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INTRODUCTION

Functional neuroimaging provides a means to understand the relationship between brain
structure and function.! Functional MR (fMR) imaging can offer unique insight into
preoperative planning for central nervous system (CNS) neoplasms by identifying areas of
the brain affected or spared by the neoplasm. The development of fMR imaging presented
a breakthrough in imaging acquisition and analysis!—3 as well as patient management. Since
its discovery in 1992 by Ogawa and colleagues, the blood-oxygen-level-dependent (BOLD)
fMR imaging technique has become the dominant in vivo imaging technique for functional
brain imaging. BOLD fMR imaging provides functional information without requiring
invasive electrodes, radiation, or intravenous contrast agent.2:3-> The BOLD sequence uses
differences in tissue magnetic susceptibility properties (T2* effect) between oxyhemoglobin
(diamagnetic) and deoxyhemoglobin (paramagnetic).1:34.6 The BOLD fMR imaging signal
depends on cerebral blood flow, cerebral blood volume, and cerebral metabolic rate. The net
difference between tissue oxyhemoglobin and deoxyhemoglobin during the hemodynamic
response (known as the hemodynamic response function [HRF]) is what generates the

MR imaging signal. The “BOLD effect” assesses coupling of oxygenated blood flow and
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neuronal metabolism during functional tasks, resulting in a net difference in oxyhemoglobin
and deoxyhemoglobin, which generates the BOLD signal.348 Hemoglobin’s magnetic
properties depend on the reduction-oxidation of iron between Fe2* and Fe3* states (e,
oxygenated and deoxygenated states). These changes result in an increase in local tissue-
derived signal intensity on T2*-weighted MR images.3~’ BOLD fMR imaging provides
good spatial resolution for effective mapping of CNS function in patients whose tumor
and/or peritumoral edema is adjacent to eloquent cortex.

This article discusses the applications, significance, and interpretation of BOLD fMR
imaging and its relevance to presurgical planning in patients with CNS neoplasms.

BLOOD-OXYGEN-LEVEL-DEPENDENT FUNCTIONAL MR IMAGING AND THE ELOQUENT

CORTEX

Sensorimotor—At many medical centers in the United States, BOLD fMR imaging is
used to evaluate the sensorimotor system by providing an effective, low-risk, noninvasive
means of evaluating the eloquent cortex, comparable with intraoperative mapping
techniques.8 BOLD fMR imaging can be used to identify critical areas of interest to the
neurosurgeon by discerning key functional areas of gray matter on structural MR imaging.
This is particularly important in settings where tumor and/or peritumoral edema is in close
proximity to eloquent cortex. The primary motor cortex, located in the precentral gyrus, is
responsible for generating neural impulses that control motor movement. Any significant
injury to this region can result in irreversible paresis.18:° The primary sensory cortex is
located in the postcentral gyrus.8 Separated by the central sulcus, the motor and sensory gyri
are somatotopically organized.10

In the pre-BOLD fMR imaging era and in instances where BOLD fMR imaging is not
available, traditional anatomic landmark approaches are used to identify the precentral gyrus
and intraoperative electrodes are used to map out the hand-foot motor regions. Traditionally,
the “reverse omega sign” is used to identify the hand motor region; however, this is not
always reliable to because of anatomic variation and/or distortion of the homunculus by
neoplasm or edema. Motor functions activated by the primary somatosensory cortex, such as
the planning, execution, and control of specific behavior, is a complex neural process, and
delineating neuronal function solely according to anatomic landmarks can be unreliable.1! In
addition, the lack of reliable anatomic landmarks make it difficult to precisely localize the
facial motor region on the precentral gyrus.12 Supported by clinical and neural data, 3 main
motor areas (hand, face/lips/tongue, and foot) can be reliably identified on fMR imaging
with good agreement between BOLD fMR imaging maps and intraoperative functional
mapping.1213 The foot motor region is usually located medially along the parasagittal aspect
of the precentral gyrus at the level of the interhemispheric fissure (Figs. 1 and 2). The

direct intraoperative cortical stimulation of this region is complicated by the presence of the
adjacent superior sagittal sinus and can be further complicated by the presence of nearby
edema, tumor, and/or aberrant vasculature such as a developmental venous anomaly. The

3 main functional areas (face, hand, foot) span the precentral gyrus (lateral to medial) and
can be reliably assessed on task-based fMR imaging.! It is important that patients with
paresis can elicit motor and sensory activation with sensory stimulation of the hand, face, or
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foot through induced motor signals.141> During an fMR imaging examination, studies have
shown paretic patients to induce more head motion as they experience difficulty moving the
affected limb, leading to motion artifact and misregistration of BOLD signal.!

