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Editorial on the Research Topic
Current state of the art of human brain white matter: From structural
and functional connectivity to neurosurgical applications

Recent knowledge of brain white matter anatomy represents an important milestone
in modern neuroscience and neurosurgery development (I, 2). The human brain
anatomy study recently shifted from a grey-matter-centered approach to a more
integrative study of functional white matter connections (3-5). Auburtin, Bouillaud,
and Broca, as “localizationists,” based their landmarks physiological studies on specific
cortical regions; whereas, Wernicke, Liepmann, and Dejerine, as “connectionists,” were
interested in the analysis of the human brain connections and developed a network
theory where multiple and simultaneous transmissions of information could represent
the backbone of brain function (6, 7). During recent times, neurosurgery shifted from
a traditional planning strategy focused on a purely lesional topography toward a meta-
network perspective and evidence of newer network-based circuitopathies (8-10). This
paradigmatic shift enhanced neurosurgery to perform extensive resections in supposedly
“inoperable” regions and to develop tailored programs of neurological, cognitive, and
behavioral rehabilitation, aiming for the preservation of patients’ quality of life (8, 11).
Complex brain functions are executed through the synchronization between different
cortical epicenters (“nodes”), which are connected through bundles of white matter
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(“edges”), to ensure a dynamic interaction between parallel
delocalized subnetworks (4). The chance to non-invasively
examine the human brain connections and the integration
of multiple imaging approaches will hopefully provide new
metrics about the functional organization of the nervous
system to be incorporated into neurosurgical applications (12,
13). These include advanced techniques of brain mapping such
as direct cortical and subcortical stimulation and integrative
neuropsychology to disclose brain networks in neurosurgical
patients; advanced pre- and post-operative neuroimaging (such
as DTI, DSI, fMRI, resting-state fMRI, MEG, TMS) and
anatomical dissection techniques of human brain white matter
(10, 14).

The present Research Topic aims to collect the current
advancements in human brain white matter anatomy and
function in perioperative stages to tailor cognitive rehabilitation
to maximally preserve patient quality of life. Moreover, it will
focus on the current state-of-art in brain white matter structural
and functional connectivity applied to neurosurgery.

In his opinion paper “Neural Connectivity: How to Reinforce
the Bidirectional Synapse Between Basic Neuroscience and
Routine Neurosurgical Practice?,” Duffau stimulates the future
neurosurgical community to augment the synergy between
the clinical and basic sciences environments to provide a
comprehensive translational view of brain architecture. The
extensive application of electrostimulation mapping and
accurate neuropsychological assessment in connectome-
based surgery, together with a more sophisticated functional
neuroimaging, revolutionized the concept of the brain
organization from a static and localized system into a more
dynamic one constituted by plastic neural pathways acting as
a meta-network (15, 16). This translational approach during
neurosurgical procedures could also guide the monitoring of
high-order cognitive functions such as mentalization. Monticelli
et al. provided a narrative review, “Where We Mentalize: Main
Cortical Areas Involved in Mentalization,” elucidating the
fundamental brain cortical areas and connections underpinning
mentalization processes that could be assessed and preserved
during neuro-oncological surgical procedures. The modern
neuro-oncological surgical philosophy relies on preserving the
functional and quality of life of patients as much as possible
and a connectome-based approach may help to preserve,
not only the classical motor and language functions, but also
more complex neurocognitive ones. In the article “Reducing
the Cognitive Footprint of Brain Tumor Surgery,” Dadario
et al. provided a case-based review to better understand post-
operative cognitive outcomes and to provide a guide on how
to use connectomic information to reduce cognitive morbidity
following brain surgery and optimize the post-operative
neurorehabilitation. Motomura et al., “Supratotal Resection of
Gliomas with Awake Brain Mapping: Maximal Tumor Resection
Preserving Motor, Language, and Neurocognitive Functions,”
presented a review on the supra-total resection of gliomas
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through the integration of intraoperative mapping in awake
surgery. To augment the value of pre-operative neuroimaging
studies, Tamura et al., “Combining Pre-operative Diffusion
Tensor Images and Intraoperative Magnetic Resonance Images
in the Navigation Is Useful for Detecting White Matter Tracts
During Glioma Surgery,” proposed the combination of the
pre-operative fractional anisotropy maps and intraoperative MR
images into a neuronavigation system to aid in the localization
of critical white matter pathways during glioma awake surgery.
The continuous study of anatomy through ex-vivo dissection,
as described by Joseph Klinger, represents a precious activity
for the neurosurgeon to improve the knowledge of brain white
matter tridimensional structure to provide less morbid surgery
(17, 18). Dziedziec et al., “Cortical and Subcortical Anatomy of
the Parietal Lobe From the Neurosurgical Perspective,” performed
an anatomical study based on Klingers technique on the
parietal lobe and provided some neurosurgical perspectives
on the different surgical trajectories to approach intra-axial
lesion and their relationships to the arcuate and superior
longitudinal fascicles. Gonzdlez-Lopez et al, “Cadaveric
White Matter Dissection Study of the Telencephalic Flexure:
Surgical Implications,” performed an anatomical study and
a comprehensive embryological review on the telencephalic
flexure and provided some case examples of surgery within and
around it. The accurate knowledge of subcortical connectivity
improved the preservation of cognitive function of patients
undergoing neuro-oncological and disconnective epilepsy
surgeries. Janelle et al, “Superior Longitudinal Fasciculus:
A Review of the Anatomical Descriptions with Functional
Correlates,” performed a review summary on the different used
eponyms of superior longitudinal fasciculus and highlighted
the uncertainty, based on the actual technology, to intercept
the different components of SLF and differentiate from the
arcuate fasciculus. The advancement and the integration
of different imaging techniques such as diffusion imaging
techniques, and functional MRI in neuroscience applied to
senescence and cleft palate surgery have been highlighted in
two different studies (Derbie et al., “Functional and Structural
Architectures of Allocentric and Egocentric Spatial Coding
in Aging: A Combined DTI and fMRI Study”; Rao et al,
“Random Network and Non-rich-club Organization Tendency
in Children With Non-syndromic Cleft Lip and Palate After
Articulation Rehabilitation: A Diffusion Study”). The cerebellum
has been classically involved in movement coordination and its
anatomical architecture is sometimes neglected. Recent evidence
showed that the cerebellum is also involved in cognitive and
behavioral functions. De Benedictis et al., “Networking of the
Human Cerebellum: From Anatomo-Functional Development to
Neurosurgical Implications,” provided a comprehensive review
of the current evidence on the anatomical and functional
organization of the cerebellar connectome. The knowledge of
the involved cerebellar networks in the neurocognitive process
could improve the quality of approaches to reduce postoperative
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surgical comorbidity such as posterior fossa syndrome. The
dynamic nature of reconstructing the neural brain networks
resides in its ability to compensate the function in response to
some stimuli (19). The presence of neuroplasticity in frontal
glioma and after surgery violating the corpus callosum in colloid
cyst removal is highlighted in two different studies (Ciavarro
et al, “Structural Brain Network Reorganization Following
Anterior  Callosotomy for Colloid Cysts: Connectometry
and Graph Analysis Results”; Mitolo et al, “Neuroplasticity
Mechanisms in Frontal Brain Gliomas: A Preliminary Study”).
In conclusion, the present Research Topic includes
comprehensive studies summarizing the current state of the
art of cortical and subcortical human brain organization
applied to neuroscience and neurosurgery. The papers depict
the modern knowledge of neuroplasticity mechanisms, white
matter anatomical pathways, and functional networks to be
incorporated into routine neurosurgical practice. We hope
for the future development of new artificial intelligence
algorithms that could be able to reduce the subjectivity in the
ROIs definition process. This would better qualitatively and
quantitively discriminate the contribution of each different
source or target structure in the intermingling connection
tracts areas (i.e., dentate-rubro-thalamic tract) (20). We also
hope this Research Topic will stimulate the neuroscientific
and neurosurgical community into a deep and collaborative
study of human brain white matter anatomy, to provide high-
definition diagnostics and connectome-based neurosurgery
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INTRODUCTION

The quest for all neuroscientists is to better understand neural foundations underpinning human
behavior. Neurosurgery offers a unique opportunity to be directly connected to the human
connectome, and to provide further findings into brain processes—complementary to current
investigations mainly relying on functional neuroimaging (FNI), comprising functional MRI, and
diffusion tensor imaging (DTI) (1-4). Especially, awake patients with electrostimulation mapping
(ESM) may benefit from an extensive neuropsychological assessment in real-time throughout
surgery. This paradigm resulted in the description of the human homunculus by Penfield and
Boldrey (5) almost one century ago and in the re-visitation of cortical organization of language
by Ojemann (6). However, despite these pioneering works, the contribution of neurosurgery
to fundamental neurosciences remains relatively modest, particularly in comparison with the
numerous FNI reports (7, 8). Reversely, advances in brain connectomics, which led to new
propose-built neurobiological models underlying neurocognition thanks to an improved
knowledge of neural connectivity, have not (yet) extensively been incorporated in
neurosurgical practice.

Here, the purpose is to consider solutions to reinforce the synapse, which should be
bidirectional, between basic neuroscience and routine neurosurgery, in order to bring about
synergies across research and clinical worlds based upon a dual vision of scientists and physicians.

CONTRIBUTION OF BRAIN SURGICAL MAPPING TO
INVESTIGATE NEURAL CONNECTIVITY

In the emerging field of connectomics, which aims at exploring neural connectivity, brain
ESM during awake surgery provides direct insights into the function of both cortical structures
and white matter tracts (WMT). Indeed, axonal ESM of the subcortical fibers may elicit
a transient disruption of the functional network sub-served by the bundle stimulated, and
consequently, may generate a specific behavioral deficit which immediately resolves when ESM
stops (9). Beyond a transitory dys-synchronization within a discrete critical circuit, ESM can
also disrupt between-network inter-communication, resulting in multi-tasking disorders, e.g.,
the patient is still able to move or to speak separately, but cannot do both simultaneously
(10). Such original anatomo-functional correlations gained from on-line intraoperative cortico-
subcortical ESM led researchers to re-visit the functional connectivity mediating neural
systems, such as movement execution and control (11), oral and written language (12, 13),
semantics (14), executive control (15), self-evaluation (16), or theory of mind (17, 18).
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Interestingly, this ESM permitted a reappraisal of the model of
the human connectome (19), and proposed a new theory relying
on a meta-network (network of networks) organization of the
brain, i.e., with perpetual changes of intra- and across circuit
interactions allowing adapted behavior (20).

Moreover, longitudinal ESM explorations, particularly based
upon serial mapping in patients who underwent several awake
surgeries because of tumor relapse (21), enabled researchers
to better understand mechanisms sustaining neuroplasticity
(22). Remarkably, optimal recovery following massive brain
resections in tumor patients, with normal scores on objective
neuropsychological assessments of conation, cognition, and
emotion despite surgery within structures classically deemed
“eloquent” according to localizationist dogma, evidenced a
considerable potential of neural configuration, higher than
previously thought (23, 24). Nonetheless, the limitations of this
plastic potential have also been demonstrated, by emphasizing
the critical role of the subcortical connectivity (25). Thus, a
“minimal common brain” has been suggested, with a low level
of inter-individual variability and a low power of functional
compensation after cerebral injury (26): such a “cerebral
skeleton” is mainly constituted by WMT (27).

Neurosurgery represents a gold mine to develop innovative
models in cognitive neurosciences, thanks to the direct
information about neural connectivity collected into the
operating room (OR) by means of ESM (19). It is regrettable
that these original data which challenged the obsolete model
of localizationism, e.g., by evidencing that Brocas area was
non-critical for speech, were neglected for a long time by
neurologists and neuroscientists (28). A solution to reunify
learned societies can be to combine findings provided by ESM
with those gained from FNI in healthy volunteers as well as before
and after surgery in brain-damaged patients (22). Based upon
different backgrounds and complementary areas of expertise
(neuroanatomy, neuroimaging, awake brain mapping, cognitive
neuroscience, neurophysiology, neurocomputational modeling,
etc.), speaking a universal language may allow researchers to
understand more rapidly and accurately neurobiology-sustaining
complex human behavior. Reversely, an improved knowledge
of brain circuitry could be helpful in neurosurgical practice, to
optimize postoperative outcomes.

HOW TO INTEGRATE A BETTER
UNDERSTANDING OF THE CEREBRAL
CONNECTOME INTO NEUROSURGICAL
PRACTICE?

For many decades, neurosurgeons mainly paid attention to
the cortex, with few considerations regarding subcortical
connectivity. Beyond research purposes, recent advances in DTI
resulted in an improved investigation of WMT for surgical
planning (29, 30). Moreover, preoperative tractography data were
incorporated into neuronavigational systems to better define
surgical approach and limits of resection into the OR (31, 32).
However, even though these technological developments played
a major role in basic research to explore the connectome (3,

8), and started to bring the gap between neuroscience and
clinical applications, the link across both worlds is still weak
and superficial. Indeed, the majority of neurosurgeons has no
background in FNI methodology and has the wrong belief
that DTT is a reliable insight into WMT function. Yet, despite
a growing excitement in imaging-guided neurosurgery, these
techniques intrinsically suffer from major limitations (from the
data acquisition to the statistical models used) (33, 34), the main
one being that tractography does not provide any information
about the function of subcortical fibers—but is only an indirect
reflection of their structures (35). Therefore, an abusive surgical
use of these methods whose pitfalls are poorly controlled, even
if initially designed to help neurosurgeons, may paradoxically
become dangerous. For example, FNI may result in a non-
selection for surgery while the tumor could have been removed
(with a loss of chance from an oncological perspective), or
conversely, may lead to the resection being pushed too far
by cutting critical pathways not identified as essential by DTI
(with some loss likely from a functional perspective) (36).
Furthermore, although FNI is a fantastic didactic tool to help
junior neurosurgeons to build an accurate 3D representation
of structural and functional connectivity in their own mental
imagery, especially when combined with dissection in specimens
(37, 38), the overuse of this technology for brain surgery may lead
to the opposite effect, i.e., to an addiction to FNI, preventing an
optimal surgical act if this tool was unavailable (36).

