorsal direction was used to project MRIs onto the same plane as OIS, and affine

transform was used to co-register the maximum intensity projection image and OIS using fiducial landmarks (the green and red dots

indicate lambda and the intersection of the coronal and sagittal sutures, respectively). Images were then normalized and thresholded at

0.35. (b) Frequency map of brain tumors (n¼ 6) that were segmented from co-registered MRIs in sixth week post injection (dotted

line indicates field of view of OIS). (c) Map of disrupted functional connectivity constructed by performing a pixel-wise t-test between

fourth and sixth week post-injection group-average homotopic connectivity maps (n¼ 13, paired, p< 0.05, FDR corrected). (d)

Overlay of the non-zero tumor frequency pixels masked by the FOV of OIS and map of disrupted functional connectivity. Overlay

image demonstrates local and remote regions of functional connectivity disruption. (e) Hematoxylin and eosin stain of representative

mouse injected with glioma cells in the eigth week post-injection (MRI provides orientation). Histology indicates that the tumors are

well-circumscribed, localized to the injection site, and absent from the region of remote functional connectivity disruption (arrow

indicates the remote region of functional connectivity disruption corresponding to the visual cortex).
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study of a human undergoing glioma resection30

(Figure 6(e)). Average power maps for glioma-injected
mice revealed the average power in all frequency bands
declined globally across the cortex between week 4 and
week 6 PI. However, in the 0.01Hz–0.04Hz frequency
band, average power relative to the whole brain
increased in a focal region near the injection site.
After the SS seed was regressed out, the average
power in all frequency bands decreased globally over
the cortex. In the 0.01Hz–0.04Hz frequency band, this
affected the peri-injection site region most strongly.

This suggests this focal power increase was being
driven by a signal of vascular origin. These findings
indicate gliomas cause local vascular dysregulation
that confounds proximal FC measurements.
Conversely, vascular dysregulation was absent from
regions remote from the glioma. Therefore, FC disrup-
tions in remote regions are likely due to changes in
neural activity.

To further investigate the cause of observed changes
in connectivity, we measured hemodynamic delays rela-
tive to the contralateral hemisphere. We performed a

Figure 5. Functional connectivity contours and displaced functional connectivity. (a) Group-average functional connectivity contours

of 50% of relative and constant maximums (n¼ 13) for different weeks. Relative functional connectivity contours use a threshold based

on 50% of the maximum of each week. Constant functional connectivity contours use a threshold based on 50% of the maximum at

week 4 post-injection (Green¼Week 4, Red¼Week 5, and Blue¼Week 6). The contours indicate that some functional regions are

displaced, and even split, by the tumor. Constant maximum contours show that functional regions decrease in area over time.

(b) Quantification of the group-average displaced functional connectivity (n¼ 13) for week 4 and week 6 post injection (*indicates

p< 0.05). Displaced functional connectivity is calculated by using the relative functional connectivity contours as regions of interest

and averaging all the Fisher z correlation values within each contour. Only the motor and visual functional regions have decreased

magnitude when accounting for displacement.
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lag analysis by cross-correlating the time trace of every
pixel with the time trace of its contralateral homolog
and mapping the time shift that maximized the cross-
correlation value (Figure7(a) and (b)). Lags between
tumor tissue in the somatosensory region and its homo-
topic region were significantly increased at week 6

compared to week 4 PI. Homotopic lags between
visual seeds were not significantly different between
week 4 and week 6 PI. Again, changes in cerebral
hemodynamics were observed only in areas directly
proximal to the tumor and not in the distant visual
cortex in which FC was substantially altered.

Figure 6. Vascular dysregulation within the tumor region. (a) Group-average correlation maps (n¼ 13) of sagittal sinus, motor right

and barrel right seeds at week 4 and week 6 post-injection. (b) Quantification of the group-average correlation (n¼ 13) between the

sagittal sinus seed and both the motor right and barrel right seeds (*indicates p< 0.05). This graph indicates that regions near the

injection site become correlated with systemic vascular fluctuations over time. (c) Group-average cerebral blood flow maps for a

subset of mice (n¼ 3) at week 3 and week 6 post injection. (d) Quantification of the group-average cerebral blood flow value (n¼ 3)

for the left and right somatosensory hindlimb and left and right visual seeds at week 3 and week 6 post-injection indicates that tumor

blood flow increases over time. (e) Group-average power maps (n¼ 13) for three frequency bands with and without regression of the

signal from a vascular feature (sagittal sinus seed) at week 4 and week 6 post-injection demonstrate that average power maps decrease

in magnitude with time and with regression of the sagittal sinus. However, average power in the tumor region increases in the 0.01 Hz–