Also important are secondary motor areas, which when damaged can lead to significant
morbidity, thus increasing the importance of precise fMR imaging localization.! The
secondary areas of the brain of interest for neurosurgical planning include the pre—
supplementary motor area (pre-SMA) and the supplementary motor area (SMA).16 The
SMA consists of a posterior SMA, which is most commonly identified adjacent to the
precentral sulcus and is normally active during motor tasks (see Figs. 1 and 2).16 The
anterior portion of the SMA (Fig. 3) is more active during language activation and its
borders are less well defined. Recent studies have suggested that the motor region of the
SMA is somatotopically arranged.1® Studies have shown that direct activation of the SMA
influences speech, which is evident during different language tasks, such as silent verbal
fluency and repetition.1” Motor planning is largely associated with the SMA. Within the
SMA is a centralized region that remains active during both language and motor tasks. It is
also acknowledged that the SMA plays an important role in the planning and execution of
movements, and that both passive and active tasks can be reliably detected through BOLD
fMR imaging.1’

Because surgical resection of a brain neoplasm poses a risk to the eloquent cortex with
potential for permanent neurologic damage, preoperative BOLD fMR imaging is particularly
useful in cases where tumor and/or peritumoral edema is in close proximity to eloquent
cortex. Using fMR imaging techniques, surgical teams can plan tumor resection through
noninvasive visualization of the brain and analysis of lesion localization in relation to
anatomic landmarks.18 Furthermore, fMR imaging derived information can also be used

in counseling patients about the risks involved with surgical resection and in prospectively
developing an appropriate surgical approach.19

Language (Broca and Wernicke Areas) and Memory—The Intracarotid
Amobarbital Test, otherwise known as “Wada” testing, has been considered the gold
standard for determining the language-dominant hemisphere.2% Although it is well known
that the left cerebral hemisphere is usually the dominant center for language in most of the
population, adequate preoperative testing is required to properly establish cerebral language
dominance (Fig. 4). Owing to its high level of accuracy in predicting hemispheric language
dominance and its noninvasive nature, task-fMR imaging is the standard of care in medical
centers where it is available. Silent word-generation paradigms are most commonly used

to elicit activation in the Broca area, most commonly located in the inferior frontal gyrus
(Fig. 5). Silent sentence completion is the most frequently used paradigm to elicit activation
in the Wernicke area (see Fig. 5). Of importance is that language regions (Wernicke more
so than Broca) tend to be somewhat more broadly distributed and require careful image
acquisition and postprocessing to ensure accurate depiction of the language network and
limit overestimation or underestimation of these regions. To improve precision of localizing
Broca and Wernicke regional activity, additional language paradigms are delivered including
rhyming, antonym generation, object naming, and/or passive story listening.
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Evaluation of memory lateralization is not well established on task-fMR imaging. A case
study by Szaflarski and colleagues?! showed mixed results in the diagnostic accuracy

of fMR imaging in predicting the memory outcomes of patients with epilepsy through
presurgical evaluation. At present, additional research is required to develop a robust task-
fMR or resting-state fMR (rs-fMR) imaging application for memory assessment. Such a
development can be applied in the preoperative setting for patients with tumor or epilepsy,
but can also be extended to evaluation of neurodegenerative diseases.10

PITFALLS OF BLOOD-OXYGEN-LEVEL-DEPENDENT FUNCTIONAL MR IMAGING

During an fMR imaging scan, it is common to find artifacts in patients with brain tumors.
Artifacts in MR imaging can result from anything that disrupts the T2* imaging signal, and
may be caused by the MR scanner hardware or patient interaction.22