To reinforce the synapse with fundamental research,
neurosurgeons should be neuroscientists, since he/she also has
the responsibility to explore the connectome by him/herself, with
the ultimate goal of improving postoperative outcomes. Thus,
besides a better comprehension of the potentials and drawbacks
of FNI for its more appropriate utilization, intraoperative ESM
should be used more systematically (39). In addition to cortical
mapping, axonal ESM is the sole methodology enabling a direct
study of WMT function, concerning one specific bundle and
interplay between neural circuits (10). Awake mapping led to a
paradigmatic shift from image-guided resection to functional-
guided resection, especially in neuro-oncology (40). Remarkably,
awake ESM guiding the resection until the individual eloquent
cortico-subcortical networks have been encountered resulted in
an improvement of both neurological and oncological outcomes
(41). Functionally speaking, a connectome-based resection
allowed for a significant decrease of neurological morbidity
(42-44) with preservation of conation, language, and higher-
cognitive functions (e.g., complex movement control, verbal
and non-verbal semantics, executive functions, mentalizing or
metacognition) (45-48) making it possible to resume a normal
life, including return to work in 97% of patients (49)—even for
tumors involving areas presumed to be “eloquent” in a rigid
localizationist framework (23, 24). Oncologically speaking,
functional mapping-guided surgery has enabled a significant
increase of extent of resection and overall survival, both in
low-grade and high-grade gliomas (50-53). Yet, although ESM
is now the gold standard for glioma surgery (39), it is still
underused in neurosurgery in general.

This concept of connectome-based surgery represents an
actual solution to introduce more robust neuroscience into the
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OR. Firstly, beyond its participation in the development of
original models of neurocognition (12, 13, 19, 20), awake ESM
also enabled the elaboration of a human atlas of neuroplasticity
(25) and an atlas of critical cortico-subcortical networks (54-56).
This can be helpful for neurosurgeons to predict whether the
patient will recover or not according to the extent of resection,
especially by highlighting the structures with a low potential
of reorganization, such as the subcortical connectivity—the so-
called “minimal common brain” mentioned above (27). To
facilitate presurgical planning by predicting the distribution of
essential neural connections to be preserved, a tool has recently
been proposed for a practical use: it allows automated alignment
of the cortico-subcortical maps of this probabilistic atlas with T1-
weighted MRI of a given patient (57). These data can also be
used to estimate before surgery the extent of resection thanks to a
probabilistic map of tumor resectability, computed on the basis of
postoperative residual glioma voluntarily left because of invading
critical structures identified by intraoperative ESM (58).

Secondly, these new cognitive models of meta-networking
organization of brain functions (12, 13, 19, 20) and the
new atlases built based upon ESM (25, 27, 54-57) represent
unmatched educational tools for neurosurgeons to learn 3D
neural connectivity. Indeed, they provide real structural-
functional information collected intraoperatively in patients who
underwent awake surgery, and not virtual data as given by
FNI, with different reconstructions according to the biostatistical
modeling employed.

Thirdly, besides neuro-oncology, application of the concept
of connectome-based resection relying on a better understanding
of dynamic interplay within and across neural networks, may be
considered in other fields of brain surgery. Surprisingly, although
awake ESM was initially developed in epilepsy surgery (5, 6,
59), most of the series dedicated to non-tumoral epilepsy did
not use intraoperative mapping in the modern literature. Yet,
recent publications supported again the positive role of awake
resection for epilepsy, notably with mapping of the subcortical
pathways, (such as optic tracts to avoid visual field deficits), in
a connectome paradigm of brain processing (60, 61)—knowing
that the mechanisms of neuroplasticity are not similar in lesional
vs. non-lesional epilepsy (62). An improved exploration of neural
connectivity is also valuable for surgical approaches to deep
lesions located within hard-to-reach areas. Typically, a trans-
cortical approach to have access to the insula should take
into account the sub-opercular connectivity, particularly the
frontal part of the inferior fronto-occipital fasciculus (IFOF) and
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PERSPECTIVES

It is time to overcome the divide between fundamental
research in neurosciences, increasing reliance on FNI and
neurocomputational modeling which usually do not take into
account the structural constraints, and the neurosurgical routine
which should preserve the neural connectivity under penalty
of no postoperative recovery, but which can also propose
new cognitive models based upon direct observation of the
connectome into the OR. Dual training for juniors, at the
start of their courses, would enhance their chance to create
reciprocal connections across basic and clinical neuroscience,
and to develop more translational research in their daily practice
dedicated to brain understanding and restoration.
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The surgical management of brain tumors is based on the principle that the extent
of resection improves patient outcomes. Traditionally, neurosurgeons have considered
that lesions in “non-eloquent” cerebrum can be more aggressively surgically managed
compared to lesions in “eloquent” regions with more known functional relevance.
Furthermore, advancements in multimodal imaging technologies have improved our
ability to extend the rate of resection while minimizing the risk of inducing new
neurologic deficits, together referred to as the “onco-functional balance.” However,
despite the common utilization of invasive techniques such as cortical mapping to
identify eloquent tissue responsible for language and motor functions, glioma patients
continue to present post-operatively with poor cognitive morbidity in higher-order
functions. Such observations are likely related to the difficulty in interpreting the highly-
dimensional information these technologies present to us regarding cognition in addition
to our classically poor understanding of the functional and structural neuroanatomy
underlying complex higher-order cognitive functions. Furthermore, reduction of the
brain into isolated cortical regions without consideration of the complex, interacting
brain networks which these regions function within to subserve higher-order cognition
inherently prevents our successful navigation of true eloquent and non-eloquent
cerebrum. Fortunately, recent large-scale movements in the neuroscience community,
such as the Human Connectome Project (HCP), have provided updated neural data
detailing the many intricate macroscopic connections between cortical regions which
integrate and process the information underlying complex human behavior within a brain
“connectome.” Connectomic data can provide us better maps on how to understand
convoluted cortical and subcortical relationships between tumor and human cerebrum
such that neurosurgeons can begin to make more informed decisions during surgery
to maximize the onco-functional balance. However, connectome-based neurosurgery
and related applications for neurorehabilitation are relatively nascent and require further
work moving forward to optimize our ability to add highly valuable connectomic data to
our surgical armamentarium. In this manuscript, we review four concepts with detailed
examples which will help us better understand post-operative cognitive outcomes and
provide a guide for how to utilize connectomics to reduce cognitive morbidity following
cerebral surgery.

Surgery. Front. Neurol. 12:711646. Keywords: neurosurgery, brain tumor, connectome, cognition, neuroimaging, machine learning,
doi: 10.3389/fneur.2021.711646 neurorehabilitation
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INTRODUCTION

Modern glioma surgery has advanced based on the
understanding that maximal tumor resection improves overall
survival (1). While also considering numerous factors such as
patient prognosis, tumor topography relative to “eloquent” or
“non-eloquent” cerebrum has generally guided the aggressiveness
of surgical cytoreduction in hopes of minimizing the risk of
inducing new neurologic deficits (2). Such a balance is often
referred to as the patient “onco-functional balance.” However,
while it is well known that not all cortical tissue is functionally
eloquent and the brain is generally resistant to a degree of surgical
reduction, glioma patients continue to present post-operatively
with poor cognitive functioning limiting social interactions and
integration back into the workforce (3-5). If the neurosurgical
community is to further consider increasing the extent of
resection such as in supramaximal resection, further anatomical
and functional information is required to improve our effective
navigation of human cerebrum during tumor surgery and to
maximize cognitive preservation.

Anatomical familiarity with specific cortical structures
and advancements in multimodal imaging have allowed
neurosurgeons to minimize surgically induced neurologic
deficits related to major functions including language and motor
skills. However, such notions are still often unable to explain
the subtle deficits seen in patients with higher-order cognitive
functions nor can it explain the heterogeneity in cognitive
outcomes with lesions located in traditionally “non-eloquent”
tissue (3, 5-7). One plausible hypothesis suggests that inter-
individual variability in brain network architecture may explain
why certain patients cannot safely tolerate resection of tumor in
classically non-eloquent tissue that is based on generalized brain
atlases (8). As such, awake intraoperative electrical stimulation is
often employed on an individual patient basis as a gold standard
to identify eloquent cortical regions related language and motor
skills and facilitate safe tumor resection (9, 10). However, such
methods are still often unable to map more complex cognitive
functions, such as cognitive functioning and psychomotor speed,
which can involve multiple cortical regions functioning together
that are classically less anatomically familiar in the general
neurosurgery community. Furthermore, these methods can be
invasive, time consuming, and difficult to interpret limiting their
widespread adoption and clinical applicability at most centers
(11, 12). Similarly, functional and structural neuroimaging data
have long provided the medical and scientific community an
abundance of highly complex and relevant patient data, but
this information too is often highly-dimensional and unable to
readily guide clinical decision making (13). Fortunately, recent
computational advancements and large scale movements in the
neuroscience community have allowed us to take this highly
dimensional neuroimaging data and improve previous maps
of the human brain in a more digestible framework, offering
a unique opportunity to improve neuro-oncological outcomes
following cerebral surgery (14-16).

The Human Connectome Project (HCP) recently provided
a highly detailed neuroanatomical map of human cerebral
cortex allowing a reappraisal of our classical modular maps

of the human brain (15). The HCP authors identified 180
unique cortical regions per cerebral hemisphere which are
architecturally organized in efficient neural networks within a
brain “connectome.” Compared to previous localizationist views
that suggest isolated cortical regions are dedicated to specialized
functions, these networks are functionally and structurally
organized in a way that minimizes cost while maximizing
information transfer between cortical regions to carry out
complex human thinking and behavior. Connectomics in turn
provides us an improved understanding of the organization and
functional relevance of human cortical and subcortical anatomy
(15, 17). As the neurosurgeon begins to enter the new era of
connectomic-based surgical targeting, further understanding of
the structural and functional connectome provides additional
information that can allow neurosurgeons to optimize surgical
decision making and extend the rate of resection while
minimizing new neurologic deficits related to higher-order
cognition, among other functions. Furthermore, additional
insight may be gained on the potential for functional reallocation
during or after cortical insults and on potential targets in brain
networks for modulatory treatments and neurorehabilitation (18,
19). However, the ability for this information to readily guide
clinical decision making is still relatively nascent and requires
further clarification to optimize its clinical applicability.

In the current paper, we discuss and provide evidence for
four concepts which we believe can advance the neurosurgical
community toward improving patient morbidity and cognitive
functioning following cerebral surgery. Furthermore, we review
these promising avenues in light of current neurosurgical
practices and the current limitations faced. In order to reduce
the cognitive footprint of cerebral surgery on the neurosurgical
patient, we discuss the following:

Concept 1.
Concept 2.
Concept 3.
Concept 4.

Preserve the core of networks whenever possible
Consider the full brain ramifications of the action
Move our thinking toward individual circuits
Consider the possibility that we can change the
brain connectome

PRESERVE THE CORE OF NETWORKS
WHENEVER POSSIBLE

Difficulty in Anatomic Localization and
Outcomes in Supratentorial Neurosurgery

Patients with gliomas experience impairments in executive
functioning, speed, and memory prior to any treatment and
are inherently at increased risks for further neuropsychological
decline after surgery (20). As discussed above, despite the
improved ability for neurosurgeons to manage neurologic
outcomes related to language and some motor skills, patients
with glioblastoma (GBM) exhibit executive functioning decline
post-operatively that can lower patient quality of life and
prevent re-integration into the workforce (21, 22). Even
with mapping during awake craniotomies, perhaps due to
the lack of monitoring capable of testing the complexity of
executive functioning, both psychomotor speed and visuospatial
functioning are especially impacted (6). Furthermore, limited by
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TABLE 1 | Seven major brain networks.

1) Central Executive Network

The CEN, in contrast to the DMN, is the external mind that is turned on during
active tasks and external thinking involving working memory (39). The CEN
works in anticorrelation with the DMN in healthy individuals but works in
correlation with the dorsal attention network (DAN) for attention processing, as
well as visual spatial planning (40, 41). It comprises regions in the anterior
cingulate cortex, the inferior parietal lobe, and the posterior most portions of the
middle and inferior temporal gyri (42-44). Aberrations in CEN connectivity with
other networks, especially abnormal correlations with DMN, have been
implicated in many psychiatric disorders, such as schizophrenia and
post-traumatic stress disorder (45, 46).

3) Default Mode Network

The DMN is the internal mind that is at work when an individual is at a resting
state, not actively engaged in externally oriented tasks or attentional processing.
However, during that time, the DMN is not stagnant but its activity increases for
internal thought and passive sensory processing (50). It comprises the
retrosplenial cortex, inferior parietal cortex, dorsolateral frontal cortex, inferior
frontal cortex, left inferior temporal gyrus, and medial frontal regions (51, 52).

