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Abstract

Functional magnetic resonance imaging (fMRI) serves as a critical tool for presurgical mapping of eloquent cortex and
changes in neurological function in patients diagnosed with brain tumors. However, the blood-oxygen-level-dependent
(BOLD) contrast mechanism underlying fMRI assumes that neurovascular coupling remains intact during brain tumor
progression, and that measured changes in cerebral blood flow (CBF) are correlated with neuronal function. Recent
preclinical and clinical studies have demonstrated that even low-grade brain tumors can exhibit neurovascular uncoupling
(NVU), which can confound interpretation of fMRI data. Therefore, to avoid neurosurgical complications, it is crucial to
understand the biophysical basis of NVU and its impact on fMRI. Here we review the physiology of the neurovascular
unit, how it is remodeled, and functionally altered by brain cancer cells. We first discuss the latest findings about the
components of the neurovascular unit. Next, we synthesize results from preclinical and clinical studies to illustrate how
brain tumor induced NVU affects fMRI data interpretation. We examine advances in functional imaging methods that
permit the clinical evaluation of brain tumors with NVU. Finally, we discuss how the suppression of anomalous tumor
blood vessel formation with antiangiogenic therapies can “normalize” the brain tumor vasculature, and potentially
restore neurovascular coupling.
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Neurovascular coupling is the relationship between
neural firing and concomitant changes in cerebral
blood flow to accommodate changing energy

demands."? This relationship constitutes the basis of
the blood-oxygen-level-dependent (BOLD) contrast
mechanism that underlies functional magnetic reson-
ance imaging (fMRI) of the brain. However, the
BOLD signal is not perfectly correlated with neuronal
action potentials. The BOLD signal is a mixture of
several phenomena including changes in cerebral
blood flow (CBF), cerebral blood volume (CBV), and
the cerebral metabolic rate for oxygen consumption
(CMRO2).* Nonetheless, it is this neurovascular cou-
pling that has made fMRI the workhorse for interro-
gating and mapping brain function in patients.*
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More recently, fMRI studies using low frequency fluc-
tuations of the BOLD signal acquired from the ‘“‘resting
state’ (rs-fMRI) have also successfully mapped resting-
state brain connectivity® on the basis of this underlying
neurovascular coupling. However, recent preclinical
and clinical studies have demonstrated that brain
tumors can exhibit NVU that can confound the inter-
pretation of fMRI data.® Therefore, before one can
exploit fMRI signals as biomarkers of diseases invol-
ving the neurovasculature (e.g. brain tumors and
stroke), one needs to gain an appreciation of how neu-
rovascular coupling is affected by different diseases.
Specifically, one must first familiarize oneself with the
architecture of the healthy “neurovascular unit.”

The neurovascular unit in homeostasis

Over a century ago, Roy and Sherrington described
neurovascular coupling as the mechanism by which
neuronal activity influenced cerebral blood flow.?
When stimulating regions such as the medulla oblon-
gata, they observed vasoconstriction in other organs
and increases in arterial pressure that brought blood
to the stimulated region.” Around the same time
while many researchers were focused on the study of
the electrical activity of neurons, Cajal suggested the
importance of neuroglia, particularly astrocytes, in neu-
rovascular coupling.” Counter to the prevailing idea of
the time that astrocytes served only as structural sup-
port cells, Cajal proposed the insulation theory in which
astrocytes served as barriers between neighboring neu-
rons.® More recently, astrocytes have emerged as key

players in the communication between cerebral blood
vessels and neurons in conjunction with other compo-
nents of the neurovascular unit.”

