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Abstract

Purpose—i) to validate Blood Oxygenation Level Dependent (BOLD) breath hold

cerebrovascular reactivity mapping (BH CVR) as an effective technique for potential detection of

neurovascular uncoupling (NVU) in a cohort of patients with perirolandic low grade gliomas

undergoing presurgical functional magnetic resonance imaging (fMRI) for sensorimotor mapping,

and ii) to determine whether NVU potential, as assessed by BH CVR mapping, is prevalent in this

tumor group.

Materials and Methods—We retrospectively evaluated 12 patients, with histological diagnosis

of grade II glioma, who performed multiple motor tasks and a BH task. Sensorimotor activation

maps and BH CVR maps were compared in two automatically defined regions of interest (ROIs),

ipsilateral to the lesion (i.e., ipsilesional) and contralateral to the lesion (i.e., contralesional).

Results—Motor task mean T-value was significantly higher in the contralesional ROIs

(6.00±1.74 vs 4.34±1.68, p=0.00004) as well as the BH mean T-value (4.74±2.30 vs 4.09±2.50,

p=0.009). The number of active voxels was significantly higher in the contralesional ROIs

(Z=2.99, p=0.03). Actual NVU prevalence was 75%.

Conclusion—Presurgical sensorimotor fMRI mapping can be affected by NVU-related false

negative activation in low grade gliomas (76% of analyzed tasks).
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Introduction

Presurgical mapping of the sensorimotor cortex in patients with focal lesions in spatial

proximity to the sensorimotor areas has been one of the earliest clinical applications of

BOLD fMRI (1). The preoperative localization of eloquent cortical areas by fMRI has been

demonstrated to have an impact on patients' surgical management because it guides the

selection of the safest trajectory to approach the lesion, the decision of whether to proceed

with awake or asleep craniotomy, and it can also influence the efficiency, exposure and

choice of technique for intraoperative mapping (2,3). Preoperative fMRI can also be used to

minimize the risk of transient or permanent postsurgical neurological deficits as well as the

risk of associated morbidity related to invasive electrocortical stimulation (ECS) (4).

For clinical applications of functional imaging, a critical limitation is that BOLD fMRI only

detects hemodynamic changes accompanying neuronal activity rather than directly detecting

the neural activity itself. The coupling between neuronal activity and the increase in blood

volume, blood flow and oxygenation occurring in the adjacent vasculature has been reported

to be disrupted in patients with brain tumors or other cerebral diseases, thereby making it

difficult, if not impossible, to detect eloquent cortex with BOLD fMRI (5). This

phenomenon, known as neurovascular uncoupling (NVU), has relevant clinical

consequences from the neurosurgical planning standpoint because it can generate false

negatives that can subsequently lead to the resection of cortex erroneously deemed as not

critical for a particular function. In the literature cases have been reported where the findings

of intraoperative mapping did not match the results of presurgical fMRI, and such

discordance was often attributed to NVU (6). It has already been demonstrated how NVU

can dramatically affect the reliability of the fMRI activation maps in glioblastomas due to

tumor neo vascularity with altered structure and physiology (7).

However, little is known regarding the prevalence of NVU in patients with low grade

gliomas and how it could be investigated because these lesions are not generally

characterized by abnormal perfusion. The neurovascular coupling cascade linking neuronal

firing to increase in blood volume, blood flow and blood oxygenation occurs through

multiple steps involving neurotransmitters to astrocytes to chemical mediators and finally

vascular smooth muscle (8). Low grade gliomas are slowly growing lesions that are known

to infiltrate rather than destroy the cerebral cortex; therefore, it is possible that the

neurovascular coupling cascade may be disrupted at any of the many involved levels. It is

not possible to investigate NVU at the neuronal or astrocytic levels with currently available

imaging techniques. However, the interruption of the neurovascular coupling cascade at any

level will always be associated with an impaired cerebrovascular reactivity (CVR) that can

be detected by MRI measuring the BOLD signal change due to a hypercapnia task. Maps of

CVR might therefore be helpful in presurgical mapping because they determine areas of

potential NVU in the brain where the BOLD response cannot be elicited. One purpose of

this study was to validate BH CVR mapping as a viable tool for NVU potential detection

through comparison of abnormalities on CVR maps to those seen on sensorimotor fMRI

activation maps, since sensorimotor tasks involving bilateral movements are expected to

yield robust activation bilaterally in the sensorimotor cortex (9). Another purpose was to

determine whether NVU is prevalent in low grade gliomas. For these purposes, we studied a
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group of 12 patients with perirolandic low grade gliomas who underwent both BH CVR

mapping and fMRI sensorimotor activation studies as part of a comprehensive presurgical

fMRI examination. Furthermore, we correlated the imaging findings with the patients'

clinical functional status to assess whether the imaging findings were truly indicative of

NVU or simply NVU potential.