5) Salience Network

The salience network (SN) serves as an intermediary between the DMN and CEN
(56, 57). Independently, the SN is thought to process external stimuli from the
outside world and modulates how the different networks view the information
(58). The main nodes of the SN are situated in the anterior insula and the dorsal
anterior cingulate cortex (58). As the SN is in charge of processing of information
from the external world, its hyperactivity can lead to neuroticism or anxiety
(heightened sensitivity to outside stimuli) and hypoactivity can be a hallmark of
autism (lack of sensitivity to social cues) (19).

2) Visual Network

The visual system is situated mostly in the occipital lobe and is comprised of two
major pathways, the dorsal and ventral streams (47). The dorsal stream is
involved in the guidance of actions and recognition of objects in space and is
connected to the parietal lobe (48). The ventral stream is associated with object
recognition and form representation (48). It has strong connections to the medial
temporal lobe via the basal, tentorial service (49). Although many separate visual
functions in spatial and object discrimination are thought to be housed
separately in specific parcellations within this network, these two streams are
interconnected via the vertical occipital fasciculus and may participate in more
interconnected functions than previously understood (49).

4) Sensorimotor Network

The sensorimotor network enables us to assimilate both external and internal
stimuli and produce a motor response to these elements. The senses can range
from temperature, pressure, and vibration (external) to balance and coordination
(internal). It is one of the most studied networks in history, from initial basic
understanding of the motor cortex in dogs to the understanding of perceptual
changes that occur in conjunction with motor learning (53, 54). Anatomically it
involves the primary motor cortex, cingulate cortex, premotor cortex,
supplementary motor area, sensory cortices in the parietal lobe (55).

6) Limbic Network

The limbic network involves multiple lobes and was initially described to be the
central control of emotions (59, 60). Its functions were later found to be much
wider in scope, ranging from the memory of olfaction to social recognition

(61, 62). The limbic network consists of prefrontal-limbic system, anterior
cingulate cortex, medial temporal network, parahippocampal gyrus, olfactory
lobe, and the ventral tegmental area (63, 64). Lesions of the limbic system are
linked to a variety of psychiatric disorders, including anxiety, bipolar disorder,
schizophrenia, and autism (65-68).

7) Dorsal Attention Network

The dorsal attention network (DAN) is an important circuit that governs attention
on an object and goal-directed top-down (knowledge derived from previous
experience rather than sensory stimulation) processing (69, 70). It comprises
bilaterally the intraparietal sulcus and the frontal eye fields of each hemisphere,
which are active when attention is overtly or covertly oriented in space (71).
Decreased functional connectivity in DAN has been implicated in increased
disease severity of dementia (72).

the number of neuropsychological batteries that we currently
have and the subsequently limited amount of data reported
postoperatively about “non-severe” neurological deficits
(i.e., other than aphasia or hemiplegia), it is reasonable to
conjecture that declines in neurocognitive functions are vastly
underappreciated in this patient population (23).

It is unclear whether anatomical location of the lesion can
predict specific neurocognitive deficits. The Glioma Outcome
Project showed that functional decline, with the exception of
language, is not associated with the dominance of the hemisphere
where the tumor is located. This suggests that neurocognitive
decline may be based on more complex networks involving both
hemispheres as the infiltrative tumor continues to grow (24).
Relatedly, there is often conflicting evidence in direct electrical
stimulation (DES) treatments due to the arbitrary stimulation
paradigm where one cortical region may be stimulated and
somehow alter neural activity across multiple, adjacent and long-
range brain regions (25). More likely, specific cortical regions
act as nodes in a complex neural network system that is
connected by distinct white matter pathways in order to transfer

information and carry out specialized functions (17). Thus, in
order to improve our understanding and treatment of neurologic
outcomes, we must contextualize neurosurgery in the setting of
brain networks.

Reimagining the Brain as Networks

To understand how to preserve the core of important networks,
we must first understand what brain networks are and how
function is organized around them. Brain network organization
provides a framework to place different cortical regions within
that are strongly functionally interconnected between time series
(26). Functionally connected regions of a network also tend to
be structurally connected. This idea is supported by a variety of
experimental and computational work and has been replicated
by our own team in great detail (14, 17, 27-32). In fact,
network analyses partly depend on the observations that the
function of a neural node is in part determined by its structural
interconnectedness with other nodes in the network (17). Thus,
cortical regions in a network represent the nodes of that network
and these nodes are connected by edges referred to as white
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FIGURE 1 | The core of the default mode network (DMN). While a multi-lobar network, the core of the DMN is provided, including its key brain parcellations and
connecting structural fibers. Individual regions have been visualized in 3D space and therefore some parcellations have been covered or require multiple views for
correct spatial understanding due to parallax. Visualization of tracts have been minimized (thickness and volume) to maximize the visibility of parcellations.

mattery bundles (17). Together, these relationships constitute the
structural and functional connectomes.

Much of how we understand brain circuitry today originates
from research based on graph-based network analysis of resting-
state functional MRI (33). Resting-state functional MRI (rsMRI)
uses low-frequency fluctuations in blood oxygen level-dependent
(BOLD) signals to measure endogenous or spontaneous brain
activity (34). Early efforts utilized connectivity-based methods
to study networks involved in motor, auditory, visual, language,
default-mode, and attention systems (34-38). More recently,
graph-theory based approaches have allowed for a model of
the brain as a complex meta-network and has allowed for
us to quantitatively characterize the organization of all brain
regions within different, or shared, individual networks. We
will not delve into the technical nuances of graph theoretical
analyses, but rather briefly describe seven major networks that
comprise our current understanding of the brain connectome
in Table 1, including: central executive network (CEN), default
mode network (DMN), salience network (SN), sensorimotor
network, dorsal attention network (DAN), limbic network,
and visual network. By utilizing combined structural-functional
information and meta-analytic processing software, our team has
been creating anatomically precise cortical maps of these brain
networks describing key regions in precise HCP nomenclature
and their major cortico-cortical connections (27, 73, 74).

Each network can be further subdivided based on specialized
functions (29, 75, 76). Nonetheless, a few networks which are
beneficial to first understand in order to grasp the organizational
architecture of neural networks in the human cerebrum and that
are especially relevant to neurosurgery in hopes of improving
cognitive morbidity can be referred to as the “main cognitive

networks” (77). The main cognitive networks refer to the CEN,
DMN, and the SN, and provide an axis in which the other
networks align (78). The DMN is generally thought to alternate
its activity with the CEN in an anticorrelated fashion, in which
the DMN activates during passive states of mind while the
CEN activates during goal-directed behavior and attentional
processing (73). Furthermore, the allocation of resources and
switching between these two networks based on stimulus
orientation and changes in tasks is thought to be mediated by the
SN, a cingulo-opercular network (77). Unsurprisingly, abnormal
connectivity or disconnection in these major networks can lead to
cognitive depletion and impaired higher-order cognitive abilities,
with recent evidence suggesting their dysfunction likely forms
the underlying basis of many known neurologic and psychiatric
disorders, including schizophrenia, depression, and anxiety (79,
80). Thus, perioperative knowledge of these main cognitive
networks is imperative to truly optimize patient cognitive status
in cerebral surgery.

Using Brain Network Maps in Surgery

The HCP, as well as many others, have provided a plethora
of exciting knowledge about the structural and functional
connectome (15). However, the clinical translation of
such information is still elusive and transforming such
information into clinically actionable anatomic information
for neurosurgeons has required further work. In addition to
describing individual networks, we have previously published
a connectomic atlas of the human cerebrum detailing the
anatomy and structural and functional connectivity of all 180
precise cortical parcellations according to the HCP authors
(81). Brain network maps add an improved understanding

Frontiers in Neurology | www.frontiersin.org

17

August 2021 | Volume 12 | Article 711646


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Dadario et al.

Reducing Cognitive Morbidity After Neurosurgery

Salience Network

FIGURE 2 | The core of the salience network (SN). Similar to the DMN, the SN is a multi-lobar network and here we show its core. Individual regions have been
visualized in 3D space and therefore some parcellations have been covered or require multiple views for correct spatial understanding due to parallax. Visualization of
tracts have been minimized (thickness and volume) to maximize the visibility of parcellations.
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of the organization of the human cortex and its underlying
subcortical anatomy such that we can make more informed
surgical decisions and cause fewer neurologic deficits (14, 82).
A number of concepts remain unknown, such as how much of
the brain networks must actually be preserved and what fibers
can be safely disconnected without compromising network
communication and subsequent normal functioning. However,
what is generally known suggests that cutting though the cores
of the main cognitive networks, consisting of the individual
parcellations that are fundamental to the network as well as
the interconnections between those main parcellations, causes
severe cognitive deficits. To support this concept, we provide a
number of important examples below that demonstrate the need
for neurosurgeons moving forward to preserve the cores of the
main cognitive networks whenever it is surgically feasible. The
cores of these structures are visualized in Figures 1-3.

The functional anatomy of the frontal lobe has long been
poorly understood, with previous models vaguely suggesting
that bifrontal injury causes akinetic mutism and abulia without
actually providing a guide on how to avoid such deficits (84).
These deficits can generally be thought of as difficulties with
the initiation of internally motivated actions, presenting as a
lack of self-initiated activity. Fortunately, connectomic data has
improved our basis for understanding and avoiding neurologic
deficits associated with tumors located along the medial frontal
control networks. A model we recently proposed, in what we
deemed as the prefrontal cognitive initiation “axis,” in brief
suggests that the DMN, connected via the cingulum, and the
SN, connected via the frontal aslant tract (FAT), create a
structural chain that extends up to the SMA in the medial
frontal lobe (Figure4) (77). This initiation “axis” is likely
responsible for internally modeling goal initiation, such as for
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parcellations.

Central Executive Network

FIGURE 3 | The core of the central executive network (CEN). The CEN is a key multi-lobar control network necessary for effective cognitive functioning and its main
core is provided here. Functional regions have been visualized in 3D space and therefore some parcellations have been covered or require multiple views for correct
spatial understanding due to parallax. An example of this is the provided with brain parcellation area TE1Tm (temporal area 1 middle), which is correctly found on the
lateral surface of the middle aspect of the middle temporal gyrus (83). Visualization of tracts have been minimized (thickness and volume) to maximize the visibility of

the initiation of speech and motor planning, and is supported
by multiple lines of evidence providing considerable insight
into cognitive outcomes when operating in this area (85). For
instance, anecdotal experience has previously suggested that
unilateral cingulate transgression is only tolerated by some
individuals, while others often develop akinesia or abulia, and
that preserving the anterior cingulate can reduce such deficits.
Instead, connectomic data provides more clear information on
how to avoid these injuries and why they occur. Namely, the
DMN contains anterior and posterior cingulate clusters linked
via cingulum fibers, and disconnecting this cingulum bundle
in the initiation “axis” is what likely causes abulia (73, 86).
By applying this tractographic information when operating on
anterior butterfly gliomas, a cingulum sparing technique can
nearly completely prevent akinesis and abulia compared to not
sparing the cingulum fibers (Figure 1) (82).

Furthermore, a well known post-operative neurologic deficit
when operating in the medial frontal lobe is SMA syndrome,
characterized by transient hemiplegia and mutism. Previous
localizationist views have suggested that this deficit occurs
primarily due to surgical insult in the posteromedial bank of the
superior frontal gyrus, yet other patients too demonstrate varying
degrees of mutism and hemiplegia when operating outside this

canonical SMA (14). Fortunately, further insight on the major
connectivity of the medial frontal lobe has revealed that the FAT
is the principle pathway linking the SMA to premotor areas and
area 44 (Broca’s area) and also links hubs of the salience network,
supporting a possible role of the FAT in initiating motor or speech
activity through its interconnections throughout the initiation
axis (87, 88). We have recently shown that by applying this
knowledge in patients with gliomas in the SMA, intraoperative
identification and subsequent preservation of the FAT can reduce
SMA syndrome compared to just “avoiding the posterior bank
of the SFG” (Figure 2). Thus, connectomic data can provide us
helpful information to make more informed decisions during
cerebral surgery regarding how to actually avoid causing specific
neurologic deficits when considering the underlying network
connectivity relative to tumor topography.

Toward “Disconnection Surgery”

Ultimately, it may be best if we begin to move away from the idea
of “surgical resections” and instead toward the idea of oncological
“disconnection surgery.” Such a framework contextualizes tumor
surgery as a series of cortical and subcortical disconnections
to minimize unnecessary multi-network disturbances based on
tumor location and pre-defined patient goals. In addition to the
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Prefrontal Cognitive Initiation Axi

FIGURE 4 | The prefrontal cognitive initiation “axis.” Our model of the initiation
axis suggests that the DMN, connected via the cingulum, and the SN,
connected via the frontal aslant tract (FAT), create a structural chain that
extends up to the SMA in the medial frontal lobe (77). In fact, the SMA and
salience networks share a node known as SCEF (supplementary and cingulate
eye field). The identity and functional relevance of these connections have
been supported by multiple lines of evidence (85), together suggesting this
initiation “axis” is likely responsible for internally modeling goal initiation, such
as with the initiation of speech and motor planning. Unsurprisingly, disruption
of the integrity of this “axis” when operating on a tumor in the medial frontal
lobe can lead to akinetic mutism and abulia (14, 82, 85).

consequences observed when disrupting the cores of the main
cognitive networks as described above, it is likely that similar
damage and associated consequences can be scaled to the more
subtle networks if their network architecture around a tumor
is not considered. Figure5 demonstrates a case of a medial
anterior, left frontal glioma. One can see that it is a tumor of
substantial size, but it also involves complex relationships given
it can be seen herniating under the falx cerebri, but also crossing
the corpus collosum and also demonstrating an intraventricular
portion. It is very easy to think of this as a “ball” of tumor, but
in reality it demonstrates important relationships to large scale
brain networks. Therefore, instead of thinking of the surgery as a
resection, this case can be thought of as a series of disconnections
that can be defined against three known brain networks to
maximize the extent of resection, to minimize impairments in
defined cognitive functions, and to meet patient onco-functional
goals (89).