The neurovascular unit is comprised of three funda-
mental cell types: astrocytes, pericytes, and endothelial
cells (Figure 1). A number of recent studies have
demonstrated the role of astrocytic endfeet in the
homeostatic functioning of the brain.'® Astrocytes
facilitate neurovascular coupling by releasing vaso-
active molecules that regulate the tone of vascular
smooth muscle cells (VSMCs) and contribute to vaso-
dilation in activated brain regions. Such vasodilation
results in increases in regional CBF to satisfy the
increasing energy demands of active neurons.'
Astrocytes also produce arachidonic acid (AA) that
facilitates vasoconstriction.'> In addition, astrocytes
are responsible for holding together tight junctions
that constitute the blood—brain barrier (BBB)."* In
the absence of intact tight junctions, the neurovascula-
ture becomes leaky and the BBB is breached, allowing
for pathogens and hydrophilic molecules to enter the
brain parenchyma, as is often observed in patients with
infections or brain cancer.'*

In addition to astrocytes, pericytes also contribute to
healthy neurovascular coupling.'® During development,
pericytes are thought to be involved in tight junction
and blood vessel formation.'® This includes BBB for-
mation during which they regulate permeability of ves-
sels and immune cell passage.'' In addition, pericyte
signaling pathways inhibit endothelial cell proliferation
and promote their maturation into healthy blood ves-
sels.'® Overall, studies have shown that pericytes are

Figure |. The healthy and cancer-disrupted neurovascular unit: Immunofluorescently labeled elements of (a) the healthy
neurovascular unit in a tissue section from a murine brain showing GFAP labeled astrocytes (green channel), DAPI labeled cell nuclei
(blue channel), and autofluorescing erythrocytes or RBCs (red channel). The dense vascular coverage of the astrocytes is immediately
apparent as is the intimate contact between the astrocytic endfeet and neurovascular endothelium. (b) Disrupted neurovascular unit in
a 9L brain tumor bearing murine brain section, wherein one can not only see a dearth of astrocytic coverage (green channel) of the
tumor vessels (dextran-TRITC label in red channel) but also displaced astrocytic endfeet. All images were acquired at 20x

maghnification.
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involved in mechanisms that ensure the formation of
normal blood vessels and suppression of malformed
ones."”

Together, astrocytes and pericytes were thought to
be the primary mediators of neurovascular coupling
and stabilization of the BBB. However, recent evidence
from Chen et al. suggested that vascular endothelial
cells may also play a role in the neurovascular coupling
mechanism.'® In their study, they injected a fluorescent
dye into the vessels and used a laser light at the dye’s
excitation wavelength to generate reactive oxygen
species (ROS).'® These dye-generated ROS molecules
disrupted endothelial cell membranes, preventing
downstream endothelial cell signaling, namely the
retrograde dilation of pial arteries in response to hyper-
emia.'®!” Before light-dye treatment, stimulation
was observed to cause pial artery dilation."® However,
after light-dye treatment, dilation appeared to be
blocked and pial artery diameters remained
unchanged'® (Figure 2). This experiment suggested
that NVU occurs when endothelial cells do not function
properly. In addition, the authors reported that the
hemodynamic response could be classified as fast or
slow vasodilations.'®*® Fast vasodilation occurs as a
result of membrane hyperpolarization and has a more
global effect, whereas the slow type occurs locally due
to movement of calcium ions (Ca®").'®?° The initial
peak of the hemodynamic response was lost with endo-
thelial ~disruption.'"® Therefore, the endothelium
appeared to facilitate healthy neurovascular function
and its fast response appeared to be attenuated with
cell membrane disruption. Finally, a brain-wide para-
vascular pathway for clearing extracellular proteins was
recently identified in lieu of a lymphatic system.>' Since
this pathway operates via glial water flux and plays a
role akin to the lymphatic system, it has been dubbed

the “glymphatic” system of the brain. Recent research
suggested that this glymphatic coupling with cerebral
blood flow may also contribute to the health of the
neurovascular unit by providing a method for clearing
waste products from the brain. While the role of this
new pathway in different neuropathologies is only just
emerging,? its potential role in NVU remains to be
elucidated.