0.04 Hz frequency band when there is no regression of the sagittal sinus. The power in the tumor region is affected more profoundly

by sagittal sinus regression than other regions indicating that the hemodynamic in this region is likely being driven by vascular

fluctuations of systemic origin.
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Human hemodynamic findings are recapitulated in
the mouse model

To confirm that the findings from our mouse model
apply across species (mouse to human) and across ima-
ging modalities (fcOIS to fcMRI), we analyzed R-fMRI
data in a cohort of 27 patients diagnosed with brain
gliomas (WHO grades II, III, and IV). We measured
hemodynamic lags in all voxels based on a homotopic
reference seed. We found the area proximal to the
tumors frequently showed substantial homotopic lags
(Figure 7(c)). To quantify this observation, we gener-
ated three regions: tumor, peri-tumoral, and non-

tumor. Across patients, lags for the tumor and peri-
tumoral regions were significantly different from a dis-
tribution with a zero mean, while lags for the non-
tumor region were not (Figure 7(d)). These results
show alterations to perilesional vasculature observed
in our mouse model are an accurate representation of
changes occurring in human gliomas.

Discussion

In this study, functional disruption was examined in a
mouse model of GBM through longitudinal measure-
ments of FC, tumor growth, bioluminescence, and

Figure 7. Homotopic lags in mice and in humans. (a) Group-average homotopic lag maps for mice injected with glioma cells (n¼ 13)

at week 4 and week 6 post injection. (b) Quantification of the group-average homotopic lag (n¼ 13) for the somatosensory forelimb

and visual seeds (*indicates p< 0.05). These data indicate that murine tumor hemodynamics lag behind the homotopic brain region. (c)

Structural MRIs and homotopic lags for a representative human case. (d) Quantification of the group-average homotopic lag (n¼ 27)

for the tumor, peri-tumoral, and non-tumor brain regions (*indicates p< 0.05). Tumor and peri-tumoral regions, but not the non-

tumor region, exhibit significant lags compared to their homotopic regions.
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CBF. Gliomas were found to disrupt FC in a manner
that correlated with the degree of tumor burden as
measured by both cell count (BLI) and macroscopic
structural measures of volume (MRI). Although the
R2 values that we obtained are low, they are similar
to R2 values (0.16 to 0.389) in previously published
studies in which FC was correlated with measures of
pathology,11,24,31 suggesting there is some relationship
(whether it be linear or non-linear) where FC decreases
as tumor burden increases. Additionally, gliomas cause
local hemodynamic changes (i.e. increased CBF,
increased low frequency power, and increased temporal
lag relative to the unaffected hemisphere) that could
contribute to measures of FC disruption.

There are many similarities between our mouse data
and reported studies on human subjects. First, in
humans, gliomas disrupt interhemispheric FC, espe-
cially between homotopic regions.2 In healthy mam-
mals, homotopic brain regions exhibit a high degree
of FC.5,9,32,33 Human ischemic stroke studies have
shown connectivity between homotopic regions is
most vulnerable to brain injury and HC correlates
best with both the degree of deficit and the degree of
recovery.24–26 In the setting of human gliomas, interhe-
mispheric connections are most consistently weakened.2

In our mouse study, we found tumor growth signifi-
cantly affects HC (Figure 3(a) and (b)). Second, in
humans, gliomas can displace functional regions while
maintaining FC strength.4,27 The phenomenon of dis-
placement has also been observed in functional region
mapping done for neurosurgical planning.4,34 Gliomas
in our mouse model were also found to displace func-
tional regions, as indicated by the barrel network
having significantly reduced HC with the passage of
time, but not significantly different dFC. Third, in
humans, gliomas can have remote effects on FC.35,36

In the present study, gliomas in the forelimb somato-
sensory cortex disrupted FC in the parietal and visual
cortices. Disruption of the FC of the parietal and visual
regions persisted even when displacement was taken
into consideration (Figure 5(b)). Additionally, the gli-
omas in this study exhibited a well-circumscribed pat-
tern of growth and tumor cells were absent from the
parietal and visual cortices (Figure 4(e)). Furthermore,
hemodynamic alterations were confined to the region
near the injection site. These findings suggest the dis-
turbances in local neural activity of somatosensory
regions underlie remote functional disruptions in the
parietal and visual regions. Related findings of FC con-
nections between the somatosensory cortex and visual
system have been reported in hierarchical organization
studies of human FC.37 Fourth, in humans, high-grade
gliomas have altered hemodynamics as a consequence
of their abnormal neo-vascularity.28 This results in
increased cerebral blood volume and CBF in the