Motion-related artifacts can be random or episodic (essential tremor, breathing, cardiac
related) and are usually minor in amplitude. As such, most fMR imaging postprocessing
software packages are robust enough to remove noise and adequately coregister BOLD
and structural MR imaging series. Stimulus-related motion (eg, facial movement during
word generation or sentence rhyming) can be difficult to remove. With modern statistical
analysis, these motion-related signal artifacts may be removed as long as they vary enough
from signal generated by the stimulus presentation. It is noteworthy that significant motion
artifact can limit the BOLD series’ diagnostic value and can be difficult to remove with
standard motion correction. This artifact can affect stimulus-related BOLD signal and
structural correlation, and be mistaken for the stimulus-generated signal, adversely affecting
the study. A strategy to overcome this limitation is to use the contralateral hemisphere as
a reference control to simplify suppositions about displaced anatomy and affected BOLD
signal magnitudes.23 In such cases, repeat acquisition is recommended.

The BOLD fMR imaging signal can be attenuated by noise. Multi-echo echo-planar

(EP) imaging, whereby the fMR imaging signal is collected at multiple echo times, is a
method to improve sensitivity to BOLD responses.24 This allows for better noise reduction
capability and offers advantages in imaging brain regions susceptible to distortion and
signal dropout.24 It is important to routinely inspect T2*-weighted images in an attempt to
correct any and all artifacts found during the fMR imaging scans. As BOLD fMR imaging
is an EP imaging—based technique, susceptibility artifact can result in BOLD signal loss,
for example in blood products (hemosiderin), air-tissue interface, and metal (eg, dental
hardware, surgical hardware near cortical regions).

Neurovascular uncoupling (NVU), which refers to disruption of coupling between neuronal
activity and neurovascular response in areas within or surrounding the tumor, is a major
pitfall to consider, as it can lead to false-negative neuronal activity. The BOLD effect

is proportional to the net change in volume from oxygenated to deoxygenated blood in

the tissue; this is true as long as the natural HRF between the neurovascular system and

the brain is preserved. In certain conditions—for example, hypervascular neoplasms—the
normal HRF is disrupted, predisposing to NVU. As such, lesions in the eloquent cortex with
marked increased vascularity should be scrutinized closely in cases demonstrating limited to
no significant neuronal activation.!
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BLOOD-OXYGEN-LEVEL-DEPENDENT FUNCTIONAL MR IMAGING APPLICATIONS

BOLD fMR imaging can reliably map eloguent cortex presurgically and is sufficiently
accurate for neurosurgical planning. HRF captured on BOLD fMR imaging allows for
noninvasive in vivo assessment of eloquent cortical activation.2> BOLD fMR imaging is
useful for identification of the primary sensorimotor cortex, especially in cases where gyral
anatomy is distorted by neoplasm or other CNS disorder (see Fig. 1). In patients with brain
tumors undergoing neurosurgical intervention, fMR imaging can decrease postoperative
morbidity by identifying eloquent cortex prospectively to guide surgical intervention. BOLD
fMR imaging can be performed to evaluate the sensorimotor regions with paradigms that are
both volitional and passive.26 Normal brain anatomic variance (see Fig. 1) is another reason
patients undergo fMR imaging, because the conventional anatomic landmarks associated
with functional brain regions cannot be identified on structural imaging.26:27

Neuroplasticity refers to the reorganization of neural networks that can be seen in the
setting of slow-growing neoplasms and is another key factor to be considered in functional
recovery of patients with brain tumors. fMR imaging can help identify reorganization in
cerebral networks prospectively, guiding appropriate surgical intervention and minimizing
postoperative morbidity.28 In patients with CNS neoplasms and history of stroke or
comorbidities (eg, hypertension, coronary artery disease, diabetes) placing them at risk for
stroke, fTMR imaging can help depict reorganization of functional networks. Studies have
shown that performing simple motor tasks with the affected limb following a stroke is
associated with higher brain activation in many cortical areas when compared with healthy
volunteers, including regions of the dorsal motor cortex, the ventral motor cortex, and

the SMA.28 Longitudinal fMR imaging studies have revealed that neural activity is often
enhanced in motion-related areas in both hemispheres before returning to normal levels
similar to those in healthy controls during the first 12 months after stroke.3