The vasculature of brain tumors

Glioma cells are able to initially grow around pre-
existing vessels forming cuff-like clusters through a
mechanism dubbed vascular co-option®® and can then
induce new vasculature via de novo angiogenesis.>*
Glioma growth often begins with co-option, invading
the perivascular space to create satellite tumors.?>*
With the increasing energy demands of progressing
tumors, some of these original host vessels may
undergo apoptosis. During this process of cell death,
vascular endothelial growth factor (VEGF) is released,
which eventually promotes robust angiogenesis to
rescue tumor growth.”> Poor brain tumor perfusion
often results in a paucity of oxygen and other blood-
borne molecules, often leading to a hypoxic tumor
microenvironment. Hypoxia causes an increase in
angiopoietin-2 (ANG-2), which together with VEGF
leads to the sprouting of new vessels®® accompanied
by the migration and proliferation of endothelial
cells.?” Hypoxia and increased ANG-2 concentrations
also lead to an increase in hypoxia-inducible
factors (HIFs), which further upregulate VEGF.*
High levels of VEGF can cause increases in brain-
derived neurotrophic factor (BDNF), which has been
shown to play a dynamic role during vascular
development, maintenance of the cerebrovascular
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Figure 2. The emergent role of the endothelium in neurovascular uncoupling: Perfusion of blood vessels before and after light dye
treatment. Before the light treatment, vasculature was (a) illuminated by 534 nm light, and (b) a map of the total hemoglobin (AHbT)
constructed, clearly indicating blood flow in the vessels. The light-dye method selectively disrupted endothelial cells, so treatment (c)
reduced dilation in the pial arteries, as demonstrated by the significantly decreased levels of AHbT. This absence of vascular response
after endothelial disruption suggested that the endothelium plays an essential role in neurovascular coupling. Adapted with permission

from Hillman et al.2°
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endothelium and the interplay between angiogenesis
and neurogenesis.”**%%

In healthy individuals, angiopoietin-1 (ANG-1) and
ANG-2 act as antagonists although both can be pro-
and anti-angiogenic. Thus, the elevated ANG-2 in hyp-
oxic environments offsets the balance of these two
molecules.”*! ANG-1 is responsible for pericyte
recruitment, which is important for maintaining blood
vessel integrity.>> Furthermore, the binding of ANG-2
to its receptor, TIE-2, disrupts tight endothelial cell
junctions and can result in a compromised BBB.>>*?
Breaching the BBB can lead to a number of complica-
tions such as vasogenic edema.™ Due to the confines of
the skull, the volume of the brain is limited. Thus, with
fluid leakage from the BBB, interstitial fluid pressure
(IFP) in the tumor rises as fluid accumulates in the
brain.*** As a consequence of increasing IFP, cerebro-
spinal fluid (CSF) pressure also rises until it equili-
brates. This elevated IFP remains an obstacle for
drug delivery in brain tumors.’® Furthermore, edema
has a tendency to occur along white matter tracts,®’
leading to possible disruption of connectivity between
brain regions. Moreover, VEGF, which likely contrib-
utes to BBB hyperpermeability, is also a chemo-
attractant for macrophages that can lead to further
pathogenesis.**

Glioma cells are also able to grow by vasculogenesis,
a process in which bone-marrow-derived cells (BMDC)
are recruited through the circulatory system and incor-
porated into new vasculature.”®* New endothelial cells
can also be formed via the differentiation of tumor-
associated macrophages (TAMs) as well as glioblast-
oma stem cells (GSCs).** High levels of VEGF from
angiogenic mechanisms may also lead to an increase
in neural stem cells (NSCs)* that encourage cell migra-
tion and neuronal differentiation.*** Although the fre-
quency of vasculogenesis in glioblastoma (GBM) is still
being debated, it has the potential to contribute to anti-
angiogenic therapy resistance and progression of
GBM.**** Finally, tumor cells may also use “intussus-
ception” to proliferate.**** Intussusceptive angiogen-
esis is a process in which interstitial tissue columns
protrude into the lumen of a preexisting vessel and
split it in two, thereby remodeling the cerebrovascula-
ture.*> These chemical and physical alterations in the
cellular microenvironment in the presence of GBM also
cause functional and structural changes in the neuro-
vascular unit, as discussed in the next section.

Brain tumors alter the neurovascular unit

NVU has been implicated in a number of neurodegen-
erative diseases including stroke, Alzheimer’s and
Parkinson’s disease.*® NVU has also been observed in
brain tumors*’ and is now being investigated from

a mechanistic perspective. A recent histopathological
study by Lee et al. elegantly demonstrated that gliomas
can invade the perivascular space and disrupt the
normal interactions between the astrocytes, pericytes,
and endothelial cells as described in the ensuing
paragraphs.'*

Aquaporin-4 (AQP4) is a highly expressed water
channel in astrocytes that enables their polarization.
These channels normally cover the contact area
between the glial cell membrane and the mesenchymal
space.*® However, in GBM, this spatial specificity is
lost and AQP4 is distributed all over the cell sur-
face.*®* % This change in location of AQP4 is thought
to contribute to the functional damage observed in
GBM patients.”!