While we suggest preserving the core of the main cognitive
networks is of the utmost importance, it must also be known
that it may not be surgically feasible nor practical to preserve
these networks depending on the tumor location and patient
prognosis, a dynamic which inherently represents the concept
of optimizing the onco-functional balance. While we may
choose to ignore the surrounding networks and focus on the
tumor alone, connectomic data still provides valuable data
that informs our actual decisions during surgery and the
substantial risks associated with certain tumors. Previously,

decisions on cognitive preservation during cerebral surgery
were being made with incomplete information. Within this
concept, future improvements will hopefully clarify our ability
to quantitatively measure and understand exactly how much
of what specific brain networks can be disconnected without
compromising the multi-network communication necessary for
effective human functioning.

CONSIDER THE FULL BRAIN
RAMIFICATIONS OF THE ACTION

Essentiality and Redundancy in

Intracerebral Neurosurgery

Preservation of essential neurocognitive functions that allow for
activities of daily living distills into two fundamental principles—
essentiality and redundancy. A tremendous amount of time and
resources are devoted to preoperative discussions with patients,
as are intraoperative maneuvers regarding the need for different
types of physiological monitoring. Yet, seldom do we truly
challenge what eloquent tissue is worth saving and what we
cannot save in given situations. Essentiality, paradoxically may
not matter if a patient is already paralyzed from a tumor that has
completely infiltrated the motor strip.

The notion of essentiality in supratentorial, intracerebral
surgeries is based on functions that are needed to maintain
a degree of quality of life. A prototypical example of this
would be maintaining a functional language network. Language
is deemed essential as without it one cannot interpret what
is spoken to them or express their wishes, and subsequently
interactions with others and the outside world would become
limited. In order to preserve language processing and speech
functions, the neurosurgeon should not focus on one single
anatomical region but rather focus on a network, consisting of
high nodal connectivity. Specifically from the inferior frontal
gyrus, to the inferior parietal lobule, to the posterior temporal
lobe and the fiber tracts (superior longitudinal fasciculus and
arcuate fasciculus) that interconnect those anatomical domains
(Figure 6). The concept of eloquent brain ought to be defined
not as a single anatomical region, but to anatomical locations and
their interconnected networks and damage should be interpreted
accordingly (92, 93). However, an important point we want to
bring out is that currently, there are no adequate models or
tools that allow us to predict or even visualize “essentiality” or
its related networks prior to surgery. Furthermore, as detailed
earlier, it is currently unknown the degree to which specific fibers
and how much of those specific fibers in such pathways can be
safely disconnected without comprising the entire function of a
network. We discuss this further in later sections as it remains an
important avenue of future research.

When dealing with redundancy in neurocognitive functions,
we have to take into consideration the laterality of a network
and whether there are compensatory mechanisms should an area
of the brain be disconnected. A prime example of this is the
supplementary motor area as part of the somatosensory network.
As previously mentioned, it is well-recognized that disconnection
of the core of the SMA can result in hemiparesis, but the
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FIGURE 5 | Disconnection surgery. The neurosurgical community should move toward thinking of tumor surgery as a series of cortical and subcortical disconnections
to minimize unnecessary network disturbances based on tumor location and patient goals. This figure presents a case of a medial anterior, left frontal glioma which
demonstrates complex relationships with adjacent anatomy, such as the corpus collosum and falx cerebri. (A) While a complex case, it can be reduced to a series of
disconnections that can be defined against three known brain networks: the DMN on medial boundary, the CEN on the lateral boundary, and the sensorimotor
network on the posterior boundary. (B) Understanding information on the spatial relationship of the tumor to relevant white matter tracts and major networks can allow
the neurosurgeon to make more informed decisions during surgery, such as where or how far to disconnect (blue lines) normal tissue infiltrated by a tumor up until
certain key fibers or nodes are met. This decision should be made based on patient pre-defined goals and patient prognosis among other factors, and further work
will hopefully clarify how much of specific networks can be safely disconnected without compromising certain functions (C).

deficit is often transient in nature (94). One possibility offered  eloquent brain when planning tumor resection in a connectomics
through connectomic data is that compensation may occur  framework? By utilizing pagerank centrality in graph theory,
if transcallosal projections of the FAT fibers (“crossed FAT”)  Ahsan et al. demonstrated that eloquent brain areas can be
are preserved, given their ability to maintain interhemispheric =~ defined as highly connected brain hubs (93). It turns out that
connectivity by connecting the contralateral SMA and premotor  traditional eloquent areas of the brain are regions of high nodal
area with the ipsilateral motor network (82). This phenomenon  connectedness. When we view the brain as an organ woven
is likely dependent on already existing crossing fibers as neuronal ~ together by various networks in a mathematical manner, these
regeneration is limited in the adult population (95). In this  hubs coincide with anatomic regions that were described to have
regard, there is known redundancy in the SMA area that can  high surgical importance by Spetzler and Martin (93, 98). Since
further guide our surgical decisions, such as to preserve these  graph theory analysis is not limited by physical distortion of
crossed FAT fibers if possible, and can also inform us about the anatomy by mass-occupying pathologies, it may allow for
mechanisms of patient recovery post-operatively through specific ~ the prediction of eloquence more accurately than anatomical
pathways. In the same manner, we often perform complete landmarks. This is important given our traditionally better
right frontal lobectomies especially in light of supramaximal  understanding of the general anatomy of regions responsible for
resections. Although the right frontal lobe can harbor important  language, motor and visual functions compared to that which is
networks, including the DMN and CEN, we know that most  responsible for higher-order cognitive functions, like emotion.

patients can go on to live otherwise normal lives. There remains a Importantly, inter-individual differences exist on a
paucity information in understanding whether a portion of brain ~ macroscopic brain level in white matter connections as well as
can be sacrificed safely due to redundancy in functions. all the way down to the genetic makeup of individual cells (99).

Fortunately, unique patient hubs can be determined by graph
Hubness Is the New Eloquence theory utilizing individual neuroimaging data in comparison

Brain eloquence was traditionally defined as a region that houses ~ to group-calculated averages, or probabilistic atlases. Areas of
a known neurological function, and if injured, results in a  unexpected importance, or unexpected hubs, can be as high as
disabling neurological deficit (96-98). How then do we define ~ 40% of all parcellations that are independent of gross anatomy
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apraxia of speech (91).

Speech Production Pathways

FIGURE 6 | Core parcellations and fibers involved in speech production. It is important to be aware of the core parcellations involved in speech production, as well as
the main fibers interconnecting those regions such as the second layer of the superior longitudinal fasciculus (SLF-I), the arcuate fasciculus (AF), and the frontal aslant
tract (FAT). For instance, area 55b is a recently discovered region that increasing evidence has suggested is necessary for phonation and motor control of the larynx
(90). 55b is connected to the posterior temporal language areas via the SLF-II in the left hemisphere. If unaware of such connections, transgressing 55b leads to

(100). This is important given that outdated brain atlases based
on group-averaged data or single subjects may overlook hubs
unique to specific individuals, such as in the temporal pole
which is often considered non-eloquent and therefore “safe
to resect” (101). Recent improvements in connectomic data
has also allowed others to expand the clinical utility of DES in
identifying critical hubs on an individualized basis (89, 102).
However, similar to graph-theory based analyses, further work
is necessary to clarify how complex stimulation effects can allow
us to draw stronger and more reliable conclusions about critical
brain network functioning for higher-order cognition.

Computational Measures of Cognition and

Surgery Can Guide Clinical Decisions

As previously mentioned, localizationists often propose that
damage to a single area provides the basis underlying loss of
higher-order cognitive functions, whether induced by surgery
or by the lesion. However, as described above, connectomic or
network-based approaches can instead provide us more accurate
models describing this pathophysiology given that a cognitive
impairment is often more accurately related to the disconnection
of large fiber bundles connecting multiple regions in a network
(103). Unsurprisingly, intelligence (i.e., fluid intelligence) does
not localize to a single area, but rather involves a series of cortical

regions maintained in and interacting between their networks
(104). An example of a dynamic, multi-network interaction
underlying higher-order cognitive functioning can be seen
with complex mathematical thinking. Utilizing meta-analytic
software to aggregate task-based fMRI data in the literature
concerning mathematical operations, one would identify that
mathematical skills implicate a variety of brain regions across
visual, semantic, motor, and DAN networks as well as the white
matter connections between them. Therefore, in neurosurgery,
we must consider the use of advanced computational algorithms
to predict how our surgical cuts affect multiple networks that
function together to facilitate higher-order functions if we are to
optimize cognitive morbidity following surgery.

Graph-based network analyses may allow us to better consider
these multi-network interactions by measuring the possible
effects of lesions or surgical disconnections on general cognitive
functioning. Global efficiency is one example and it is defined as
the average inverse of the shortest distance between two nodes in
a brain network, producing a value that represents the capacity
for information transfer on a global level (105). The length of
a path represents the potential routes of information flow in
the brain and therefore it is often considered that the shorter
the path, the stronger the potential for functional integration
(106). What is particularly advantageous of such data-driven
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approaches is that the data can be non-invasively amalgamated
from fMRI and DTT techniques. Therefore, patient neuroimaging
data can be easily input into these complex algorithms to produce
simple, interpretable scores for neurosurgeons to examine (i.e., “a
higher global efficiency is better”).

Additionally, these analyses provide a safe platform for
further surgical decision making as there are computational
methods to analyze how resilient an individualized brain
network is to a particular insult in the perioperative period.
For instance, percolation theory attempts to estimate the
minimal set of essential nodes in a brain network to effectively
transfer information (106). Therefore, simulated lesions or
removal of nodes (simulated brain surgery) can be safely
performed on patient structural connectivity graphs before
or after surgery and then analyzed with measures of global
efficiency to understand how a patient might be affected by a
specific surgical decision or to understand beneficial avenues for
subsequent neurorehabilitation (107). Also, as many neurologic
disorders are neurodegenerative occurring throughout a long-
term period, such computational analyses can also be applied
to gauge a patient’s cognitive functioning over time to guide
future planning of care. While our team is actively utilizing
similar methodology, there is a dearth of research which
has yet to link these computational models with clinical
outcomes. Given that differences in methodology concerning
relatively nascent big data approaches may produce heterogenous
results, especially on an individual patient basis, further work
must be done to investigate the clinical relevance of such
computational models.

MOVE OUR THINKING TOWARD
INDIVIDUAL CIRCUITS

The Transdiagnostic Hypothesis

Are there areas in individual human brains that if resected
during tumor surgery, can lead to symptoms of anxiety or
depression? Such a question must be considered given the
severity of post-operative cognitive morbidity which is possible,
similar to the observation mentioned above that individual
brains may display unique hub areas that if cut can result
in unexpected dramatic losses of cognitive functioning (100).
However, to answer a complex question such as this, we must
strive to get down to the level of individual connectomes
and neural microcircuits, and this requires big data that
can be best handled with advanced computational algorithms
offered with machine learning (ML) (108). In a cohort of
patients with Alzheimer’s disease who underwent rsfMRI and
diffusion tensor imaging, we utilized ML to generate and
detect individual-level anomalies in the structural and functional
connectome (80). As expected, some similarities were found
between patients, namely that there was consistent structural
white matter loss focused around the DMN and subcortical
structures. However, there was also significant heterogeneity in
abnormal functional connectivity between patients, suggesting
the opportunity to individualize future therapeutic strategies
possibly based on different clinical phenotypes, moving us steps
closer to true precision medicine (80). Similar work has been

The Transdiagnostic
Hypothesis

N

Symptom 2

|_symptom3 L 4 Language |

FIGURE 7 | The transdiagnostic hypothesis is often applied to explain the core
psychopathological symptoms across a range of psychiatric disorders. Thus,
while certain disorders may be clinically grouped together with vague
classifications, unique symptoms likely localize to unique brain networks
providing the need for addressing them individually.

presented by others in a number of disorders with different
methodologies (109, 110), however further work is necessary for
us to effectively understand and identify abnormal connectivity
patterns between different individuals that that relate to
specific symptoms.

The transdiagnostic hypothesis is often used in psychiatry to
describe the core psychopathological symptoms which underlie
a range of clinical disorders (18, 111). In the same context,
transdiagnostic models can cover both commonalities and
differences between clinical disorders or disorder subtypes as
it knocks down previous rigid barriers set by vague clinical
classifications, such as by the Diagnostic and Statistical Manual
of Mental Disorders (DSM). If multiple unique symptoms
arise, each can be thought to generally localize to a different
brain circuit requiring unique attention despite their rigid
DSM clinical classifications (Figure7). For instance, many
treatments for major depression disorder (MDD) target the
dorsolateral prefrontal cortex (DLPFC) for modulation, yet
the responses are highly variable and not all symptoms tend
to become resolved (112). While it is known that different
disease-subtypes of depression exist which localize to different
networks, even the common symptoms across numerous
depression subtypes, such as anxiety and anhedonia, also
localize to different brain networks and respond to different
target selections (18). To add further complexity, while the
DLPFC includes core regions of the CEN, it is a functionally
heterogenous region that has been characterized into 13 distinct
functional regions by the HCP that must all be precisely
considered on a patient by patient basis (15). Unsurprisingly,
similar complexity can also be seen in other clinically relevant
regions such as the precuneus and posterior cingulate cortex
which house nodes of the DMN (15, 75). Therefore, to truly
understand the connectome of patients presenting with a
broad range of symptoms and more effectively target and
address their individual symptoms, we must strive to get to
the level of microcircuits that are implicated on an individual
patient basis.
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Incorporating the RDOC Framework into

Future Research

If we reimagine surgical anatomy in terms of networks and
advance the field with the goal of preserving various domains
of neurocognition, it is important to apply a framework as
a community in order to identify psychopathology-relevant
constructs from the experimental literature. The Research
Domain Criteria (RDoC) project was proposed by the US
National Institute of Mental Health (NIMH) to classify
mental illnesses that are based on dimensions of observable
behavioral and neurobiological measures (113). It shifts the focus
from clinical descriptions to more squarely examine aberrant
mechanisms with the goal of how these mechanistic anomalies
drive psychiatric symptoms. It assumes that mental disorders can
be explained in terms of brain circuits and that abnormalities of
these circuits are identifiable (114).