Numerous other considerations are important when performing BOLD fMR imaging in
clinical practice. For example, patients with brain tumors benefit from shorter-length tasks
because they find greater difficulty keeping their head still in comparison with healthy
subjects. Numerous studies have shown that patients benefit from signal averaging via block
design, meaning that brain regions associated with a specific task can be activated even if it
is not essential to the task being performed.2? For example, since the primary visual cortex
shows robust activation on language fMR imaging paradigms, the authors reduce the overall
scan time in patients in whom the visual cortex is uninvolved by acquiring information of
the primary visual cortex on language paradigms and excluding visual paradigms from the
fMR imaging examinations. The authors perform fMR imaging examinations with dedicated
visual paradigms in cases where the patient is symptomatic (visual deficits), or when

the primary visual cortical region is infiltrated by neoplasm or distorted by mass effect.
Similarly, in instances when eloquent cortex is distant from pathology and functional deficits
are not clinically detected, fMR imaging examinations are curtailed to reduce scan time for
patient comfort. This strategy is also helpful in instances where the patient is projected to
undergo a longer than usual MR imaging evaluation (eg, MR imaging spectroscopy).

BOLD fMR imaging in the postoperative setting is especially helpful if a patient is expected
to undergo staged and/or multistep surgical resection. For example, after a tumor is removed,
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regions of brain compressed by mass effect may demonstrate regained functionality because
this tissue can become active, showing the BOLD effect on postoperative fMR imaging.

TASK-BASED VERSUS RESTING-STATE BLOOD-OXYGEN-LEVEL-DEPENDENT
FUNCTIONAL MR IMAGING

To elicit neuronal activation for generation of BOLD signal, patients are trained before
entering the MR imaging scanner and instructed to follow tasks delivered in functional
paradigms given as visual cues. For motor cortex activation (see Fig. 2), foot movement,
finger tapping, and lip pucker (or tongue movement) are most commonly used. For language
network assessment (Fig. 6), silent word generation, sentence completion, and rhyming are
the 3 most commonly used paradigms. To limit scan variability, the American Society of
Functional Neuroradiology has provided a list of paradigms with recommended scanner
parameters (https://www.asfnr.org/paradigms/).

Task-fMR imaging depends on the patient’s ability to perform specific tasks that elicit
BOLD signal alternation on MR imaging. The BOLD series is overlaid on the structural
imaging (usually high-resolution T1 and/or T2-weighted sequence) to locate eloquent
regions such as the primary language and motor and visual cortices.1=3 There are several
Food and Drug Administration—approved commercial software packages available in clinical
practice that have made evaluation of task-based fMR imaging less time consuming by
automating most of the postprocessing (eg, motion correction, image registration).

Though reliable in most clinical settings, task-based fMR imaging presents certain
limitations and disadvantages. For example, task-based fMR imaging cannot be performed
in patients suffering from severe neurologic deficits (eg, dementia, complete paresis).30
Depending on language limitations and/or educational barriers, several different tasks may
be required to assess different motor and language functions. Many trials may be required
to achieve the desired activation maps, resulting in lengthy scanning sessions.3? Task-fMR
imaging also has limited utility in the pediatric preadolescent setting (especially infants and
toddlers) because of the required cooperation by patients, as these subjects cannot follow
commands on task-paradigms that are usually delivered through visual cues.

rs-fMR imaging is another BOLD fMR imaging technique with potential for overcoming
task-based limitations. rs-fMR imaging measures the BOLD effect over a period of time
while the patient is in the MR scanner. Agarwal and colleagues3! had originally measured
the resting state of the human brain motor cortex with fMR imaging and discovered that
even during rest, different brain regions are able to communicate without an actively
performed task. Because there are no prescan training requirements of the subject for
rs-fMR imaging scanning, patients can be instructed to lie quietly with their eyes closed
during the scanning process.3! rs-fMR imaging is emerging as a useful alternative to task-
fMR imaging, especially in cases where task-fMR imaging cannot be performed. In the
absence of task performance, rs-fMR imaging maps acquire BOLD signal corresponding

to low-frequency neuronal signal fluctuations during rest, thus allowing for detection of
multiple functional networks.3! By using the changes in the BOLD signal, a 4-dimensional
time series of the brain can be constructed to reflect changing neuronal activity.® As the data
are processed through a series of steps including head mation correction, spatial smoothing,
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and noise and bandpass filtering, the data can be evaluated.® Multiple subject comparison
requires normalization of the data across all subjects followed by a method of targeting the
connection between the regions.