By simultaneously staining VSMCs and astrocytes in
brain tumor bearing tissue sections, the Sontheimer
group localized astrocytes relative to the vasculature,
namely around arteries and capillaries."" Healthy
brain vessels were surrounded by astrocytes (similar
to Figure 1(a)), whereas those invaded by glioma cells
had astrocytes dissociated or absent from the vascula-
ture (similar to Figure 1(b)). They also showed that in
addition to the displacement of the astrocytic endfeet,
glioma cells took over the areas surrounding blood ves-
sels, particularly favoring small capillaries."" Their
study suggested that in conjunction, these two effects
prevented vasoactive molecules released by astrocytes
from reaching the endothelial cells."' This attenuated
the cerebrovascular response to neuronal activity even
though VSMCs could still be responsive to these vaso-
active molecules.!" Studies from our laboratory in pre-
clinical brain tumor models have demonstrated a
similar paucity of astrocyte coverage for brain tumor
vasculature (Figure 1(b)). Moreover, recent work by
Chen et al. directly implicated the role of endothelial
cells in neurovascular coupling, positing that endothe-
lial dysfunction alone could result in NVU without any
concomitant changes in adjacent astrocytes and/or the
presence of tumor cells.'®

More recently, elegant studies with multiphoton
microscopy have revealed that the growth and prolifer-
ation of a few or even a single glioma cell can cause
NVU.'"!" Invading glioma cells lead to NVU and can
also hijack the extant vasculature and take control of
vascular tone. Using Ca’'-activated K* channels,
which are highly expressed in GBM, glioma cells
change K* concentrations to alter the blood vessel
diameter.!" Furthermore, glioma cells may increase
their invasion area in the perivascular space by indu-
cing vasoconstriction.'!

It has also been suggested that the inability to deliver
the metabolites required for neural firing may lead to
faster excitotoxicity.'! In addition to uncoupling, the
growth of glioma cells on the abluminal surface of the
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cerebrovasculature and the disruption of astrocyte
function likely compromise the tight junctions of the
BBB. Together with the down-regulation of tight junc-
tion proteins (claudin-1,-3, and -5), gliomas open the
BBB.>? This creates leaky blood vessels and activates
pro-inflammatory responses.” Finally, glioma growth
on the abluminal surface of blood vessels displaces
encasing pericytes.*® Pericyte deficiency is thought to
cause BBB breakdown.>® Thus, a decrease in pericyte
population may not only affect the permeability of the
BBB, allowing molecules that are normally filtered out
to flow into the brain extracellular matrix, but also
result in NVU.>* Finally, pericytes have also been
shown to maintain the integrity of cerebral blood ves-
sels and serve a neuroprotective function.'>3>-%

fMRI of brain tumors

Most traditional magnetic resonance imaging (MRI)
techniques for brain tumor imaging are geared toward
elucidating angiogenesis-induced vascular remodel-
ing®”>° and the changes brain tumors cause in the
CNS microenvironment.®* Many of these MRI
approaches exploit the kinetics of contrast agents as
they transit through the cerebrovasculature.®!
Dynamic contrast-enhanced (DCE) and dynamic sus-
ceptibility contrast (DSC) MRI are examples of such
techniques.®>®® Typically, baseline images are first
acquired before the injection of a contrast agent,
which is usually a gadolinium (Gd) chelate.*® The
contrast agent is administered via a power injector
and images are acquired during and after the injec-
tion.®® On the first pass of the contrast agent in T2*
DSC perfusion imaging, the arterial input function
(AIF)® can be used to compute the cerebral blood
volume (CBV), cerebral blood flow (CBF), and mean
transit time (MTT) required for the clearance of the
contrast agent through the vascular bed.®”® On the
other hand, T1 steady state DCE utilizes delayed ima-
ging after the first pass of the contrast bolus primarily
to measure permeability. These processes facilitate
tumor localization and monitoring of locations with
BBB breaching’® and permit assessment of the angio-
genic status of the tumor.”!