Materials and Methods

Patients

Data from twelve patients (5 females, age range=25-67 years, mean±stdev=43.5±13.1 years)

who underwent presurgical fMRI mapping of the primary motor cortex at our institution

were retrospectively analyzed in this study that was approved by our Institutional Review

Board. Inclusion criteria were the presence of a de novo grade I or grade II glioma located in

the perirolandic cortex and patient's ability to perform the prescribed tasks as assessed in a

training session preceding the actual fMRI examination. In Table 1 age, sex, handedness,

tumor location and histology are reported for each patient included in the study.

MR Imaging

Scanning was performed using standard clinical sequences on a 3.0 Tesla Siemens Trio MRI

system (Siemens Medical Solutions, Erlangen, Germany) equipped with a 12 channel head

matrix coil. Imaging protocol included a 3D T1 weighted imaging sequence (TR=2300 ms,

TI=900 ms, TE=3.5 ms, 9° flip angle, 24-cm field of view, 256×256×176 acquisition matrix,

slice thickness 1 mm) for structural imaging and multiple 2D GE-EPI T2* weighted BOLD

sequences for functional imaging (TR=2000 ms, TE=30 ms, 90° flip angle, 24-cm field of

view, 64×64×33 acquisition matrix, slice thickness 4 mm with 1 mm gap between slices) run

while patients were performing a motor or a breath hold (BH) paradigm as described in

more detail in the following subsection.

fMRI Paradigms

All patients performed one or more motor tasks and a BH task for CVR mapping. To map

the hand representation areas a finger tapping task (30-second blocks of rest alternating with

30-second blocks of simultaneous bilateral self paced fingers to thumb opposition repeated 3

times, total duration 3 minutes) and a hand squeezing task (20 second blocks of rest

followed by 20 second of self-paced opening and closing of the left hand in turn followed by

20 seconds of self-paced opening and closing of the right hand repeated 4 times, total

duration 4 minutes) were used. To map the face representation area a 3 minute long tongue

movement task was used, consisting of 30 second blocks of rest followed by 30 second

blocks of repetitive vertical tongue movement repeated 3 times. The foot representation area

was mapped with a paradigm where patients alternated 3 times 30 seconds of rest with 30

seconds of flexing and extending their ankles at a self-paced rate, total duration 3 minutes.

In Table 2 the tasks performed by each patient are reported. The number and type of tasks

varied from patient to patient and was dependent on the location and extent of the lesion in

the perirolandic cortex. All of the motor tasks utilized tend to activate both the primary

motor cortex and the corresponding regions of primary somatosensory cortex; thus, we refer

to the activated regions as “sensorimotor activation.” Each patient performed also a BH task
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for CVR mapping including a normal breathing period of 40 seconds followed by a 4 second

block of inspiration that immediately preceded a 16-second BH period (10). This cycle was

repeated four times and at the end of the last BH period an additional normal breathing

period of 20 seconds was added. Instructions for all tasks were visually cued. Each patient

was accurately trained in a session outside the scanner to make sure that all tasks could be

correctly performed. Patients' task performance in the scanner was observed through an

external LCD monitor, that is part of the routine equipment used for clinical MRI

examinations at our institution, located in the scanner console room.

Data Analysis

Preprocessing—Raw data were exported to an external Linux workstation. AFNI (11)

and MRIcro software (http://www.mccauslandcenter.sc.edu/mricro/mricron/) was used for

image processing. From the acquired BOLD EPI images 4D datasets were created

containing the fMRI signal time series (TS) for each voxel. These TS were temporally

interpolated to account for the different acquisition time of each slice in one brain volume.