This tool from the psychiatry world can be leveraged to
study neurocognitive changes after craniotomies as the literature
in this regard is mostly based on the description of clinical
symptoms, such as the DSM criteria for psychiatric illnesses.
The application of the RDoC framework will differ in the
neurosurgical field in that we can negate more developmental
trajectories and environmental influences. The system includes
several broad functional domains, such as negative valence,
positive valence, cognitive systems, systems for social processes,
arousal/modulatory systems, and sensorimotor systems (113).
Each relevant domain is studied through queries of genes to
circuits to behavior or self-reports, in order to provide an
integrative understanding of its functioning (113). In other
words, rather than merely reporting neurocognitive outcomes
after awake craniotomies, one way to advance the field of research
is to investigate changes in a patient’s functional connectome and
identify how those changes may contribute to and provide an
explanation for neurocognitive manifestations after intracerebral
surgeries. While these observations suggest a promising future
in neuroscience with clinical applicability, there is still currently
much to be done and further robust clinical evaluations are
necessary to understand how we can better study and treat
individualized patient connectomes (115).

THE POSSIBILITY THAT WE CAN CHANGE
THE CONNECTOME

The Ability for Neural and Network
Plasticity

Tumor resection inherently causes harm in some patients due to
the locations of their pathology. If the human brain is composed
of networks and each network is composed of various nodes,
the question remains: is there enough plasticity and redundancy
in global cerebral networks that abnormal connections can be
augmented to reduce neurocognitive or physical deficits? The
answer to this question is a resounding “yes,” but with caveats.
The brain can demonstrate a high capacity for cerebral
plasticity following a number of cortical and subcortical insults.
Although, most of our current understanding of cerebral
plasticity comes from stroke patients and less so in glioma
patients (116). Following cerebral infarction, primary motor and

secondary motor cortices demonstrate functional reorganization
to facilitate improved motor functioning (117). However, some
computational models argue the capacity for neuroplasticity is
dependent on the type of cortical damage which has occurred,
especially considering temporal factors (26). For instance,
acute brain damage often causes more localized neuronal cell
death and may demonstrate less capacity for cerebral plasticity
compared to slow growing lesions (i.e., low-grade gliomas),
which often disrupt more cerebral cortex and affects more
networks, but also provides longer opportunities for functional
reorganization due to less abrupt neuronal death. Therefore,
it seems unsurprising that patients with slow-growing lesions
may demonstrate more capacity for plasticity when targeting
their functional connectome compared to patients suffering from
acute strokes (26). As such, others have recently extensively
detailed possible atlases of neuroplastic potential for diffuse LGGs
based on their connectivity (118-120).

However, what about faster growing lesions such as in
glioblastoma (GBM)? It is important to note that there exists
pathophysiological differences in strokes and gliomas which may
explain the ability for cortical reorganization following acutely
growing GBM lesions in specific instances (121). In a patient
presenting with a right frontal GBM with a decreased state of
consciousness despite neurosurgical intervention, rsfMRI data
demonstrated an absence of the DMN. Remarkably, after five
sessions of navigated intermittent theta burst stimulation as an
off-label TMS therapy to try to stimulate DMN activity, the
patient demonstrated drastic improvements in cognition and
alertness with a partial restoration of the DMN in just 2 weeks
(121). There exists a number of limitations in this example
being a single case. However, this case indeed demonstrates that
there is a possibility to actively promote neurorehabilitation with
brain stimulation targeted at the DMN in high-grade gliomas as
well despite most discussion focusing on LGGs. Individualized
connectomic approaches if implemented before any modulatory
treatment can identify any network reorganization occurring
from the lesion and then these data can subsequently be utilized
for effective connectome-based target selection to strengthen
previously silent polysynaptic cortical pathways (19). As we
improve our understanding of the capacity for neural plasticity
in a variety of different brain lesions, we must further link
these findings to the structural and functional connectome. Such
work will further clarify the opportunities and also limitations
in addressing possible network disruptions occurring during the
perioperative period.

rTMS for Neurorehabilitation and Restoring
Onco-Functional Balance

Repetitive transcranial magnetic stimulation (rTMS) is a form
of non-invasive brain stimulation that applies repeated magnetic
pulses extracranially to generate an electrical current in the
cortex. This in turn provokes electrophysiological changes in
the target area and correlated brain networks (122). Given
that a cortical insult may disrupt the oscillatory synchrony
of the network that the damaged region belongs to, rTMS
provides a feasible and safe way to attempt to re-establish this
synchronization and reform the network. Currently, it is an
evidence-based treatment mainly used for pharmacoresistant
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major depressive disorder (MDD), which is thought to be
a disorder based on the interplay between the DMN and
CEN (123). Repetitive TMS targeting parts of the DLPFC has
been shown using rsMRI to selectively modulate functional
connectivity both within and between the CEN and DMN
(123). In the same manner, rTMS to the primary motor cortex
can enhance motor performance by inducing rapid changes
in the sensorimotor networks along with activation in the
bilateral basal ganglia, left superior frontal gyrus, bilateral pre-
SMA, right medial temporal lobe, right inferior parietal lobe,
and right cerebellar hemisphere (124). Much of our previous
understanding of the benefits of rTMS comes from stroke
patients as well (125); however, with concepts of connectomic-
based targeting in neuropsychiatric illnesses, more work is
needed to be able to apply population averaged connectivity
measurements on an individual level.

Importantly, as reiterated throughout the current manuscript,
different patients can present with different disease subtypes
demonstrating unique clinical symptoms localizing to different
brain networks. Despite these complex relationships, fortunately,
individualized connectomic-based TMS target selection is
possible and provides an important area of future research
which has been previously barren. Fox et al. illustrated the
feasibility of single-subject, connectivity-guided TMS targeting
within regions of the left DLPFC in two patients with depression
(19). Furthermore, our team has demonstrated the feasibility
of an agile, data-driven, connectomic approach for TMS target
selections at the single-subject level based on rsfMRI data for
generalized anxiety disorder (GAD). Still, such data-driven,
connectomic approaches for rTMS and other modulatory
treatments are relatively nascent in the context of individualized
treatments. While already demonstrating their safety profile,
findings from these studies should be refined in the future to
improve and expand their clinical applicability on a larger scale
ultimately assessing its reproducibility.

Movements Forward in Connectivity-Based

Modulatory Treatments

Examples above for connectome-based neurorehabilitation are
mostly focused on rTMS to restore network synchrony; however,
similar applications and results have been demonstrated with
other modulatory treatments as well. A common method of
modulating brain activity is with deep brain stimulation (DBS)
of subcortical structures. Unsurprisingly, the most effective DBS
subcortical targets demonstrate strong connectivity to the most
effective TMS cortical targets for a number of disorders (126). For
instance, while parts of the DLPFC are a favorite TMS target to
treat symptoms of depression, the most effective subcortical DBS
targets for depression resides in the subcallosal cingulate cortex
(SCC). Connectomic data suggests these cortical and subcortical
targets are strongly connected to each other and both work via
modulating the same networks (127). In fact, TMS targets that
demonstrate stronger connections to the SCC may demonstrate
better clinical improvements in MDD (128); however, the degree
to which these relationships expand to other disorders is still
uncertain, but likely.

Importantly, similar limitations exist in both modalities
in that their current utilization is also hampered by the
lack of understanding of brain networks in different disease
states and the limited validation of these connectomic-
based treatments in individual patients with specific
clinical phenotypes. It would be logical to select a node
that serves as an important modulatory hub for altering the
state of a network. However, what remains to be elucidated is
target identification in many of these clinical disorders, and
especially in rTMS, if the stimulation should be excitatory
or inhibitory. Further, it has to be taken into account that
if a crucial fiber tract (i.e., the entire corticospinal tract)
is destroyed, no amount of neuromodulation will likely be
able to salvage that function. Repetitive TMS, among other
modulatory treatments, hold promise for neurorehabilitation,
but their application will first require further improvements
in our understanding of network disruptions following
intracerebral surgeries.

CONCLUSION
Neurocognitive decline is common after intracerebral
surgeries. Outside the context of language and motor

skills, the mechanisms underlying declines in various
neurological domains are not well-studied likely due
to our previous lack of understanding of the complete
structural and functional brain connectome. It is prudent
for neurosurgeons to reimagine the brain as a confluence of
networks, rather than an organ comprised of isolated regions
dedicated or not dedicated to specialized functions. Brain
connectomics provide the neurosurgeon further information
on the relationships between tumor, neuroanatomy, and
cognitive functions which can be leveraged to maximize our
perioperative decisions while minimizing neurocognitive
declines following intracerebral surgeries. Furthermore, such
connectomic-based decisions provide novel opportunities
to optimize post-operative neurorehabilitation via network
augmentation, and advance the field using a common research
framework that can be refined over time. However, as we
appropriately move toward ideas such as “disconnection
surgery” and connectome-based neurorehabilitation, further
work must be done together in the neuroscience and
neurosurgical communities.
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Warsaw, Poland

Introduction: The anatomical structures of the parietal lobe at the cortical and
subcortical levels are related mainly to sensory, visuospatial, visual and language function.
The aim of this study was to present an intraoperative perspective of these critical
structures in terms of the surgical treatment of intra-axial lesions. The study also
discusses the results of the technique and the results of direct brain stimulation under
awake conditions.

Materials and Methods: Five adult brains were prepared according to the Klingler
technique. Cortical assessments and all measurements were performed with the naked
eye, while white matter dissection was performed with microscopic magnification.

Results: Intra-axial lesions within the parietal lobe can be approached through a lateral
or superior trajectory. This decision is based on the location of the lesions in relation to the
arcuate fascicle/superior longitudinal fascicle (AF/SLF) complex and ventricular system.
Regardless of the approach, the functional borders of the resection are defined by the
postcentral gyrus anteriorly and Wernicke’s speech area inferiorly. On the subcortical
level, active identification of the AF/SLF complex and of the optic radiation within the
sagittal stratum should be performed. The intraparietal sulcus (IPS) is a reliable landmark
for the AF/SLF complex in ~60% of cases.

Conclusion: Knowledge of the cortical and subcortical anatomical and functional
borders of the resection is crucial in preoperative planning, prediction of the risk of
postoperative deficits, and intraoperative decision making.

Keywords: white matter, anatomy, fiber dissection, tractography, glioma, parietal lobe

INTRODUCTION

The parietal lobe is the third most common site of glioma incidence in adult patients,
following the frontal and temporal lobes (1). In addition to containing cortical regions related
to sensory and language function at the subcortical level, the parietal lobe is a crossroads
of white matter tracts related to motor, sensory, language, visuospatial, and visual function
(2). However, in a study of a large cohort of patients operated on due to parietal lobe
gliomas, characteristic parietal lobe syndromes (neglect syndromes; visuospatial dysfunction;
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Gerstman’s syndrome - agraphia4, acalculia, finger agnosia) infiltration within the parietal lobe have been identified based
were infrequently observed in the long term (3). In contrast  on the classification proposed by Sanai et al. (3) (Figure 2). In
to the characteristic parietal lobe syndromes, language and  the surgical classification, the posterior part of the cingulum,
visual field deficits are frequently associated with surgery on  which is anatomically part of the limbic system, is incorporated
the parietal lobe, occurring significantly more often with such  into the parietal lobe. Tumors within Zones 1 and 3, which
procedures than with surgery in other sites, and these deficits ~ correspond to the supramarginal gyrus (SMG) and angular gyrus
negatively impact patients’ quality of life. Surgical approaches  (AG), are highly related to permanent postoperative language
to the parietal lobe are mainly based on the lesion’s localization ~ and visual deficits, respectively. In Zones 2 and 4, extensive
in relation to the ventricular system and the main white matter  surgical resections are possible due to a low risk of permanent
tracts of the sagittal stratum (SS) and arcuate fasciculus/superior =~ neurocognitive deficits and are mainly limited anteriorly by
longitudinal fasciculus complex (AF/SLF complex) (Figure1). the corticospinal and thalamocortical tracts (Figure 3). Tumor
From an anatomical perspective, the parietal lobe has four localization is important in terms of anticipating the risk of the
main components: the postcentral gyrus, the inferior parietal — procedure as well as selecting the type of intraoperative mapping
lobule (IPL), the superior parietal lobule (SPL), and, on the and the surgical approach. We studied in detail the cortical
medial surface, the precuneus, which merges with the SPL  anatomy of the parietal lobe as well as of white matter tracts and
on the superior margin of the hemisphere (5) (Figures1, 2). its relationship to the brain surface, which must be taken into
From a neurosurgical perspective, six different types of tumor  consideration during surgical procedures.