Endogenous contrast-based MRI techniques such as
arterial spin labeling (ASL) have also been successfully
employed to characterize brain tumor-induced changes
in the neurovasculature.”>’®> ASL allows for perfusion
quantification by using magnetically tagged arterial
blood water protons as an intrinsic tracer. In this
approach, the arterial blood water is magnetically
tagged using radio frequency (RF) pulses that invert
the bulk magnetization of water protons in the inflow-
ing blood.” Baseline images are subtracted from the
tagged images to detect hypo- and hyper-perfusion.”

Clinically, ASL is particularly well-suited to measure
CBF while DSC MRI is generally employed to
measure CBV.

The above techniques work well for angiogenic ves-
sels, particularly taking advantage of tumor vessels’
characteristic changes in morphology and leakiness
that cause edema and result in extravasation of the
contrast agent or tagged molecules. However, these
MRI techniques are unable to effectively detect vessel
co-option, which unlike the angiogenic vessel
phenotype does not involve hyperpermeable tumor ves-
sels.>*** Instead it involves the normal cerebrovascula-
ture being hijacked by tufts of brain tumor cells at the
early stages of tumor establishment.?*’> In this context,
it can be challenging to determine the radiographic
response of recurrent GBM to anti-angiogenic thera-
pies’® (discussed in the next section) with MRI due to
possible pseudo-response, and the GBM switching to a
more co-optive phenotype; both result in a lack of MR
contrast enhancement.**””

Neurosurgeons rely on BOLD fMRI to map elo-
quent cortical regions. This is currently performed
using task-based fMRI (tb-fMRI), although growing
evidence suggests that resting state functional connect-
ivity MRI (rs-fMRI) may serve as a complementary or
alternative approach. All these measurements are made
under the assumption that the change in CBF measured
in response to a stimulus or task (e.g. fMRI) is directly
correlated to neural firing within particular brain net-
works of interest,”® or that the resting CBF is within the
autoregulatory range (e.g. rs-fMRI) as can be seen
with microvascular-scale optical imaging (Figure 3).
However, recent studies have shown that brain
tumors can cause varying degrees of NVU.*79:80
Since fMRI measures perturbations in the CBF rather
than neural activity directly, NVU has the potential to
impair or decrease the BOLD response when mapping
these crucial areas and therefore confound interpret-
ation of clinical fMRI data.*”®"% In a key study,
Holodny et al. showed that enhancing portions of
grade IV GBM demonstrated increases in rCBV as a
result of neovascularization, and decreases in BOLD
signal activation as a consequence of NVU.*
Moreover, Pillai et al. found that NVU can occur
even in low and intermediate grade gliomas (grades 11
and II1).° Therefore, traditional methods such as fMRI
alone are unable to differentiate between BOLD signal
attenuation due to NVU, or that due to a lack of neur-
onal response as GBMs progress.®* Pillai et al. pro-
posed addressing this problem by using BOLD
cerebrovascular reactivity (CVR) mapping during
hypercapnia induction via breath-holding (BH CVR)
in conjunction with task-based fMRI.®* Although
exogenous CO, administration allows quantitative
measurements of CVR, breath-holding can produce



3480 Journal of Cerebral Blood Flow & Metabolism 37(11)

A
16 18 mins

Figure 3. Imaging cerebral autoregulation at the microvascular spatial scale: Data from “microvascular-scale” in vivo optical imaging
illustrating the autoregulatory hemodynamic response of the cerebrovasculature. (a) Laser speckle contrast (LSC) derived “baseline”
or “resting” cerebral blood flow (CBF,..s) map computed from the average over the first 2 min during room air breathing. (b) Time
courses illustrating relative in vivo changes in deoxyhemoglobin (red trace) and CBF (green trace) in response to carbogen (95% O,,
5% CO,) inhalation. The carbogen inhalation (i.e. “Stim”) is shown as a solid black pulse train. The waveforms shown correspond to
the 20 x 20 pixel ROI indicated by the red box in (a). Maps of (c) peak CBF response (CBF,..) and (d) the maximal change in
deoxyhemoglobin (-AdHb,.x) in response to the carbogen challenge. Scale and color bars are shown where appropriate.