region of neoplastic tissue.38 Additionally, neurovascu-
lar uncoupling can result from the abnormal blood ves-
sels.39,40 Our results indicate murine and human tumors
can exhibit significant hemodynamic lags likely due to
abnormal neo-vascularity (Figure 7). Our mouse model
recapitulates the hemodynamic dysregulation seen in
human tumors. The mouse model has increased CBF
in the region of neoplastic tissue (Figure 6(c) and (d)).
Furthermore, there was neurovascular uncoupling such
that the tumor region acquired hemodynamics similar
to known vascular regions (Figure 6(a) and (b)). Thus,
we conclude that our mouse model is a valid paradigm
for studying glioma-associated FC change.

This mouse model has the potential to illuminate
mechanisms of glioma-associated FC change and devel-
opment of functional deficits. Studies have shown FC
correlates with cognitive performance in the setting of
normal aging41 and stroke.24 Furthermore, there have
been several studies using magnetoencephalography
showing FC correlates with performance on cognitive
tests in glioma patients.42,43 A recent study using
fcMRI showed FC in different networks correlated
with performance on multiple cognitive tests in
glioma patients.3 Moreover, FC could inform treat-
ment options. There is a growing research effort to
use FC in pre-surgical mapping of eloquent cortex.4,44

Additionally, FC may determine who would be good
candidates for cognitive therapy.45

Gliomas cause local hemodynamics changes that may
confound interpretation of FC analysis. FC is measured
by correlating fluctuations in hemoglobin-based signals.
For these hemoglobin-based signals to reflect underlying
neural activity accurately, neurovascular coupling
(NVC) must be intact. Gliomas can affect local NVC
in multiple ways. Glioma cells can displace astrocyte
end-feet from blood vessels.46 Glioma cells release
growth factors that stimulate blood vessels to grow in
an abnormal, tortuous manner.28 For FC to be estab-
lished in the setting of glioma growth, robust methods
for the detection of neurovascular uncoupling must be
applied. To date, cerebrovascular reactivity mapping
and measurements of perfusion and blood volume
have been used for this purpose in glioma patients.39,47

In stroke patients, hemodynamic lags have been used to
detect neurovascular uncoupling.22 Our mouse model
will be useful for validating methods of neurovascular
uncoupling detection because it recapitulates the hemo-
dynamic changes seen in human glioma patients.

One of the limitations of this study is that assess-
ments of FC with fcOIS are restricted to superficial
structures of the cortex due to light scattering.
Therefore, viable brain tissue that has been displaced
ventrally by growing gliomas may have artificially
lower FC because the tissue has moved out of the
FOV of the OISI system. Additionally, fcOIS cannot
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map FC of subcortical structures, such as the thalamus,
which could provide clues about the origin of the
remote FC disruption. Optically based whole-brain
assessments of FC are still possible using diffuse optical
tomography methods. Our lab has recently shown the
feasibility of such methods in vivo.48 A second limita-
tion of this study is that the injection injury causes
measurable disruptions to FC on its own. Therefore,
subtle changes in FC near the injection site during the
early stages of glioma growth may be difficult to detect.
However, the magnitude of the effect of late stage
glioma growth on local FC was far greater than the
injury effect and easily measured. A third limitation
of this study is that we did not collect data from
awake mice. Ketamine/xylazine cocktails can cause
changes in a number of physiologic parameters, includ-
ing reducing CBF49,50 and heart rate.51 Consequently,
the magnitude of the increase in CBF in the tumor
could be blunted. Additionally, the ketamine/xylazine
cocktail could have differential effects on tumor and
normal vasculature; thus, either increasing or decreas-
ing the contrast between the tissues. We plan to study
the effects of anesthesia on our mice in the future.

This model will enable a wide range of future studies
to address how tumor characteristics, such as circum-
scribed versus infiltrative patterns of growth, growth in
different brain regions, or growth at different stages of
brain development, differentially affect FC changes.
Given that FC can reflect polysynaptic network com-
munication,33 it will be important to implement the
above manipulations with methods capable of measur-
ing more direct, monosynaptic connections between
regions using optogenetics.15 This pairing would
inform how focal lesions differentially affect network
communication as has been performed following
stroke.52 Lastly, we could perform studies in mice
expressing genetically encoded calcium indicators,
such as GCaMP14 to assess and validate the effects of
gliomas on neural activity and NVC.
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