The most popular analysis methods for targeting connections include seed-based analysis
(SBA) and independent component analysis (ICA). SBA is a hypothesis-driven method that
uses an extracted BOLD time course from the region of interest (ROI) to determine the
connectivity of a seed relative to the rest of the brain.32 ICA is a mathematical technique
used to define a region of functional connectivity. ICA is a data-driven technique used

to decompose the data set into independent components with strong temporal coherence
(intraconnected maps), each of which associates with the time course of the overall
signal.*32 Although the application of fMR imaging in neuro-oncology has become standard
in localizing brain regions before surgery, there has been difficulty in transitioning from
task-based localization to the resting state.

A key limitation in rs-fMR imaging has been the lack of standardization across many

recent studies. Although new fMR imaging technologies are being developed, there is

a lack of standardization of physiologic parameters, pharmacologic interventions, and
characterization of disease-related vascular changes, with limited concrete data on how these
changes affect the BOLD signal.33 Current methods to analyze data also have limitations.
SBA is based on predetermined ROIls, which can be arbitrary or task-fMR imaging
derived.24 Because some patients may have brain-distorting mass lesions, the collective
database of ROIs may become difficult to use.624 Although the uses of task versus rs-fMR
imaging techniques differ in reliability to functional mapping, certain approaches see similar
reliability with respect to mapping the sensorimotor network of healthy subjects. rs-fMR
imaging has shown great promise as a diagnostic tool, and with enough comparative studies
showing lack of discrepancy between both task and rs-fMR imaging, it has potential to
become the noninvasive standard of care for surgical planning and prognosis.39-33

COMBINATION FUNCTIONAL BRAIN IMAGING

For presurgical planning, many techniques can be implemented complementarily to
fMR imaging. Techniques used in place of or in addition to fMR imaging are
magnetoencephalography (MEG), electroencephalography (EEG), PET, and diffusion
tractography (DT1).1 Different techniques can vary in spatial or temporal resolution,
invasiveness, and how they localize or lateralize function.

MEG has been shown to predict the location of the gyrus of interest more accurately

and specifically in comparison with fMR imaging.34 Because fMR imaging activates the
entire network (both primary and secondary areas) for motor tasks, there is difficulty
interpreting where the primary, secondary, and sensory gyri are localized because they are
acting simultaneously. This is not an issue with MEG. Spatial resolution between the 2
methods vary such that fMR imaging can be as low as 1 mm, whereas MEG achieves 5
mm.34-36 Both techniques assist in more precise preoperative surgical planning compared
with traditional MR markers, however, because MEG scanners are not as readily available as
conventional MR imaging scanners, the latter being more commonly used.
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EEG is a method similar to MEG in that it directly measures electrical activity of the brain
through small metal electrodes.3* Even though intraoperative EEG is traditionally more
invasive than fMR imaging, integrating the 2 techniques into the neurosurgical navigation
system is beneficial in certain cases.

DTI is an MR technique that measures water diffusivity along white matter tracts using
eigenvectors.23 In particular, DT is able to map and characterize diffusion as a function of
spatial localization.2 The combination of DTI with other imaging methods can improve its
specificity for complex diseases. Combining DTI with gray matter fMR imaging localization
paints a more complete picture of the functional anatomy in the area surrounding a tumor,
with feedback such as tissue infiltration, distortion, and/or destruction.1-3