Z-score

Figure 4. Neurovascular uncoupling in the tumor-affected brain hemisphere relative to the unaffected contralateral hemisphere:
Cerebrovascular reactivity (CVR) maps overlaid on T2 FLAIR images obtained on a 7T MRI system during performance of a breath-
hold task for a patient with a low-grade oligoastrocytoma (WHO grade Il). The CVR maps were generated using a general linear
model analysis in which the breath-hold hypercapnia state was contrasted with the baseline normal breathing blocks. Notice that
within and in the immediate vicinity of the tumor, there is abnormally decreased and in some areas absent CVR (arrow) relative to the
normal contralateral hemisphere. This is an indication of the presence of neurovascular uncoupling (NVU). All CVR maps were
thresholded at a z-score > 1.0.

similar results with less patient discomfort and less indicator of NVU.*® Based on BH CVR and task-based
equipment setup time.** Breath-hold and other hyper- BOLD fMRI mapping, patients with low grade tumors
capnia challenges (Figure 4) permit assessment of CBF  were found to have impaired sensorimotor activation
and vasodilation in the absence of task-induced neur- on the side ipsilateral to the tumor as compared to the
onal stimulation.®> Impaired CVR can be an important  corresponding homologous area in the contralateral



Pak et al.

3481

Z-score

Figure 5. Neurovascular uncoupling in task-based and resting-state fMRI: A patient with a low-grade (WHO grade Il) non-enhancing
oligodendroglioma underwent fMRI at (a) 3T, and (b) ultra-high field 7T. Both fMRI maps were registered and overlaid on T2 FLAIR
images. (a) Vertical tongue movement task activation map (blue arrow) at 3T thresholded at a z-score > 4.5. (b) The resting-state fMRI
map displaying sensorimotor activation (blue arrow) derived from an independent component analysis (ICA) with order of 30,
thresholded at z-score > 5.0. The white arrow points to the expected areas of sensorimotor cortex activation in all panels.

Both task-based and resting-state fMRI methods demonstrated NVU.

hemisphere (Figure 4).%¢ The attenuated BOLD
response to tasks and the impaired CVR indicate
NVU on the ipsilesional side since the patients did
not display corresponding focal neurologic deficits.®
More recent studies from the Pillai lab have shown
that these changes to the ipsilesional side were also
observable with both task-based and resting-state
fMRI in low-grade glioma patients (Figure 5). These
results collectively suggest that NVU can pose prob-
lems for both task-based and resting-state clinical
fMRI paradigms.*’*® These fMRI imaging techniques
could facilitate tumor monitoring despite non-
enhancing, co-optive growth of GBMs and facilitate
the identification of potential arecas wherein the fMRI
signal may be compromised due to NVU. However, to
make this feasible one needs to understand the inter-
play between the tumor vasculature, the BOLD
contrast mechanism, and NVU detected at the micro-
vascular scale. Recent preclinical studies from the
Pathak laboratory are proposing to do just that.

For example, in a murine brain tumor model, we
showed that the presence of brain tumors diminished
BOLD signal fluctuations globally relative to healthy
individuals. This suggested that mechanisms necessary
for proper vasodilation were impaired even in regions
unaffected by the physical modifications that occur

with NVU. In healthy mice, regions within the same
hemisphere exhibited positive functional correlations,
whereas contralateral functional connectivity was
largely anti-correlated (Figure 6(b)). In brain tumor-
bearing mice, this organization was lost, namely func-
tional connectivity between all regions was distributed
randomly with cross-correlations of roughly zero
(Figure 6(a)). These resting-state changes in functional
connectivity were found to be the result of neurovascu-
lar uncoupling as well as the mass effect of the progress-
ing brain tumor. Overall evidence suggested that brain
tumors exert a global rather than simply local effect on
brain functional connectivity, and such global effects
may explain cognitive deficits experienced by patients.
Currently, our laboratory is investigating the interplay
between brain tumor progression and NVU at micro-
vascular spatial scales using in vivo optical imaging
techniques (Figure 3).

