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Abstract

To demonstrate in a small case series for the first time the phenomenon of brain tumor-related neurovascular
uncoupling (NVU) in resting-state blood oxygen level-dependent (BOLD) functional magnetic resonance imag-
ing (fMRI) at ultrahigh field (7T). Two de novo (i.e., untreated) brain tumor patients underwent both BOLD
resting-state fMRI (rsfMRI) on a 7T MRI system and motor task-based BOLD fMRI at 3T. Ipsilesional (i.e., ip-
silateral to tumor or IL) and contralesional (i.e., contralateral to tumor or CL) region of interest (ROI) analysis
was performed on both 3T motor task-related general linear model-derived activation maps and on 7T rsfMRI
independent component analysis (ICA)-derived sensorimotor network maps for each case. Asymmetry scores
(ASs) were computed based on numbers of suprathreshold voxels in the IL and CL ROIs. In each patient,
ASs derived from ROI analysis of suprathreshold voxels in IL and CL ROIs in task-related activation maps
and rsfMRI ICA-derived sensorimotor component maps indicate greater number of suprathreshold voxels in con-
tralesional than ipsilesional sensorimotor cortex in both maps. In patient 1, an AS of 0.2 was obtained from the
suprathreshold Z-score spectrum (voxels with Z-scores >5.0) of the task-based activation map and AS of 1.0 was
obtained from the suprathreshold Z-score spectrum (Z-scores >5.0) of the ICA-derived sensorimotor component
map. Similarly, in patient 2, an AS of 1.0 was obtained from the suprathreshold Z-score spectrum (Z-scores >5.0)
of the task-based activation map and an AS of 1.0 was obtained from the suprathreshold Z-score spectrum
(Z-scores >5.0) of the ICA-derived sensorimotor component map. Overall, decreased BOLD signal was noted
in IL compared with CL ROIs on both task-based activation maps and ultrahigh field resting-state maps, indicat-
ing the presence of NVU. We have demonstrated evidence of NVU on ultrahigh field 7T rsfMRI comparable with
the findings on standard 3T motor task-based fMRI in both cases.
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Introduction

BLOOD OXYGEN LEVEL-DEPENDENT functional magnetic
resonance imaging (BOLD fMRI) detects hemodynamic
changes (such as changes in blood volume, blood flow, and
oxygenation) that occur in response to neuronal activity.
Brain activation mapping using BOLD fMRI relies on the
fact that hemodynamic changes and neuronal activity are
tightly coupled (Attwell et al.,, 2010; Kim and Ogawa,
2012). However, in patients with brain tumors or other
focal brain lesions, the coupling between neuronal activity

and the hemodynamic changes occurring in the adjacent vas-
culature is often disrupted, resulting in false-negative BOLD
fMRI activation that can lead to inadvertent eloquent cortical
resection and resultant postsurgical permanent disability
(Holodny et al., 2000). This phenomenon of neurovascular
uncoupling (NVU) is an under-recognized, but critical, lim-
itation of clinical fMRI (Holodny et al., 2000; Hou et al.,
2006; Ulmer et al., 2003). Investigations relating to brain
tumor-related NVU and its effects on fMRI have been per-
formed to date with task-based fMRI only and at conven-
tional MRI field strengths (3 Tesla and lower) (Holodny
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et al., 2000; Hou et al., 2006; Jiang et al. 2010; Ulmer et al.,
2003; Zaca et al., 2014). A previous study (Zaca et al., 2014)
demonstrated brain tumor-related NVU through a combina-
tion of breath hold cerebrovascular reactivity (BH CVR)
and task-based fMRI, while another publication (Agarwal
et al., 2015) demonstrated tumor-related NVU in resting-
state fMRI (rsfMRI). However, neither publication directly
compared task-based fMRI with rsfMRI, and both were per-
formed at 3T. Although both studies involved low-grade gli-
omas with larger patient cohorts, neither explored the effects
of NVU on BOLD signal at ultrahigh field.

In the current series, we present two cases that illustrate
that the problem of brain tumor-related NVU may also sim-
ilarly affect rsfMRI at ultrahigh field (7 Tesla), despite
known substantial BOLD signal-to-noise ratio advantages
for rsfMRI provided by higher field strength, which may
not fully mitigate the effects of such NVU.

Materials and Methods
Patients

Two patients with de novo primary low-grade perirolandic
oligodendroglial tumors referred for routine 3T clinical pre-
surgical fMRI mapping at our institution also underwent a 7T
fMRI study on the same day as their 3T fMRI examination.