Then all the acquired volumes were spatially realigned to correct for head motion,

coregistered to the structural images and spatially smoothed using a 4 mm isotropic FWHM

Gaussian filter. The maximum spatial displacement from the volume taken as reference

during motion correction calculation was reported as “Head motion maximum

displacement,” an important quality control (QC) metric included in Table 2. For the BH

task a temporal signal to noise ratio (baseline tSNR) metric of the TS first resting period (40

seconds) was calculated by detrending the signal, taking its baseline and dividing it by the

standard deviation of the residual TS. For BH and sensorimotor tasks the entire preprocessed

TS were fitted voxel wise with an expected signal TS obtained convolving each paradigm

timing with a theoretical hemodynamic impulse response function (HRF). We used a

standard gamma HRF for the motor tasks and we adopted the HRF proposed by Birn and

colleagues to model the hemodynamic response to a BH task (12). From the fitted TS, T-

value maps were created to express motor activation and BH CVR. For each motor task a

ROI was generated centered on the maximum T-value in the sensorimotor cortex on the

contralesional (i.e., contralateral to the tumor) hemisphere (CL ROI). The extent of the ROI

included voxels inside the brain distant up to 3 cm from the maximum T-value (Figure 1).

Each ROI was mirrored in the ipsilesional (i.e., ipsilateral to the tumor) hemisphere (IL

ROI). These ROIs were defined taking advantage of expected symmetry of sensorimotor

eloquent cortex (9,13) and were large enough to account for possible cortical reorganization

that has been demonstrated to occur in presence of infiltrating slowly growing lesions, like

grade II gliomas (14). The average T-value for each subject for the motor fMRI task was

calculated in the IL and CL ROIs. Likewise for each subject the average T-value and the

average baseline tSNR were calculated for the BH task in the same IL and CL ROIs

generated for each motor task. Average motor and BH task T-values and baseline tSNR

among the IL and CL ROIs were compared using a paired t-test. The ratio of the average T-

value between the IL and CL ROIs for the motor (r-motor) and BH (r-CVR) tasks for each

subject was also generated, and a correlation analysis between these two variables was

performed.
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AMPLE Analysis—Activation Mapping as Percentage of Local Excitation (AMPLE)

motor maps were then calculated in each ROI, expressing the T-value as percentage of the

maximum T-value in the considered ROI, and for each task voxels with T-values above 60%

of the maximum were considered as active (15). The number of active voxels in the IL and

CL ROIs were compared using a Wilcoxon test.

Assessment of NVU Potential vs Actual NVU—In order to distinguish between

simply NVU potential and actual NVU in these 12 patients, comparison between the results

of the above-described fMRI analysis and the patients' actual clinical functional status was

performed, as tabulated in Table 3. While NVU potential may be demonstrated by

ipsilesionally decreased sensorimotor task-related activation and corresponding ipsilesional

decrease in regional CVR, as assessed by ipsilesionally decreased T- values compared to

contralesional T-values, actual determination of NVU relies on these findings being present

in the scenario of preserved clinical function attributable to the cortical region of interest. In

other words, false negative activation related to actual NVU must be distinguished from true

negative activation due to absence of viable eloquent cortex. One of the authors, who is a

board-certified neuroradiologist with approximately 15 years of clinical functional

neuroimaging experience, correlated the findings on the activation maps with findings in the

patient's electronic medical record. These findings for each of the 12 patients are included in

Table 3.

Results

An example of analysis for an individual patient is provided in Figure 1.The automatically

generated IL and CL ROIs (1a) with the corresponding AMPLE-generated fMRI activation

maps overlaid on high resolution T1-weighted structural (1b) and T2*- weighted echo planar

MR images (1c), as well as the BH CVR map (1d) are reported for a patient included in this

study who performed a vertical tongue movement task.

In the third column of Table 2 the maximum amount of motion displacement is reported for

each task and each patient, In every case this measurement was less than one voxel size in

each direction, and therefore no data was discarded (16). The comparison of the

sensorimotor activation maps and BH CVR maps at the group level in the IL and CL ROIs

(Table 2, columns 4-7) demonstrated a significantly decreased mean T-value in the IL ROI

compared to the CL ROI (t=-4.80, p=0.0004) for the motor tasks (referred to as ‘MT’ in

Figure 2), and a similar result was obtained for the BH task (t=-2.79, p=0.0009), as

illustrated in Figure 2. A strong correlation between r-CVR (i.e., the ratio of mean CVR T-

value in the IL ROI to that of the CL ROI) and r-motor (i.e., ratio of mean sensorimotor

activation T-value in the IL ROI to that of the CL ROI) was also found (R2=0.25, p=0.003,

Figure 3). The baseline tSNR analysis (Table 2 column 8-9) for the BH task demonstrated

statistically significantly higher tSNR in the IL compared to the CL ROIs (t=2.14, p=0.036).