It is worth noting that NVU not only disrupts func-
tional connections between different brain regions but
can also result in a loss of structural connectivity.
Recent diffusion tensor imaging (DTI) studies have
revealed the disruption of white matter tracts in tumor-
ous regions in the brain.***”#¥ Thus, DTI is a promis-
ing complementary imaging method for characterizing
the changes in structural connectivity that accompany
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Figure 6. Brain tumors disrupt the normal inter- and intra-hemispheric resting-state functional connectivity due to neurovascular

uncoupling: Correlation coefficient (CC) matrices illustrating the

resting state functional connectivity for (a) regions-of-interest (ROI)

from a 9L brain tumor-bearing mouse; (b) ROI from a healthy mouse. (c) The “difference” CC matrix between tumor-bearing and
normal mouse ROIs illustrating the inter-ROI connectivity most affected by the presence of a tumor. To visually represent the resting
state connectivity between murine brain regions, we generated force-directed spatial graphs using the Kamada-Kawai (KK) algorithm.
In this spatial graph, each brain ROl was represented by a node and the strength of the connectivity between ROI represented by the
thickness of the edge. The end result was a KK plot corresponding to the CC matrices in (a) and (b), respectively. (d) KK plot for a
brain tumor-bearing mouse; (e) KK plot for a normal mouse. (f) Overlaying the KK-plots in (d) and (e) illustrates the alterations in
resting state connectivity between tumor-bearing and normal brains. ROl labels have been omitted in (f) for clarity.

changes in functional connectivity with brain tumor
progression.®* With increasing utilization of more
advanced diffusion methods such as diffusion spectrum
imaging (DSI), diffusion kurtosis imaging (DKI), and
high angular resolution diffusion imaging (HARDI),
the complementary role of structural connectivity to
functional connectivity is becoming more apparent
and will need to be investigated in greater detail in
the future in the setting of brain tumors.”

Collectively, multi-modality imaging methods com-
bining fMRI (both task-based and resting-state), CVR,
and DTI/DSI could facilitate an improved understand-
ing and monitoring of GBM progression despite
neurovascular uncoupling and a phenotypic shift to
co-optive growth. These techniques would eventually
permit disentangling the effects of NVU from the
absence of neural activity.

Implications for the use of fMRI as a
biomarker of GBM progression

As discussed in the previous section, interpretation of
clinical fMRI of brain tumor patients can be

confounded by the presence of NVU. The absence of
an expected concomitant BOLD signal change in brain
regions where NVU is present impedes extraction of
information about neuronal activity. This deficiency
of information is a major obstacle for assessing the
effect of GBM on eloquent cortical areas, stratifying
patients and evaluating potential new GBM treatments.
Although task-based and resting state fMRI are rou-
tinely obtained in GBM patients for presurgical map-
ping and can provide complementary information
regarding various brain networks, one needs to be
mindful of tumor-related local and distant spatial
effects on functional connectivity. Additionally,
although we have shown in patients that both high-
and low-grade gliomas can produce regional CVR
impairment,®®® the spatial resolution of CVR mapping
is at the single voxel level, whereas glioma infiltration
occurs on a more microscopic (i.e. sub-voxel) scale. In
high grade gliomas, the NVU detected through regional
CVR impairment is mostly related to decreased vascu-
lar reactivity secondary to tumor angiogenesis, while in
lower grade gliomas, the NVU is likely related to other
factors such as astrocytic, neurotransmitter, or pericyte
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dysfunction. In high grade gliomas, the CVR abnor-
mality often extends beyond the enhancing tumor por-
tion. Therefore, CVR mapping can detect NVU in both
areas of enhancing and non-enhancing tumor infiltra-
tion and research is underway in preclinical models to
determine if it can also be used to detect tumor pro-
gression using vascular co-option.”!