Patient No. 1. A 36-year-old male patient presented with
right perirolandic low-grade oligoastrocytoma (WHO grade
ID). The lesion expands the right postcentral gyrus with both cor-
tical and subcortical involvement involving the anterior and pos-
terior margins of the right postcentral sulcus. The patient
experienced multiple episodes of left facial numbness that
have progressively increased in intensity and which occasionally
are accompanied by left upper extremity sensory disturbances.
This patient demonstrated strong right-handedness with very
minimal tendency toward ambidexterity based on his responses
on the Edinburgh Handedness Inventory standardized question-
naire (30 right-handed and only 2 left-handed responses).

Patient No. 2. A 23-year-old male patient presented with
left frontoparietal opercular low-grade (WHO grade II) oli-
godendroglioma. He initially presented with tongue numb-
ness and blurry vision, which progressed over a year to
sensorimotor seizures involving his right index finger and
thumb, at which time he was started on antiepileptic medica-
tion. Despite medical therapy, his seizures continued to prog-
ress, thus surgical management was considered. This patient
demonstrated overall right-handedness with a mild tendency
toward ambidexterity based on his responses on the Edin-
burgh Handedness Inventory questionnaire (22 right-handed
and 7 left-handed responses).

Each patient provided signed, written informed consent
for participation in this study; the entirety of the study, in-
cluding content of consent forms, imaging protocol, and sub-
sequent data analysis, was approved by our Institutional
Review Board.

MR imaging protocol

Patients underwent clinical fMRI on a 3.0 Tesla (T) MR
scanner (Siemens Trio; Siemens Medical Solutions, Erlangen,
Germany) equipped with a 12-channel head matrix coil. Three-
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dimensional (3D) T1-weighted imaging sequence (TR =2300
msec, TI=900 msec, TE=3.5 msec, flip angle=9°, field
of view=24cm, acquisition matrix =256 x256x 176, slice
thickness =1 mm), two-dimensional (2D) T2 fluid-attenuated
inversion recovery (FLAIR) imaging sequence (TR =9000
msec, TI=2500 msec, TE=116 msec, flip angle=141°, field
of view =17.2 cm X 23 cm, acquisition matrix =240 x 320 X 53,
slice thickness=3 mm, slice gap=3 mm), functional single-
shot gradient echo planar imaging T2*-weighted BOLD se-
quences (TR=2000 msec, TE=30 msec, flip angle=90°,
field of view =24-cm, acquisition matrix =64 X 64 x 33, slice
thickness =4 mm, slice gap=1 mm).

A 3-min duration vertical tongue movement (TM) task
was used for task-based fMRI, consisting of three cycles of
30-sec blocks of rest, followed by 30-sec blocks of repetitive
vertical TM.

Each patient underwent training in a session outside the
scanner to make sure that tasks could be correctly performed.
Real-time fMRI was used to monitor patient task perfor-
mance. Based on both prescan training (observation of per-
formance outside the MRI scanner) and actual monitoring
of task performance inside the scanner (based on real-time
fMRI mapping), as well as self-report of patient performance
after completion of each task, the patients demonstrated ex-
cellent task performance on the reported TM tasks. No
tongue weakness or lateral tongue deviation was noted in
either patient, and no facial asymmetry was present. Further-
more, no hand/arm weakness was present in either case.
Although not included in the figures in this article, hand rep-
resentation area (RA) activation within the primary motor
cortex was preserved bilaterally as well, and both patients
were able to perform finger tapping hand motor tasks well
based on actual observation through an LCD monitor in
the MRI scanner console room.

Neither patient exhibited substantial motor neurological
deficit that would be indicative of tumor-related destruction
of eloquent cortex, and neither patient experienced any diffi-
culty performing the tasks, but both patients demonstrated ab-
normally decreased motor task-related activation in the face
RA of the primary sensorimotor cortex in the ipsilesional
(i.e., ipsilateral to the tumor) hemisphere. Such findings
were indicative of NVU in the absence of corresponding sub-
stantial neurological (i.e., motor) deficit.

7T scanning was performed using research sequences on a
7.0T Philips MRI system equipped with a 32-channel head ma-
trix coil. Imaging protocol included a 3D T1 3D MPRAGE
imaging sequence (TR=4.023 msec, TE=1.81 msec, flip
angle=7°, field of view=22cm, acquisition matrix=224X
224 %180, slice thickness=1mm) for structural imaging and
multiple 2D fast echo planar imaging T2*-weighted BOLD se-
quences for resting-state functional imaging (TR =2500 msec,
TE =22 msec, flip angle =80°, field of view=19.2 cm, acquisi-
tion matrix=128x128x31, slice thickness=3mm). The
BOLD parallel imaging acceleration (SENSE) factor=3.