PET imaging can provide functional information by using a radioactive imaging agent
conjugated with another compound (eg, glucose, antibodies, small molecules) depending
on the disease of interest.20-37 Fluorodeoxyglucose (FDG), a glucose analog, is the most
commonly used PET radiotracer that provides metabolic information associated with tumor.
FDG PET’s role is somewhat limited in the setting of CNS neoplasms because there is
increased background brain parenchymal FDG uptake resulting from physiologic neuronal
activity, which limits spatial discrimination between tumor and adjacent normal brain
tissue.38 PET-MR imaging is a hybrid technology allowing for simultaneous acquisition
of both PET and MR.3° The benefit of the PET-MR imaging is that it can provide
improved spatial resolution of detected CNS abnormalities with less (about 50%) PET
radiotracer-associated radiation exposure.3® In CNS disorders, PET-MR imaging scans
are most commonly used for evaluation of neoplasms, epilepsy, and neurodegenerative
disorders.

SUMMARY

Functional neuroimaging is integral to current clinical practice in various disciplines
including neurooncology, neurodegenerative disorders, and epilepsy. BOLD fMR imaging
has been shown to help in presurgical planning, minimizing the risk of postsurgical
morbidity while reducing operative time and decreasing craniotomy size.3 Task-based
BOLD fMR imaging is the most commonly used technique for noninvasive assessment of
eloquent cortex23:6 and can reliably elucidate cortical regions involved in sensorimotor,
language, and visual functions. Though reliable, it is important to be aware of pitfalls of this
technique, such as neurovascular uncoupling and susceptibility artifact, so as to provide the
most accurate functional assessment.
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. Functional MR imaging provides reliable in vivo assessment of the eloquent
cortex and can be used to identify sensorimotor, language, and visual regions.

. Key limitations of BOLD task-fMR imaging include:

KEY POINTS

Necessity of patient cooperation and ability of patients to perform
the required task, thus limiting its application in young and elderly
patients as well as those with neurocognitive limitations.

BOLD fMR imaging is motion sensitive.

In instances where tumor involves the eloquent cortex, postoperative
changes limit BOLD fMR imaging assessment of perisurgical sites.

Tumor and tumor microenvironment can affect normal
hemodynamic response, resulting in neurovascular uncoupling and
leading to false-negative BOLD fMR imaging signal changes.
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Fig. 1.
A 61-year-old woman with recurrent meningioma presented for presurgical evaluation of

primary motor cortex. (A) Axial T1-precontrast series depicts recurrent extra-axial dural-
based mass along the left posterior cerebral convexity with mass effect on the perirolandic
structures. Task-fMR imaging BOLD signal depicts motor activation along the precentral
gyrus (left foot, green arrow, left hand, orange arrow, SMA, yellow arrow). (B) Sagittal
T1-precontrast images in the same subject depicts Wernicke area (b/ue arrows) along the
posterolateral left temporal lobe with variant anatomy.
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Fig. 2.

A%G-year-old woman with left insular glioma presented for preoperative eloquent cortex
mapping. Left toe movement elicits activation in the left parasagittal precentral gyrus (green
arrow), and left finger tap elicits activation along the lateral aspect of the left precentral
gyrus (red arrow). The SMA is depicted by the yellow arrow.
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Fig. 3.
Axial (A) and coronal (B) presurgical task-fMR imaging in a 39-year-old woman with

history of left frontal oligodendroglioma depicts SMA (red arrow) along the anteromedial
and lateral margins of the neoplasm, which was confirmed on intraoperative functional

mapping.
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Fig. 4.
Preoperative axial task-fMR imaging (A) in a 29-year-old man with left frontoinsular glioma

depicts right temporal dominance of Wernicke area (white arrow). More superiorly, (B) there
is robust activation of the SMA in the right frontal lobe (red arrow).
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Fig. 5.
Preoperative axial task-fMR imaging (A) in a 31-year-old man with left temporo-occipital

glioma depicts left cerebral language dominance with robust activation of the SMA in the
left frontal lobe (yellow arrow). Sagittal series (B) depicts activation in Broca (red arrow)
and Wernicke (white arrow) regions.
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Fig. 6.
A 42-year-old man with left insular glioma presented for presurgical language network

mapping. fMR imaging depicts left cerebral dominance of the language network with robust
activation in (A) Broca region (red arrow) and (B) Wernicke region (yellow arrow).
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