It still remains to be seen whether “normalizing” the
brain tumor vasculature by suppressing growth of
angiogenic vessels via antiangiogenic therapies can
reverse the effects of NVU.?? If neurovascular coupling
can be restored, tb-fMRI, rs-fMRI, and BH CVR map-
ping have potential to detect this recovery. Typically,
antiangiogenic therapies target the new, immature,
leaky vasculature, which is particularly useful when
brain tumors are growing via the angiogenic pathway.”*
There are two common classes of anti-angiogenic
agents that act on VEGF: anti-VEGF antibodies and
VEGF-receptor tyrosine kinase inhibitors (TKIs).”
Both have demonstrated an ability to reduce vessel
leakage, decrease permeability of the BBB,’*** and
lessen edema.”® As discussed previously, leaky vessels
that cause edema and BBB disruption also result in an
increase in interstitial fluid pressure (IFP). High IFP
presents an obstacle to drug uptake, so anti-angiogenic
therapies also offer the possibility of enhanced drug
delivery in brain tumors.”® Optical,”” MRL’® and
other imaging techniques are currently being employed
to evaluate the effects of these new therapies, including
the possibility of restoring neurovascular coupling.
Tumor volume in traditional contrast-enhanced MRI
scans appears to be reduced with anti-angiogenic ther-
apy, but this may be simply the result of a pseudo-
response with lessened vascular leakage and contrast
agent extravasation rather than a reduction in tumor
burden.”” These factors must be disentangled before
conclusions can be drawn about the efficacy of these
treatments.

Unfortunately, sustained antiangiogenic therapy can
also encourage brain tumors to switch from an angio-
genic to a co-optive growth pattern.'® The latter is more
difficult to detect radiologically with MRI as well as to
treat, since the host vasculature stays mostly intact.>*
Typically, only serial conventional T2/FLAIR MRI
evaluation over months enables delayed confirmation
of such progression via a co-optive growth pattern.
Furthermore, activation of alternative angiogenic path-
ways, hypoxia-induced increases in angiogenic signaling
molecules, and recruitment of stem cells also result in
resistance to anti-angiogenic therapy.'®"'%? Therefore,
there is an exigent need to identify more specific and
sensitive fMRI-based biomarkers that can track GBM
growth and possible restoration of neurovascular cou-
pling after anti-angiogenic therapy. Breath-hold CVR
mapping has the potential to be such a technique.

Alternatively, exogenous gas administration could
also be used for CVR assessment, but this is more dif-
ficult in clinical settings due to the need for specialized
equipment and greater patient discomfort associated
with this approach. As we have shown in animal
models,”’ rs-fMRI may also be used for this purpose,
but its clinical use in this context has not been as widely
adopted. Finally, it is crucial to validate and qualify
these new fMRI-biomarkers, so that they can cross
the “translational-gap” and satisfy the imaging bio-
marker roadmap for cancer studies as defined by inter-
national consensus.'®

Conclusion

Gliomas result in varying degrees of perturbation to the
neurovascular unit composed of astrocytes, pericytes,
and endothelial cells. These disruptions impair neuro-
vascular coupling and can lead to faster excitotoxicity
due to the lack of vascular response and an inability to
supply metabolites and oxygen to active neuronal
populations. The resulting hypoxia in conjunction
with tumor cell death eventually triggers a cascade of
events that leads to angiogenic growth and poorly
formed vasculature to support tumor growth. A shift
to the co-optive phenotype, in which glioma cells take
over control of host vascular tone, can also occur in
patients.

Recent studies have shown that neurovascular
uncoupling to varying degrees accompanies GBM,
and can confound fMRI interpretations in the setting
of brain tumor progression and presurgical mapping.
New methods are being developed for these cases that
include combinations of BOLD fMRI, BH CVR, and
DTI. Although these complementary imaging methods
exhibit potential as biomarkers, more work must be
done to integrate these techniques into the clinical
workflow and make their interpretation clearer in the
presence of NVU. If successful, these techniques
would enable us to monitor not only CBF changes
and vascular response, but also alterations in structural
and functional connectivity. Together these methods
would pave the way to better understanding GBM pro-
gression, angiogenic and co-optive growth and facili-
tate the development of new therapies for GBM.
Finally, combining these complementary approaches
with traditional contrast-enhanced MRI methods
would enable us to better evaluate the efficacy of anti-
angiogenic therapies and their ability to restore neuro-
vascular coupling, and re-establish cortical function in
GBM-infiltrated brain regions.
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