In particular, the IL mean was significantly higher than the CL mean (IL mean = 897±141

vs CL mean = 844±132, p=0.01) whereas the standard deviation was not different (IL stdev

= 8.45±2.47 vs, CL stdev = 8.87±2.59, p=0.05). In 25 out of the 33 analyzed motor task data

the number of active voxels calculated with the AMPLE method was lower in the IL ROI
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than in the CL ROI (Table 2 last two columns). According to the result of the Wilcoxon test

this difference was statistically significant (Z=2.99, p=0.003).

Discussion

Presurgical fMRI localization of eloquent cortical and subcortical areas at risk of injury

during the surgical removal of brain tumors or other resectable lesions can substantially

impact surgical planning and affect immediate postoperative outcome (2,17).

However, concerns exist regarding the validity of the BOLD effect for the detection of

eloquent cortex in the presence of altered vascular physiology associated with the cerebral

mass lesions due to the phenomenon of neurovascular uncoupling (NVU)(18). The utility of

the BH CVR method in detection of potential NVU relies on its ability to produce a

selective hypercapnia-induced vascular challenge without eliciting simultaneous changes in

CMRO2 (cerebral metabolism) since no neuronal activation is involved in the BH task,

unlike sensorimotor, cognitive or visual fMRI tasks in which neuronal activation

immediately precedes the microvascular response (19).

The findings of this study demonstrate impaired ipsilesional sensorimotor activation (in 26

out of 33 tasks) compared to homologous contralesional activation in a group of patients

with a tissue diagnosis of low grade glioma. This result is demonstrated by corresponding

ipsilesional decreased average T-values detected on both the fMRI motor activation maps

and the BH CVR maps. The results of the baseline tSNR analysis demonstrated higher

BOLD baseline signal in the ipsilesional ROI compared to the normal contralesional ROI.

This could be explained by the inclusion of tumoral and peritumoral edema in the

ipsilesional ROI since the BOLD signal is proportional to spin water density (20). Therefore,

impaired BOLD sensorimotor fMRI activation and impaired regional CVR were not due to

intrinsic lack of BOLD signal in the tumoral and peritumoral area (IL ROI) but rather to

altered vascular physiology in LGG. Furthermore, the strong correlation between the CL-

normalized signal amplitude ratios for the sensorimotor fMRI activation and the CVR signal

changes indicates that BH CVR mapping allows accurate detection of NVU potential that

may seriously compromise reliability of BOLD fMRI activation maps used for presurgical

planning.

These results are in agreement with a previous study applying a BH task for CVR mapping

in a group of 6 patients with low grade gliomas where absence of significant BOLD signal

enhancement in the tumor bulk and peritumoral edema was found in each patient, but in this

study the CVR mapping was not correlated with any task-related BOLD fMRI activation

(21). In another study by Jiang and colleagues studying patients with grade II, III and IV

gliomas, impaired activation was found in the grade III and IV patient group but not in the

grade II patient group, and similar results were demonstrated for CVR; however, only 8

patients performing one task each were investigated, and the study was performed at lower

magnetic field strength (1.5 T) (22). Furthermore, the authors applied a more liberal

threshold (T<3.1), due the lower signal to noise ratio present compared to current state-of-

the-art 3T functional imaging, that might have washed out the differences in BOLD signal

enhancement between the ipsilesional and contralesional ROIs. We selectively chose to
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focus our analysis on low grade gliomas because it has already been demonstrated that

BOLD fMRI activation is impaired in the vicinity of high grade gliomas. In particular, two

studies demonstrated an association between increased cerebral blood flow and cerebral

blood volume as detected by MR perfusion imaging and decreased activation in the tumoral

and peritumoral area, and their conclusion was that NVU was probably due to tumor

angiogenesis characterized by diminished autoregulatory capacity (7,22). In our study, we

have shown that NVU is, indeed, highly prevalent in low grade glioma cases, just as it is

known to be prevalent in higher grade glioma cases.

The observed reduction in regional BOLD response in this cohort of low grade gliomas

necessitates a different explanation than that which has been advocated for high grade

gliomas mainly because of the absence of increased perfusion in these lesions as reported in

the literature (23). Glial tumors are infiltrating lesions that can compromise the neuronal

contacts with surrounding microvasculature and astrocytes. Such infiltration of the

astrocytes may result in physiologically abnormal vessels that are structurally intact and not

increased in density compared to the contralateral homologous brain regions. Such

physiologically abnormal vessels may be characterized by reduced reactivity as indicated by

our BOLD CVR mapping where in 22 out of 33 analyzed ROI the average IL T-value was

lower than the average CL T-value. In one case average CVR was negative in the IL ROI

and this finding could be explained by the hypercapnia-induced steal effect that redistributes

blood flow from tumor regions with unresponsive neovasculature to surrounding normal

tissue, although this phenomenon is more common in more biologically aggressive grade III

and IV lesions (24).