FIGURE 1 | Anatomy of the parietal lobe from lateral, mesial and superior perspectives. (A) The parietal lobe is placed posteriorly to the central sulcus (white dots),
which is one of the most constant landmarks on the convexity of the brain. The posterior border and inferior border of the parietal lobe on the lateral surface are
marked by the temporoparietal line (purple dots) and parieto-occipital line (blue dots) with the posterior ramus of the lateral sulcus (yellow dots), respectively. Running
parallel to the central sulcus, the postcentral gyrus (red) can be identified, which is limited posteriorly by the posterior central sulcus (white rectangles). Posterior to the
postcentral sulcus, superior (yellow) (SPL) and inferior (green + orange) parietal (IPL) lobules are identified, which are separated by the intraparietal sulcus (white
squares) (IPS). The IPS and postcentral sulcus junction patterns can be defined according to the Cunningham into one of the five subtypes: I. postcentral sulcus is
divided into superior and inferior portion, IPS separate; Il. inferior post-central confluent with IPS, superior postcentral separate; lll. superior and inferior post-central
confluent, IPS separate; V. superior and inferior postcentral confluent and unified with IPS; V. IPS confluent with the superior post-central and inferior post-central
separate (4). The superior branch of the IPS (the sulcus of Brissaud) is localized within the SPL. The inferior branch of the IPS (black squares) (the sulcus of Jensen)
separates the SMG (green) anteriorly from the AG (orange) posteriorly. (B) Parietal lobe glioma classification according to Berger et al. distinct three zones 1, 2 and 3
on the lateral brain surface that correspond to SMG, SPL and AG retrospectively. (C) Tumors in zones 1 and 2 extending anteriorly beyond the SMG and SPL become
tumors within zones 1+ and 2+. (D) Zone 2 consists of the mesial surface of the precuneus, while Zone 4 consists of the gyrus cinguli below the precuneus. On the
medial surface of the hemisphere. The parietal lobe is defined by the precuneus (yellow) and the posterior part of the paracentral lobule (red). The anterior border of
the precuneus is marked by the marginal branch of the cingulate sulcus (white rectangles), posterior by the parieto-occipital sulcus (white squares) and inferior by the
subparietal sulcus (white dots). Below which the cingulum (purple) covering the corpus callosum is identified. The isthmus of the cingulum (white continuous line) at
the level of the posterior surface of the splenium of the corpus callosum was identified.
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FIGURE 2 | The surgical perspective of the parietal lobe anatomy. (A) For the tumors located within Zones 1, 1+ and 3, below the IPS, the lateral trajectory is

preferred, and the long axis of the head is rotated to the contralateral side, being almost parallel to the floor. A u-shaped skin incision (white rectangle) based on the
skull base is preferred. (B) For tumors located above the IPS within Zones 2, 2+, and 4, the superior trajectory is preferred, and the head is positioned in the neutral
position. A u-shaped skin incision (white rectangle) with the base at the transverse sinus is preferred. (C) The lateral perspective of the parietal lobe in relation to the
craniometric points with marked precentral gyrus (blue), the postcentral (red), the SPL (yellow), the SMG (green) and the AG (yellow). The postcentral gyrus (along the
continuous white line) is located ~6.5 cm posterior to bregma (green dot) and 4.1 cm behind stephanion (red dot). The end of the lateral sulcus within the SMG (blue
dot) is identified (along the white rectangle line) ~6.0 cm anterior to the lambdoid suture and 6.4 cm lateral to the sagittal suture. The end of the superior temporal
sulcus within the AG (black dot) was identified (along the white dotted line) ~4.3 cm from the lambdoid and 5.0 cm from the sagittal suture (6). (D) The
posterior/superior perspective of the parietal lobe in relation to the craniometric points. The superior Rolandic point (white dot) is identified ~5.0 cm behind bregma,
and behind this point, the postcentral gyrus is identified. The parieto-occipital sulcus (purple dot), which marks the posterior border of the parietal lobe, is identified at
the level where the lambdoid suture joins the sagittal suture. This point is ~6 cm anterior to the inion (light blue) along the midline (white rectangle line). Another 6.0 cm

postcentral sulcus is identified (7).

anterior to the lambdoid suture along the sagittal suture and 5.0 cm lateral and perpendicular to perpendicular to the midline the point (pink) where IPS joins the

MATERIALS AND METHODS

Five adult human cadaveric brains were prepared following
the Klingler technique; the details of the technique have been
described previously (8). Briefly, the specimens were fixed with
4% formalin for at least 4 weeks, and the arachnoid and vessels
were removed; afterwards, each brain was stored dry in a freezer
at —15 degrees Celsius for 2 weeks. For thawing and preservation,
4% formalin solution at room temperature was used. The brain

All measurements on the subcortical level were performed with
the electric digital caliper and protractor. Each measurement
was taken twice by the same observer and the average value
was taken for presentation of the results. A digital camera
(Nikon D7200 with a Nikon DX 35mm 1:1.8G lens) was
used for image documentation. The study was approved by the
Bioethics Committee of Medical University of Warsaw, approval
number AKBE/126/2019.

was placed in a position simulating an intraoperative scenario. RESULTS
For Zones 2, 24, and 4, the long axis of the brain was
perpendicular (to present perspective from superior trajectory)  Lateral Approach

or parallel (to present perspective from lateral trajectory) to the
floor for Zones 1, 1+, and 3 (Figure 2). Measurements were
made with an electric digital caliper, protractor and measuring
tape. Cortical anatomy was assessed with a naked eye and all
measurements on the brain surface were performed with a
measuring tape and protractor. In the next step, white matter
dissection was performed with the aid of surgical microscope.

Measurements on the Cortical Level

The postcentral sulcus, which marks the anterior margin of the
IPL, was identified 18.1 (ranging from 14 to 22) mm posterior to
the inferior Rolandic point (IRP) (Figure 4). The inferior border
was formed by the occipitotemporal line, which had 41.4 (ranging
from 33 to 49) mm. The superior border was formed by the
intraparietal sulcus (IPS), which was connected to the postcentral
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FIGURE 3 | The figure presents the anatomy of white matter tracts within and outside the parietal lobe from lateral (A-D) and superior (E,F) perspectives. White dots
mark the localization of the parietal lobe within the right hemisphere. (A) After removal of the cerebral cortex, the short u-fibers connecting neighboring gyri are
exposed. (B) The most superficial layer of the associated fibers is formed by the AF/SLF complex (burgundy) and by the vertical occipital fasciculus (VOF) (pink). The
most superficial layer of the AF/SLF complex is formed by SLF Il (black dots), which connects the angular gyrus with the middle frontal gyrus. SLF Il (black rectangle)
runs inferior to SLF Il, without a clear demarcation between them, connecting the SMG with the inferior frontal gyrus. Medial to SLFs Il and lll, the AF is identified,
which is difficult to separate from the SLF complex, as they have the same direction on the horizontal segment of the AF/SLF complex. Under the vertical part of the
AF/SLF complex in the anteroposterior direction, the fibers of the sagittal stratum (SS) (green) are exposed. The most superficial layer of the fibers within the SS is
formed by the ILF, but they run inferior to the atrium and are not related to parietal lobe surgery. A deeper layer is formed by the IFOF, which covers the whole lateral
wall of the atrium. The deepest segment is formed by optic radiation (OR), which at the bottom is fused with the anterior commissure (AC). Deeper to the OR and
directed perpendicular to it, the fibers of the tapetum of the lateral ventricle were identified. Mesial to the AF/SLF complex at the level of the paracentral lobule,
corticospinal tract (blue) fibers are identified. (C) The mean compartment of the SS is formed by the IFOF, which is identified when the cortex of the insula is removed.
Ventral to the IFOF, the uncinate fasciculus (UF) (orange), which connects the frontal and temporal lobes, is identified. (D) The precuneus was resected to expose the
fibers of the paracentral lobule that marked the anterior margin of the resection. The posterior part is formed from thalamocortical fibers, which are sensory fibers.
Below the AF/SLF complex, the corticospinal tract forms the posterior limb of the internal capsule, which is covered laterally by the putamen. (E) The superior
perspective after removal of the precuneus. The surface marked with a line of white squares corresponds to the position of the atrium of the lateral ventricle. (F) The
atrium of the lateral ventricle was opened from the superior ventricle. Lateral to it, the horizontal segment of the AF/SLF complex is identified, and posteriorly, the
superior fibers form the SS.
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FIGURE 4 | The figure represents the surgical perspective of the surgical field within the inferior parietal lobule from a lateral perspective. (A) The IPL is located
posterior to the postcentral sulcus (white rectangle line) and to the postcentral gyrus (red), inferior to the intraparietal sulcus (white square ling), anterior to the
parietotemporal line (purple dots) and superior to the occipitotemporal line (blue dots) posteriorly and the end anteriorly by the posterior ramus of the lateral fissure
(yellow dots). Within the IPL, the SMG (green) and AG (orange) are identified. In the typical pattern no additional gyri behind the postcentral sulcus within the IPL can
be identified. When additional gyrus is located between the postcentral sulcus and the SMG or between SMG and AG the pattern is defined as PreSMG or PreAG,
retrospectively (9). In this case, the additional gyrus (pink) was identified between the AG and SMG, bordering the anterior edge of the AG. The two gyri are separated
by the inferior ramus of the IPS, the sulcus of Jensen (green square line). (B) Here, the most superficial layer of the fibers within the SMG was constituted by short
u-fibers. (C) Removal of the u-fiber system reveals the AF/SLF system (burgundy), its genu and posterior segment of the horizontal as well as superior segment of the
vertical ramus. The sulcus of Jensen marks the point posterior to the most posterior point of the genu of the AF/SLF complex. (D) Posteriorly within the AG, the
u-fibers go deeper than anteriorly. (E) After removal of these fibers, fibers deeper than the AF/SLF complex within the SMG, the fibers of the sagittal stratum (light blue)
running in the anteroposterior direction were identified. (F) When the SS fibers were separated, the occipital horn and posterior part of the atrium of the lateral ventricle
(white square circle) were identified.

sulcus in all cases. The pattern of confluence of the IPS with the =~ Measurements on the Subcortical Level

postcentral sulcus was as follows: 1 (0), IT (3), IIL (0), IV (10), V (1) ~ Within the SMG, the AF/SLF complex was identified; close to
(descriptions of different patterns of confluence of the IPS with  the sulcus of Jensen, the genu of the complex was the horizontal
the postcentral sulcus are described in Figure 1). The point where ~ ramus joining the vertical ramus. This point was identified
the IPS joins the postcentral sulcus was located 40.5 (ranging  behind the postcentral sulcus at ~22.4 (ranging from 17 to
from 33 to 50) mm and 36.7 (ranging from 28 to 46) mm from  35) mm, anterior to the most posterior point of the IPS at
the interhemispheric fissure (IHF) and lateral sulcus, respectively. =~ ~24.2 (ranging from 12 to 35) mm at a depth of 22.6 (ranging
The mean angle where the IPS joined the postcentral sulcus was ~ from 21 to 24) mm from the cortical surface. Posterior to
114 (ranging from 96 to 155) degrees. The length of the IPS varied  the sulcus of Jensen and in all cases posterior to the artificial
from 22 to 47 (mean 36.5) mm. The long axis of the IPS was at  line connecting the preoccipital notch with the SRP within
107.4 (varied from 180 - parallel to 110 degrees) angles to the  the AG, the fibers of the SS at ~28.6 (ranging from 27 to
IHF. The posterior end of the IPS was localized 27.4 (varied from  30) mm were identified. The SS was ~5mm thick, and the
19 to 38) and 59.5 (varied from 48 to 67) mm from the IHF lateral ventricle was identified at ~32.4 (ranging from 29 to 35)
and preoccipital notch, respectively. The inferior branch of the = mm. The occipitotemporal line started 33.1 (ranging from 23
IPS (sulcus of Jensen) was identified in 9/10 cases and measured ~ to 43) mm along the parietotemporal line and had an average
from 9 to 45 (mean 26.7) mm, while the superior branch (sulcus  of 44.4 (ranging from 32 to 75) mm. From its sylvian end,
of Brissaud) was also identified in 9 cases and measured 17.9  the IRP was identified in an additional 14.4 (varied from 8 to
(ranging from 4 to 32) mm. 23) mm anteriorly (Table 1).
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Superior Approach

Measurements on the Lateral Surface of the
Hemisphere

The superior Rolandic point (SRP) and the parieto-occipital
sulcus mark the superior and inferior borders of the superior
parietal lobule on the midline (Figure 5). The SRP was located
134.9 (ranging from 125 to 140) mm and 104.8 (ranging from
83 to 128) mm from the frontal and occipital bases along the
superior margin of the hemisphere, respectively. The long axis
of the central sulcus was identified at 109.1 (ranging from 95 to
118) degrees with the IHF and had a length of 85.8 (ranging from
77 to 94) mm. The postcentral sulcus, which defined the posterior
border of the primary sensory cortex, was identified 11.2 (ranging
from 4 to 23) mm posterior to the SRP. The distances from
the SRP and from the postcentral sulcus to the parieto-occipital
sulcus were 45.8 (ranging from 36 to 57) mm and 38.7 (ranging
from 24 to 47) mm, respectively. The parietotemporal line marks
the posterior border of the SPL and its long axis were identified
at 73.8 (ranging from 65 to 82) degrees angle to the IHF and had
a length of 77.3 (ranging from 70 to 88) mm.