For rsfMRI, 140 volumes were acquired, and each patient
was instructed to remain still with eyes closed during the en-
tire acquisition.

Data analysis

3T task-based fMRI data were processed using analysis of
functional neuroimages (Cox, 1996) software. Preprocessing
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of EPI data included slice-timing correction, spatial realign-
ment to correct for head motion, and spatial smoothing with
a 3D Gaussian kernel with a full width at half maximum
(FWHM) of 6 mm. A standard general linear model analysis
was performed using AFNI to obtain standard task-based ac-
tivation T-value maps. Z-scores were then calculated from
the obtained T-value maps.

7T rsfMRI data were corrected for slice time and spatial
realignment, followed by nuisance regression using anatom-
ical component-based noise correction (aCompCor) per Beh-
zadi and associates (2007), scrubbing of outlier volumes
detected by the ART repair toolbox (Mazaika et al., 2009),
band-pass filtering at 0.1-0.01 Hz, and smoothing with a
6-mm FWHM Gaussian kernel. Independent component
analysis (ICA) with 35 target components was subsequently
performed using the GIFT toolbox (Correa et al., 2005) uti-
lizing the Infomax algorithm with ICASSO to determine the
reliability of ICA results (Himberg and Hyvarinen, 2003).
Three experienced raters (J.J.P., S.A., and H.L.S.) visually
inspected all 35 ICA-derived components in each case. In
each case, the sensorimotor component selection was made
through consensus among the raters; the selected component
displays BOLD signal change within the anatomic precentral
and postcentral gyri. The raters include two subspecialty
board-certified neuroradiologists with specific expertise in
functional neuroimaging as well as an imaging scientist
with 5 years of postdoctoral neuroimaging experience.

3T and 7T data volumes of each patient were coregistered
to the patient’s 3T T2 FLAIR images using the automatic af-
fine image registration method provided in the MIPAV soft-
ware package (http://mipav.cit.nih.gov). Regions of interest
(ROIs) were drawn on the ipsilesional (i.e., ipsilateral to the
tumor) hemisphere (IL ROI) in consecutive axial sections in
z-axis along the entire lesion volume contouring the lesions
and extended up to two gyri anterior and posterior to the lesion
margins to include perilesional as well as intralesional BOLD
signal changes. Each ROI was mirrored on the contralesional
(i.e., contralateral to the tumor) hemisphere (CL ROI).

To quantitatively assess the degree of asymmetry of the 3T
motor task maps and 7T rsfMRI maps, we utilized a tech-
nique similar to the well-documented laterality index used
for hemispheric language lateralization (Desmond et al.,
1995). We defined an asymmetry score (AS) as [contrale-
sional — ipsilesional active voxels]/[contralesional +ipsile-
sional active voxels]. Similar to standard laterality indices,
positive AS indicates greater numbers of active voxels in
the contralesional ROIs compared with the ipsilesional ROIs.

Results

Figure 1 displays the ROI analysis and Z-score spectrum
for Patient No. 1. The first row shows a few slices of the
suprathreshold 3T BOLD activation map (displaying voxels
above a threshold of 5.0 Z-score in the expected face RA of
the primary sensorimotor cortex in red) overlaid on structural
T2 FLAIR images during performance of a vertical TM
fMRI task at 3T. The manually drawn ipsilesional (IL)
ROI was mirrored to obtain the contralesional (CL) ROI
(white contours). The IL ROI includes the entire tumor and
up to two gyri anterior and posterior to the lesion margins.
Such 2D ROIs were manually delineated in all consecutive
axial sections where lesion as well as in-plane contralesional
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FIG. 1. Demonstration of NVU on both 3T task-based sen-
sorimotor activation map and 7T BOLD resting-state ICA-
derived sensorimotor component map in Patient No. 1 with
a right perirolandic low-grade oligoastrocytoma (grade II).
The 3T tongue motor task fMRI (first row) and 7T rsfMRI
(third row) maps were overlaid on T2 FLAIR images with
IL ROI and CL ROI shown in white contours with suprathres-
hold voxels displayed in red. The second and fourth rows dem-
onstrate the Z-score spectra of voxels within IL and CL ROIs
in the 3T motor fMRI task and 7T rstMRI maps, respectively.
BOLD, blood oxygen level-dependent; CL, contralesional;
FLAIR, fluid-attenuated inversion recovery; fMRI, functional
magnetic resonance imaging; ICA, independent component
analysis; IL, ipsilesional; NVU, neurovascular uncoupling;
RO, region of interest; rsfMRI, resting-state fMRI.