In a minority of cases we found more motor activity in the ipsilesional ROIs than in the

contralesional ROIs. There are multiple possible explanations for these unexpected findings.

In the majority of these cases (4 out of a total of 5 such cases) we detected IL motor

activation T-values that were higher than CL motor activation T-values in addition to IL BH

T-values that were similarly greater than CL BH T-values. One possible explanation for the

findings in these cases is that the presence of NVU adjacent to the lesions may have been

compensated by CVR increase in other areas in close spatial proximity to the lesions that

were also included in the ROIs. In addition, areas of spurious activation or activation that is

not specific to the performed task and associated robust CVR could have been included in

the ROIs. In the fifth case (patient 10) IL hand motor activation T-values were higher than

CL hand motor activation whereas IL BH T-value was less than the CL BH T-value.

Therefore, it may be possible that the effort, strength and rate in task performance for this

particular patient were not exactly the same between the two hands, although the patient had

been instructed to try to use both hands equally during the task. It is thus advisable, both

when applying this technique clinically in individual patients and for future investigations,

to use ROIs of different sizes and to collect quantitative behavioral measurements during the

fMRI data acquisition and include these variables in the data analysis.

To provide quantitative and objective measurements of activation we adopted a recently

developed algorithm (AMPLE) that normalizes statistical T-value maps to the local peak

activation amplitude within each functional brain region. This method has been

demonstrated to provide highly reproducible maps when a standard threshold (60% of the
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maximum t-value in each analyzed ROI) is applied (25). We also defined a robust operator-

independent method to select the ROI for investigating sensorimotor fMRI activation.

Some limitations are present in this study. First, qualitative CVR mapping was performed.

CVR is defined as the change in blood flow per unit change in PCO2. By continuously

monitoring the CO2 levels in the blood and controlling its changes while acquiring BOLD

or Arterial Spin Labeling MRI data it is possible to obtain quantitative CVR measurements.

Several techniques have been implemented and some commercial products are currently

available that use face masks to deliver CO2 in a controlled quantitative manner alternating

with delivery of normal air (26). However, the utilization of these systems in a routine

clinical protocol could be problematic and it would require a long and dedicated training

session for the patients in addition to the standard fMRI task training that already frequently

takes between 30 and 60 minutes when an extensive battery of clinical paradigms is

implemented, particularly in more neurologically-impaired patients. The premise of the

methodology used in this study was expected bihemispheric symmetric activation and CVR.

This may not be necessarily true since multiple studies have shown how in groups of healthy

subjects handedness, type of tasks and task performance rate may introduce a degree of

lateralization in motor activation (27-29). We did not have normal volunteer data to confirm

these findings. However our study sample included a group of right handed patients but with

lesions distributed almost evenly across the two hemispheres. Decreased motor activation

has already been reported in regions ipsilateral to brain tumors (30) whereas differences in

vascular reactivity in different areas of the brain have been found but not between the same

homologous regions across the hemispheres (31). The particular methodology used in this

study, although operator-independent, would not be applicable particularly to language or

visual cortex whose pattern of activation is generally strongly lateralized and not as

anatomically well-defined as for sensorimotor activation. However, given the results of this

study, there is no reason why BH CVR should not be as effective for the detection of NVU

potential in additional eloquent cortical regions of the brain, which could also be affected by

NVU (32).

In conclusion, we demonstrated that NVU can adversely affect the results of presurgical

BOLD fMRI activation maps in patients with low grade gliomas, similar to previously

described findings in higher grade gliomas. NVU within and in the vicinity of these lesions

is likely due to factors other than tumor angiogenesis, such as altered pH levels,

abnormalities involving astrocytes, neurotransmitters and chemical mediators involved in

regulating the vascular response. In addition to establishing that NVU is, indeed, prevalent

in patients with grade II gliomas, we also demonstrated the utility of CVR mapping using a

BH task for the assessment of NVU potential. The fact that none of the fMRI tasks showed

complete absence of activation supports the clinical utilization of fMRI in presurgical

planning because, despite 75% prevalence of NVU in our study, we were still able to

localize, at least partially, eloquent motor cortex even in these cases. These results provide

impetus for the development of calibrated fMRI methods to generate activation maps that

take into account the decreased brain vascular reactivity in the vicinity of pathology such as

brain tumors (33).
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Figure 1.
Example of IL and CL ROIs (1a), AMPLE (1 b and 1c) and BH CVR maps (1d) in a patient

with a right frontal lobe grade II oligodendroglioma who performed a vertical tongue

movement task. The spatial extent of the face representation area as mapped by fMRI in the

ipsilesional ROI is markedly decreased compared to the contralesional homologue area.