Measurement on the Medial Surface of the
Hemisphere

The superior margin of the precuneus had a length of 37 (varying
from 31 to 43) mm, while the posterior part of the paracentral
lobule was 10.4 (ranging from 4 to 22) mm, and the paracentral
lobule was 27.3 (ranging from 19 to 38) mm. The posterior
border of the SPL is formed on the medial surface by the parieto-
occipital sulcus, which is 24.2 (ranging from 14 to 32) mm
and was identified at a 69.2 (ranging from 60 to 85) degree
angle to the superior margin of the hemisphere. The marginal
branch of the cingulate sulcus stating for the anterior border
of the SPL had a length of 21.5 (ranging from 18 to 28) mm
and was identified at 99 (ranging from 75 to 130) degrees to
the superior margin of the hemisphere. The line connecting
the cingulate-marginal sulcus connection point with the parieto-
occipital-calcarine connection point (subparietal sulcus), which
corresponds to the anatomical inferior border of the SPL on the
mesial surface of the hemisphere, had a length of 37.1 (ranging
from 32 to 40) mm. The width of the cingulate gyrus below
the marginal sulcus was 16.3 (ranging from 11 to 21) mm in
the line being extension of the marginal sulcus. Along the same
trajectory, the width of the corpus callosum was 6.3 (ranging
from 4 to 8) mm. The parieto-occipital-calcarine connection
point was located 22 (ranging from 19 to 28) mm posterior to
the splenium of the corpus callosum, along the calcarine sulcus
through the isthmus.

Measurement on the Subcortical Level

From the lateral perspective, from the superior perspective, the
main white matter tracts that are taken into consideration during
the procedure are thalamocortical/corticospinal tract anteriorly;
AF/SLF complex located lateral and anteriorly; SS located in line
with the horizontal segment and behind the previous segment.
The most mesial fibers of the AF/SLF complex were identified
~33.2 (ranging from 27 to 40) mm lateral to the IHF and ~25.6
(ranging from 23 to 28) mm from the cortical surface. In 60% of

TABLE 1 | Measurements related to the lateral approach.

Average Range
Superior approach
Lateral surface
The inferior Rolandic point to the 18.1mm 14-22 mm
postcentral sulcus
Length of the occipitotemporal line 41.4mm 33-39 mm
IPS-postcentral sulcus to the IHF 40.5mm 33-50 mm
IPS-postcentral sulcus to the lateral 36.7mm 28-46 mm
sulcus
IPS-parietotemporal line to the IHF 27.4mm 19-38 mm
IPS-parietotemporal line to the 59.5mm 48-67 mm
preoccipital notch
Length of the sulcus of Jensen 26.7mm 9-45 mm
Length of the sulcus of Brissaud 17.9mm 4-32 mm
Subcortical level
Genu of the AF/SLF complex to the 22.4mm 17-35 mm
postcentral sulcus
Genu of the AF/SLF complex to the 24.2mm 12-35 mm
occipitotemporal line
Depth to the genu of the AF/SLF 22.6mm 21-24 mm
complex
Depth to the SS complex 28.6mm 27-30 mm
Depth to the occipital horn 32.4mm 29-35 mm

patients, the IPS was in line with the horizontal segment of the
AF/SLF complex; in rest, its anterior point was located lateral to
the genu of the AF/SLF complex. The occipital horn of the lateral
ventricle was identified ~9 (ranging from 2 to 16) mm mesial
to the AF/SLF complex at ~34 (ranging from 32 to 36) mm,
measured perpendicular to the brain surface. Resection ended
on the inferior anatomical border of the parietal lobe; at the
level of the subparietal sulcus, the lateral ventricle should not
be encountered (Table 2).

ILLUSTRATIVE CASES

Case 1

41-year-old right-handed women presented with a history of
seizures without neurological deficit. MRI revealed a lesion
characteristic of a low-grade glioma within the non-dominant
parietal lobe, being lateral to the SS and AF/SLF complex
(Figure 6). Patient was operated in the lateral position with the
head rotated to the left. Intraoperative electrical stimulation of
the cortex anterior to the tumor elicited responses from primary
motor and sensory cortex within face and upper extremity.
Stimulation of the white matter at the depth of resection elicited
flashing within the left visual field and hemineglect syndrome
when line bisection task was performed. These areas based on
neuronavigation were related to optic radiation and SLF II,
respectively. Resection was ended when eloquent structures were
encountered. In the postoperative period patient presented mild
hemineglect syndrome which improved in long term follow-up.
The final neuropathology was WHO grade II astrocytoma.
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FIGURE 5 | The figure represents the surgical perspective of the surgical field within the superior parietal lobule from a superior perspective. (A) The SPL is located
posterior to the postcentral gyrus (red), mesial to the intraparietal sulcus (white square outline), anterior to the parietotemporal line (purple dots) and lateral to the
interhemispheric fissure. (B) The most superficial system of the fibers is constituted by the u-fibers connecting the neighboring gyri going at the bottom of the fissures,
which are quite deep in this region, reaching up to the gyrus cinguli. (C) Removal of the u-fibers laterally reveals the fibers of the AF/SLF complex (burgundy), which in
this case were located mesial to the anterior part of the IPS. Posteriorly and deeper to the AF/SLF fibers of the corona radiata (green) is identified. (D) Mesial the most
medial fibers of the AF/SLF complex, the atrium and the occipital horn (white rectangular outline) of the lateral ventricle are identified. The lateral ventricle was identified
at the level of the corpus callosum (pink). Anteriorly at the level of the postcentral gyrus, the fibers going medial and deeper than the AF/SLF complex are the
thalamocortical fibers (blue). Posterior to the vertical segment of the AF/SLF complex, on the lateral wall of the atrium and occipital horn of the lateral ventricle, the SS
is identified. (E) On the mesial surface, the precuneus (yellow) constitutes the mesial part of the SPL. The resection line can be performed along the well-defined
parieto-occipital (purple square outline) sulcus posteriorly and marginal ramus of the cingulate sulcus (white rectangular outline) anteriorly. The anatomical inferior
border of the resection is set by the subparietal sulcus (light blue rectangle line) or surgical sulcus on the corpus callosum along the line being extension of the
marginal ramus (red square line) and of the calcarine sulcus through the isthmus (red dots).

Case 2 lobe, being medial to the SS and AF/SLF complex (Figure 7).
51-year-old right-handed women presented with a history of  Patient was operated in the semi-sitting position with the head
seizures without neurological deficit. MRI revealed a lesion in the neutral position. Intraoperative electrical stimulation
characteristic of a low-grade glioma within the dominant parietal ~ of the cortex anterior to the tumor elicited responses from
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primary sensory and motor cortex. Stimulation of the white
matter at depth of resection elicited movement disturbances
on the anterior border of resection and flashing with language
disturbances on the lateral/inferior border of resection. These
areas based on neuronavigation were related to corticospinal
tract, SS and AF/SLF complex, respectively. Resection was ended
when eloquent structures were encountered. In the postoperative
period patient presented with aphasia which improved in long
term follow-up. The final neuropathology was WHO grade
IT astrocytoma.

DISCUSSION

Cortical and subcortical regions within the parietal lobe
are related to core functions such as motor (proprioceptive
disturbance), semantic (reading, writing and phonological
processing), visuospatial function, and visual fields (2, 10). All
of the above factors, except the visual field, cannot be assessed
in an unconscious patient; therefore, the functional limits of
resection can be identified only based on awake intraoperative
brain mapping of the dominant and non-dominant hemispheres
(12-15). In terms of the surgical approach to intra-axial lesions,
we can distinguish those located medially (Zones 2 and 4) and
laterally (Zones 1 and 3) in relation to the IPS and the atrium
of the lateral ventricle on the cortical and subcortical levels,
respectively. Surgical treatment of tumors within the inferior
parietal lobule is related mainly to language and visual field
deficits when located within Zone 1 and Zone 3, respectively.
The risk of language-related deficits with this tumor is high
(8.4%) compared to other locations in proximity to language
pathways (3). When the patient undergoing surgery has a
tumor in Zone 2 or 4, the main concern is the risk of
motor deficits related to motor or sensory impairment. For
safe and optimal surgical treatment, the surgeon should be
familiar not only with the anatomical aspect of the approach
but also with the functional significance of the cortex and
white matter tracts that are encountered, in terms of chances
of neuronal reorganization at the cortical level and functional
restoration (16).

Despite the trajectory of the approach, the anterior border of
the resection is constituted by the primary motor cortex within
the precentral gyrus and the thalamocortical tract (sensory)
at the subcortical level. The SRP can be easily estimated
by cranial markers and is identified ~3.5-4.5cm behind the
coronal suture (5). Posterior to the motor cortex, the primary
somatosensory cortex is identified and is marked posteriorly by
the postcentral sulcus, which is identified ~1 and 2 cm posterior
to the SRP and IRP, respectively, and runs almost parallel to
the long axis of the central sulcus. Intraoperative stimulation
of the primary somatosensory cortex and thalamocortical tracts
under awake conditions produces different types of paresthesia,
dysesthesia, or proprioceptive responses (17). Resection of the
primary sensory cortex while preserving the cortex responsible
for proprioception and the thalamocortical tract results in
immediate postoperative sensory deficits, which will resolve in
most cases due to plasticity and recruitment of the secondary

TABLE 2 | Measurements related to the superior approach.

Average Range
Superior approach
Lateral surface
The superior Rolandic point to frontal 134.9mm 125-140 mm
base
The superior Rolandic point to occipital 104.8mm 83-128 mm
base
The superior Rolandic point to the 45.8mm 36-57 mm
parieto-occipital sulcus
The superior Rolandic point to 11.2mm 4-23 mm

postcentral sulcus
The long axis of the central sulcus to IHF 109.1 degrees
85.8mm

73.8 degrees

95-118 degrees
77-94 mm
65-82 degrees

Length of the central sulcus

The long axis of the parietotemporal line
to IHF

Length of the parietotemporal line 77.3mm 70-80 mm
Medial surface

Width of the paracentral lobule 27.3mm 19-38 mm
The parieto-occipital sulcus to IHF 69.2 degrees 60-85 degrees
Length of the parieto-occipital sulcus 24.2mm 14-32 mm
Length of the marginal branch of the 21.56mm 18-28 mm
cingulate sulcus

The marginal branch of the cingulate 99 degrees 75-130 degrees
sulcus to the IHF

Length of the subparietal sulcus 37.1mm 32-40 mm
Subcortical level

AF/SLF complex from IHF (lateral) 33.2mm 27-40 mm
Depth to the AF/SLF complex from 25.6 mm 23-28 mm
cortical surface

Occipital horn to the mesial surface of 9.0mm 2-16 mm
the AF/SLF complex

Depth to the occipital horn from the 34.0mm 32-36 mm

cortex

somatosensory cortex, posterior parietal cortex, precentral
cortex, or contralateral primary somatosensory cortex (2, 18, 19).
Only awake conditions allow for an informed decision regarding
the end of functional resection on the anterior border at the
subcortical level. From an anatomical point of view, the posterior
border of the parietal lobe is marked by the parietotemporal
line, which measures ~8 cm and is located at ~70 degrees to the
IHF. The posterior border of the resection despite the operated
hemisphere is marked by the tumor, as long as it is above the
calcarine sulcus, where the visual cortex can be assessed. The
anatomical inferior border of the parietal lobe is constituted by
the occipitotemporal line, which measures ~4 cm and is located
~8cm lateral to the IHF. In the dominant hemisphere, the
inferior border of the resection due to highly eloquent function
should be based on intraoperative brain mapping (3, 12, 20).
Wernicke’s language area is located mainly within the posterior
segment of the STG and SMG and occasionally posteriorly within
the AG. These two gyri are separated by the sulcus of Jensen,
which is perpendicular to the IPS and has a mean length of
2.5cm. In some cases, atypical patterns in terms of additional
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FIGURE 6 | 41-year-old right-handed women with a low-grade glioma within the non-dominant parietal lobe. (A) axial, coronal, and sagittal MRIs with diffusion tensor
imaging tractography reconstruction of the tracts passing within the parietal lobe. The tumor (purple) is lateral to the AF (red), SLF Il (yellow) and optic radiation (green),
while posterior to the corticospinal tract (blue). (B,C) axial, coronal, and sagittal MRIs with preoperative and postoperative imaging. (D) Intraoperative photograph
taken before tumor removal, after brain mapping. The tumor (white rectangle) was located posterior to the primary motor (tag 1 and 2) and sensory cortex. (E)
Intraoperative photograph taken after tumor resection within functional borders, depth of resection is marked with optic radiation (tag 3) and SLF Il (tag 4). Patient was
operated in the lateral position with the head rotated to the left. DTl were reconstructed in DSI Studio (http://dsi-studio.labsolver.org) (11).