activation was present. The second row displays the Z-score
spectrum of voxels within IL and CL ROIs in all such slices
of the task-based activation map. An asymmetry (i.e., later-
ality) score (AS) of 0.2 was obtained from the suprathreshold
Z-score spectrum (voxels with Z-scores greater than 5.0).
Similarly, the third row shows a few slices of the suprathres-
hold 7T BOLD resting-state maps of the same patient dis-
playing the ICA-derived sensorimotor component (red
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voxels with Z-score >5.0) overlaid on structural T2 FLAIR
images along with IL and CL ROIs (white contours). The
Z-score spectrum of voxels within these IL and CL ROIs
along consecutive slices is displayed in the fourth row. An
AS of 1.0 was obtained from the suprathreshold Z-score
spectrum (voxels with Z-scores greater than 5.0). Please
note that this is a case of moderate NVU, as reflected in
the task-based fMRI AS of 0.2.

Figure 2 displays the ROI analysis and Z-score spectrum
for Patient No. 2. The first row shows a few slices of the
suprathreshold 3T BOLD activation map (displaying voxels
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FIG. 2. Demonstration of NVU on 3T task-based sensori-
motor activation map and 7T BOLD resting-state ICA-
derived sensorimotor component map in Patient No. 2 with
a left frontoparietal opercular low-grade oligodendroglioma
(grade II). The 3T tongue motor task fMRI (first row) and
7T rsfMRI (third row) maps were overlaid on T2 FLAIR im-
ages with IL ROI and CL ROI shown in white contours with
suprathreshold voxels displayed in red. The second and
fourth rows demonstrate the Z-score spectra of voxels within
IL and CL ROIs in the 3T motor fMRI task and 7T rsfMRI
maps, respectively.
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above a threshold of 5.0 Z-score in the expected face RA of
the primary sensorimotor cortex in red) overlaid on structural
T2 FLAIR images during performance of a vertical TM
fMRI task at 3T. The manually drawn ipsilesional (IL)
ROI was mirrored to obtain the contralesional (CL) ROI
(white contours). IL ROI includes the entire tumor and up
to two gyri anterior and posterior to the lesion margins.
Such 2D ROIs were manually delineated in all consecutive
axial sections where lesion as well as in-plane contralesional
activation was present. The second row displays the Z-score
spectrum of voxels within IL and CL ROIs in all such slices
of task-based activation map. An asymmetry (i.e., laterality)
score (AS) of 1.0 was obtained from the suprathreshold
Z-score spectrum (voxels with Z-scores greater than 5.0).
Similarly, the third row shows a few slices of the suprathres-
hold 7T BOLD resting-state maps of the same patient dis-
playing the ICA-derived sensorimotor component (red
voxels with Z-score >5.0) overlaid on structural T2 FLAIR
images along with IL and CL ROIs (white contours). The
Z-score spectrum of voxels within these IL and CL ROIs
along the consecutive slices is displayed in the fourth
row. An AS of 1.0 was obtained from the suprathreshold
Z-score spectrum (voxels with Z-scores greater than 5.0).
Please note that this is a case of severe NVU, as reflected
in the AS of 1.0 for both task fMRI and rsfMRI.

Decreased ipsilesional motor task-related activation in the
expected face RA of the right primary sensorimotor cortex
corresponds to decreased synchronized ipsilesional BOLD
signal fluctuations in the resting-state sensorimotor network
within the same cortical region in both patients. The asym-
metry (i.e., laterality) scores derived from both the 3T
motor task and 7T resting-state maps indicate greater num-
bers of suprathreshold voxels in CL compared with IL
ROIs in both maps for each patient. These findings of re-
duced ipsilesional BOLD signal change in the absence of
profound corresponding neurological deficits suggest the
presence of NVU in both cases, with the severity of the
NVU being greater in Patient No. 2.

Discussion

In both of the presented cases, ipsilesional abnormal de-
crease in detectable BOLD signal was present relative to nor-
mal contralesional BOLD signal in both 7T rstMRI maps and
3T motor task activation maps. In both cases, these results
were reflected in positive ASs for both resting-state and
task-based fMRI maps.

Absent or pathologically decreased task-based BOLD
fMRI activation in the presence of a tumor or other resect-
able focal brain lesion, in the absence of a focal neurological
deficit attributable to destruction of the eloquent cortical re-
gion that would be expected to produce a robust BOLD re-
sponse, represents direct evidence of NVU (Hou et al.,
2006; Ulmer et al., 2003; Zaca et al., 2014). Although
some degree of asymmetry of task-based activation in the
primary motor network has been reported in previous studies
of normal volunteers (Dassonville et al., 1997; Jancke
et al., 1998; Solodkin et al., 2001), the degree of asymme-
try observed has been less substantial than what we ob-
served in patients with gliomas, both in this small series
and in prior publications that included larger patient series
(Agarwal et al., 2015; Zaca et al., 2014). For this reason,
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we chose to rely solely on such task-based motor activation
maps to establish the presence of NVU in these two pa-
tients with brain tumors in proximity to eloquent motor
cortex. To our knowledge, our current study is the first
demonstration of NVU in brain tumors using ultrahigh
field rsfMRI data.