Decreased vascular reactivity was found also by the BOLD BH CVR maps (IL average T-

value/CL average T-value=0.855). Figure 1c shows the same AMPLE map of Figure 1b

overlaid on echo planar images.
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Figure 2.
Bar plots illustrating decreased motor task (MT) and BH T-value in the IL ROI compared to

CL ROI in the group of low grade glioma patients included in the study.
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Figure 3.
CL-normalized average sensorimotor fMRI activation T-value (r-motor) versus CL -

normalized average BH signal T-value plotted for each of the 33 motor tasks analyzed in the

study. Strong correlation is found between these two variables suggesting the ability of BH

CVR mapping to determine areas of potential NVU.
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Table 1
clinical/demographic data for the patients included in the study

Sex Age Handedness Tumor Location Histology/Tumor Grade

M 55 R/2 L frontal lobe Oligodendroglioma 2

F 25 R/0 L frontal lobe Oligodendroglioma 2

M 37 R/0 R frontal lobe Astrocytoma 2

F 25 R/0 L frontal lobe Oligoastrocytoma 2

M 46 R/4 L frontal lobe and insula Oligodendroglioma 2

M 44 R/0 L posterior frontal lobe Oligodendroglioma 2

F 67 R/6 R frontal perirolandic Oligodendroglioma 2

M 40 R/0 R frontal Oligodendroglioma 2

M 44 R/1 R frontal parietal Oligodendroglioma 2

F 37 R/3 R hemispheric Fibrillary Astrocytoma 2

F 55 R/0 R parietal Oligoastrocytoma 2

M 59 R/0 R frontal Oligodendroglioma 2

M: Male; F: Female; L: Left; R: Right. The number under the handedness score indicates the number of common tasks performed by the non-
dominant limb according to the responses provided by each patient on the handedness questionnaire. The total number of questions was 22.
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Table 3
Tabulation of exact gyral anatomic localization of regionally decreased CVR and
corresponding decreased or absent expected sensorimotor activation as well as correlation
with clinical functional status to determine whether findings are indicative of true NVU

Patient # Gyrus displaying Ipsilesional
decreased/absent motor
activation corresponding to
decreased CVR

Functional area Associated
with Involved gyrus

Actual NVU(i.e.,
false Negative
activation)?
Yes/No

How clinical functional
determination was made of false
negative vs. true negative
activation

1 L precentral gyrus Face RA) of (PMC) N R facial droop

2 L precentral gyrus Hand and more prominently
face RA of PMC

Y No motor deficit

3 R precentral gyrus Face RA of PMC Y No face or other motor deficit

4 R precentral gyrus Foot RA of PMC Y No left lower Extremity weakness

5 Left precentral gyrus Hand RA of PMC Y No motor deficit despite
asymmetrically decreased hand
motor activation

6 R precentral gyrus Face RA of PMC Y No face or other motor deficit

7 L superior frontal gyrus L SMA Y No motor or language deficit

8 R postcentral gyrus Hand RA of (PSC) N Mild left upper extremity sensory
deficit

9 R superior frontal gyrus, superior
aspect of R precentral gyrus

Foot RA of PMC, R SMA N Severe left lower extremity weakness

10 R postcentral gyrus Face/tongue RA of PSC Y No sensory deficits

11 R superior frontal gyrus,
superomedial aspect of right
precentral gyrus

R SMA, R foot RA of PMC Y No motor or sensory deficits
preoperatively

12 R precentral gyrus, R superior
frontal gyrus

Foot RA of PMC and R SMA Y No motor deficit

CVR: cerebrovascular reactivity; NVU: neurovascular uncoupling; L: Left; R: Right; RA: Representation area; PMC: Primary Motor Cortex;
SMA: Supplementary Motor Area; PSC: Primary Somatosensory Cortex
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