Compared with task-based fMRI, rsfMRI has potential ad-
vantages in presurgical mapping and other clinical applica-
tions, including the need for compliance only with respect
to avoidance of head motion rather than active cognitive
task performance, as well as the absence of need for special-
ized stimulus presentation hardware and software. rsfMRI
may thus be performed for presurgical mapping in some pa-
tients who may not be candidates for task-based fMRI (Fuku-
naga et al., 2006; Kiviniemi et al., 2003; Kokkonen et al., 2009;
Liu et al., 2009; Peltier et al., 2005; Shimony et al., 2009). Sev-
eral articles have recently been published suggesting that there
may be potential advantages of using resting-state BOLD
fMRI as a preoperative mapping tool. For example, Zhang
and associates (2009) compared resting-state functional con-
nectivity to task-based fMRI in patient candidates for brain
surgery with tumors near the sensorimotor cortex and dem-
onstrated the ability of resting-state functional connectivity
to localize sensorimotor areas using a seed-based approach.
Kokkonen and associates (2005) illustrated the convergence
between ICA analysis of rsfMRI and task-based fMRI in
identifying sensorimotor areas in patients with tumors.
Rosazza and associates (2014) assessed quantitatively the de-
gree of correspondence between multiple rsfMRI analyses
(ICA and seed-based approaches) and task-based fMRI in
the context of presurgical mapping of motor functions to
localize the hand, foot, and mouth motor areas in a group of
patients with lesions close to the primary sensorimotor cortex.

While ICA is a completely data-driven analysis, ROI-
based or seed-based approaches rely on prior anatomic hy-
potheses to restrict the analysis to a predefined set of ROIs
or to a specific seed region. Joel and associates (2011)
have reported the strengths and weaknesses of each method.
ICA can automatically isolate sources of noise; however, the
decomposition results vary depending on the choice of the
number of components (Remes et al., 2010). ROI-based anal-
ysis results are relatively straightforward; however, it is
based on a priori anatomic hypotheses (and thus may be in-
accurate in cases of aberrant functional anatomy), and non-
neuronal fluctuations can bias the observed correlations
(Fox and Raichle, 2007). We chose to perform ICA since it
represents a data-driven (i.e., unsupervised) approach to
rsfMRI analysis.

In previous studies, task-based motor fMRI activation
maps were used to validate BH CVR maps as an effective
method for the assessment of NVU in low-grade perirolandic
tumors (Zaca et al., 2014). In that study, the results of ana-
lyzed ipsilesional and contralesional ROIs demonstrated sig-
nificant ipsilesional decreases in both mean task-based motor
activation T values and mean BH CVR T values indicative of
NVU as patients did not exhibit clinical deficits precluding
their performance of the corresponding tasks. In our current
case series, the patients did undergo BH CVR mapping, and
the BH CVR maps did display concordant ipsilesional de-
creases in CVR that correspond to tumor-induced NVU.
For the purpose of our current study, we performed compar-
ison of ipsilesional with contralesional results of both task-
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based motor fMRI activation and rsfMRI analysis for the
demonstration of NVU in rsfMRI. In this illustrative series,
we performed single-subject level analysis using AS compar-
ing IL and CL ROIs in individual cases.

In this small sample of two low-grade glioma cases, the
exact pathophysiologic mechanism for the suspected NVU
is not clear. Although electrochemical disruptions of the nor-
mal neurovascular coupling cascade at the neurotransmitter
or postsynaptic chemical mediator level may be contribu-
tory, astrocytic dysfunction related to tumor infiltration of
eloquent sensorimotor cortex may also contribute to the ipsi-
lesional decrease in observed task and resting-state BOLD
signal (Agarwal et al., 2015; Attwell et al., 2010; Zaca
et al., 2014).

Conclusion

In conclusion, despite the limitation of small sample size,
these two brain tumor cases illustrate for the first time at ultra-
high field that NVU affects BOLD signal detectability on both
resting-state and task-based fMRI. Astrocytic dysfunction
related to tumor infiltration of eloquent cortex may be a con-
tributing factor to our findings that are suggestive of NVU.
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