gyri within the IPL should be expected. Mapping of the SMG is
performed mainly with the use of picture-naming, and reading
tasks are used. Positive language sites are identified when anomia,
alexia or phonemic paraphasias are observed (2, 14). To avoid
Gerstman syndrome, which is typically related to AG, finger
recognition, writing, and calculation tasks are applied in mapping
the posterior region of the IPL (2, 21). The resection above the
IPS is most commonly negative to mapping, but intraoperative
damage of the SPL may result in apraxic dysgraphia (22). One
should keep in mind that the IPS, according to our observation,
runs parallel to the IHF in only 40% of cases. The anterior end of
the IPS was localized ~4 cm, while the posterior 2.5 cm lateral
to the IHF and its long axis formed with the IHF at an angle
of ~115 degrees. This may lead to the wrong assumption that
when IPS is identified, the lesion mesial to the IPS is safely
resectable. At the subcortical level, the IPS is linked to the AF/SLF
complex as well as to the SS complex. From the lateral trajectory
within the SMG, the depth border of the resection is marked
by the AF/SLF complex, and its horizontal segment transitions
into a vertical segment. From a lateral perspective, the complex is
identified at a depth of ~25mm from the cortical surface. On
the dominant side, the main function of the SLF/AF complex
is related to language, while on the non-dominant side, it is
mainly due to visuospatial function. Intraoperative stimulation

of the dominant AF/SLF complex results in expressive aphasia,
phonemic paraphasias and repetition disorders (AF) or speech
articulation dysfunction (SLF III), which are assessed during
the picture naming task. On the non-dominant hemisphere,
stimulation of the AF/SLF complex may result in contralateral
hemineglect syndrome, which is related to the stimulation of the
second compartment of the SLF (SLF II) (23), which is assessed
with an intraoperative line bisection task (2, 24). The sagittal
stratum is the most superficial fiber system, under the u-fibers
posterior to the sulcus of Jensen or posterior half of the IPL. The
SS complex is identified at ~30 mm. Deep to the SS, the lateral
ventricle is identified, where distinction of the tracts forming it
can be based only on intraoperative mapping. Transgression of
the SS most commonly does not cause permanent neurological
deficits except visual field deficits. The deep limit of the resection
is represented by the visual pathway. Stimulation of the visual
pathway may result in flashing, shadowing, or other unexpected
visual experiences (25). For optic radiation, a modified picture
naming task placed in quadrants is preferable. Laterally to the
optic radiation the IFOF, responsible for semantic language
processing in the dominant hemisphere with two subcomponents
can be identified (26-28). Intraoperative stimulation of the dorsal
and superficial subcomponent of the fibers that course in the
superior portion of the SS and terminate within the superior
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FIGURE 7 | 51-year-old right-handed women with a low-grade glioma within dominant parietal lobe. (A) axial, coronal, and sagittal MRIs with diffusion tensor imaging
tractography reconstruction of the tracts passing within the parietal lobe. The tumor (purple) is medial to the AF/SLF complex (red), optic radiation (green) and IFOF
(light blue), while posterior to the corticospinal tract (blue). (B,C) axial, coronal, and sagittal MRIs with preoperative and postoperative imaging. (D) Intraoperative
photograph taken after tumor resection within functional borders, depth of resection is marked with corticospinal tract (tag 1), AF/SLF complex (tag 3) and the SS (tag
2). Patient was operated on in the semi-sitting position. DTI were reconstructed in DSI Studio (http://dsi-studio.labsolver.org) (11).

parietal lobule may result in disturbances during reading and
writing tasks (10, 26, 29). The second subcomponent of the
IFOF which connects the frontal lobe with the inferior occipital
cortex and posterior temporal-basal regions is located ventrally
and deeper to the previous one and has no connections with the
parietal lobe. Therefore, if the language pathway is stimulated,
naming disturbances will occur without any subjective visual
complaint (13, 30). The region superior and medial to the roof
of the atrium is free of optic radiation and tracts of the sagittal
stratum. The roof of the atrium can be reached through the
dissection of the IPS perpendicular to the brain surface, and
it marks the lateral border of the superior parietal lobule. The
depth of the anterior half of the IPS is located ~1.25 cm above
the atrium, while its posterior half is located above the occipital
horn (31). The roof of the ventricular system corresponds to
the level of the superior margin of the corpus callosum, and
in this case, the trajectory of the dissection should be changed
for the midline at the level of the roof of the ventricle. This
allows preservation of the optic radiation, which courses on the
lateral wall of the ventricle and avoids the eloquent cortical motor
and speech areas that are located anteriorly and laterally to the
planned corticotomy. Due to anatomical variability of the shape
and localization of the IPS, the localization of white matter tracts
must in each case be correlated with the sulcal and cortical
anatomy. Based on our study and others, the AF/SLF complex

might be identified mesial to the IPS, especially on the anterior
segment of the IPS, which is why it is safer to start dissection in
the middle of the length of the IPS (31). Resection of the mesial
part of the parietal lobe also includes resection of the first segment
of the SLF (SLF I), but the clinical impact of its damage is not
well-described (32).

LIMITATIONS OF THE STUDY

Readers should carefully consider our results, as we were
not able to present all anatomical variants due to the limited
number of specimens. The anatomical relationship between
the structures in patients with gliomas is disturbed by
the tumor mass, edema or due to brain shifts related to
cerebrospinal fluid loss and tumor debulking. Additionally,
the physical parameters of cadaveric brain specimen not
exactly present an intraoperative brain structure. Despite
the mentioned knowledge of physiological
anatomy is of greatest importance even when the anatomy
is disturbed.

limitations,
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When discussing “mentalization,” we refer to a very special ability that only humans and
few species of great apes possess: the ability to think about themselves and to represent
in their mind their own mental state, attitudes, and beliefs and those of others. In this
review, a summary of the main cortical areas involved in mentalization is presented. A
thorough literature search using PubMed MEDLINE database was performed. The search
terms “cognition,” “metacognition,” “mentalization,” “direct electrical stimulation,” “theory
of mind,” and their synonyms were combined with “prefrontal cortex,” “temporo-parietal
junction,” “parietal cortex,” “inferior frontal gyrus,” “cingulate gyrus,” and the names of
other cortical areas to extract relevant published papers. Non-English publications were
excluded. Data were extracted and analyzed in a qualitative manner. It is the authors’
belief that knowledge of the neural substrate of metacognition is essential not only for
the “neuroscientist” but also for the “practical neuroscientist” (i.e., the neurosurgeon),
in order to better understand the pathophysiology of mentalizing dysfunctions in
brain pathologies, especially those in which integrity of cortical areas or white matter
connectivity is compromised. Furthermore, in the context of neuro-oncological surgery,
understanding the anatomical structures involved in the theory of mind can help the
neurosurgeon obtain a wider and safer resection. Though beyond of the scope of
this paper, an important but unresolved issue concerns the long-range white matter
connections that unify these cortical areas and that may be themselves involved in neural
information processing.

” ” o« ”

Keywords: mentalization, human brain, cortical areas, functional anatomy, practical neuroscience

INTRODUCTION

When discussing “mentalization,” we refer to a very special ability that only humans and, to the
present knowledge, few species of great apes have. It is the ability of thinking about themselves and
to represent in their mind their own mental state, attitudes, and beliefs and also those of others (1).
Some authors have called this peculiar skill “theory of mind,” defined as an awareness of the likely
content of other people’s minds (2).

It is now well-known that mentalizing is not a unitary process but that it assumes a wide variety
of known and unknown, and specific and unspecific subprocesses such as emotions, inferential
reasoning, understanding of causality, and the distinction between self and other.

A large number of neuroimaging and lesion studies have attempted to clarify the neural
substrate underlying mentalization. Moreover, observations made by numerous authors during
intraoperative mapping have been added in the last decades. Awake surgery, with the possibility
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of direct electrical stimulation (DES) of the brain, provided
neurosurgeons a crucial opportunity to better comprehend and
study these networks and areas in vivo. Intraoperative DES
temporarily alters the function of the stimulated area and thus
provides real-time anatomo-functional correlations with high
spatial resolution. It has been demonstrated that data acquired
through this technique are highly specific and mostly match
results gained with other neuroscientific approaches (3). To
date, DES is the only technique allowing direct gain of causal
information on the functional role of cortical areas as well as
white matter tracts in cognition and behavior (4).

Thanks to the observation made with the aforementioned
methods, it has been suggested that mentalization is carried out
by an extensive network of spatially distributed cortical areas,
mainly including the prefrontal cortex (PFC), the inferior frontal
gyrus (IFG), the temporo-parietal junction (TPJ), the posterior
parietal cortex (PPC), the temporal pole, and the cingulate cortex
(4, 5) (Figure 1).

In this review, a summary of the main cortical areas involved
in the mentalization process is presented. It is the authors’
belief that knowledge of the neural substrate of metacognition
is essential not only for “pure neuroscientists” but also for
“practical neuroscientists” (i.e., neurosurgeons), in order to better
understand the pathophysiology of mentalizing dysfunctions
in brain pathologies, especially those in which integrity of
cortical areas is compromised. Furthermore, in the context
of neuro-oncological surgery, understanding the anatomical
areas involved in mentalization can help neurosurgeons to
obtain a wider and safer resection, avoiding surgical injury to
those structures.

Though beyond of the scope of this paper, an important
but unresolved issue concerns the long-range white matter
connections unifying these cortical areas, that may be themselves

involved not only in carrying information but also in processing
neural information (6, 7).

MATERIALS AND METHODS

A thorough literature search using PubMed MEDLINE database
was performed. The search terms “cognition,” “metacognition,”
“mentalization,” “direct electrical stimulation,” “theory of mind,”
and their synonyms were combined with “prefrontal cortex,”
“temporo-parietal junction,” “parietal cortex,” “inferior frontal
gyrus,” “cingulate cortex,” and the names of other cortical
areas to extract relevant published papers. Initial screening was
performed by reading the abstract; only the papers that qualified
from this step were analyzed in their entirety. References of
extracted papers were screened for other relevant studies to
include. All study designs were included in this non-systematic
review. Non-English publications were excluded. Data were
extracted and analyzed in a qualitative manner.

PREFRONTAL CORTEX

It is well-known, from years of literature about this topic,
that the PFC is one of the most involved cortical areas in
mentalization. Recent research in cognitive neuroscience has
clearly demonstrated how it is implicated in higher cognitive
mechanisms (8, 9). These findings are consistent with the
hypothesis that the PFC is a key structure, with a crucial role in
generating the relevant kind of higher-order cognitive states that
underlie phenomenal awareness.

PFC is a generic concept that encloses subregions that
are anatomically and functionally different. In 2005 in his
Principles of Brain Evolution, Striedter proposed that the PFC
could be divided into two different regions from a functional
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FIGURE 1 | Schematic representation of the location of the cortical areas described in this review.
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and anatomic point of view and according to the evolutional
development (9). The first region is the ventromedial PFC,
which is composed of the ventral PFC and the medial PFC;
these cortices are present in all mammals. The second is the
lateral PFC, which is composed of the dorsolateral PFC and
the ventrolateral PFC, present only in primates. Also at a
microscopic level, the PFC has several different subregions with
different cytoarchitectonic properties (granular, dysgranular, or
agranular); different patterns of connectivity between each other
and with sensory, memory, and conceptual processing regions;
and different phylogenetic histories (10, 11).

Regarding neurophysiological activity, PFC neurons do not
directly discharge an electric impulse responding to constant
stimuli; instead, neuronal coding could be complex and involve
local and distributed ensembles within and between areas of the
PFC (12).

Lau and Rosenthal in their 2011 paper proposed an interesting
theory about the higher-order representations in the PFC (13).
Their work was primarily about visual perception; however,
expanding the discussion to the ventral lateral PFC, they
generalized their model to other external senses (14). In this
model, different roles for specific areas of the PFC were
identified. Specifically, the dorsolateral and the polar regions of
the PFC were identified as key areas. The authors suggested
that higher-order representations in the prefrontal network
are not themselves consciously experienced but facilitate the
experience of first-order states. The latter are defined as those
states depending on sensory input that allow us to respond
meaningfully to the perception of an external object. In their
model, conscious experience of the higher-order representation
requires an additional level of higher-order representation, whose
location was not identified by Lau and Rosenthal.

Other authors suggested that the polar prefrontal region might
be responsible for additional higher-order representations (15).
For example, medial and insular prefrontal areas receive inputs
from conceptual, memory, and subcortical circuits, as well as
from sensory and perceptual networks, and, in turn, connect with
lateral-polar prefrontal areas. In other words, these prefrontal
areas may construct lower-order representations used by the
lateral-polar prefrontal areas in the assembly of higher-order
representations that are phenomenally experienced. Another
possibility is that the higher-order network does not involve a
fixed set of prefrontal areas but instead a coalition of areas and
connections that are flexibly recruited on a situational basis to
meet the needs of the moment.

INFERIOR FRONTAL GYRUS

The IFG is the lowest part of the lateral frontal lobe. From a
topographic point of view, it can be divided into three distinct
region called the pars opercularis, pars triangularis, and pars
orbitalis (16). These three portions are macroscopically divided
by two sulci arising from the Sylvian fissure: the ascending
ramus separates the pars opercularis and pars triangularis, while
the horizontal ramus lies between the pars triangularis and
pars orbitalis.

Many functional magnetic resonance imaging (fMRI) studies,
as well as DES studies performed during awake craniotomies,
indicate that the IFG might be a paramount mentalization site
(17, 18). In particular, the lateral part of the pars opercularis
has been identified as a key structure in mentalizing accuracy,
and some authors proposed that the impairment in mentalizing
elicited by DES during awake surgery could be related to the
transient inactivation of a mirror system. Mirror systems are, to
the present knowledge, the main neuronal substrate underlying
the human ability to interact with others and to understand the
actions of others without logical inferences (18).

Indeed, the presence of neurons with mirror properties
in the pars opercularis is well-established. Most fMRI studies
that deal with tasks targeting the mirror system have pointed
out this brain region as a central cortical node (19, 20). It
is also known that damage to the pars opercularis impairs
mirror-related functions, such as emotional empathy and face-
based perceptual mentalizing (21). Moreover, abnormal neural
activity within the mirror network (and especially within the
pars opercularis) is one of the neural bases that characterize
some psychopathological conditions (such as autistic spectrum
disorders), with huge impairment in social perception and
cognition, including mentalizing (22).

As suggested by many papers, while a mirror dysfunction-
based mechanism arguably depends on the function of the pars
opercularis, the same interpretation becomes less obvious for
the adjacent pars triangularis, which is not generally considered
to be a mirror area, although several fMRI studies indicate the
opposite (19, 20, 23). The reason why the pars triangularis is not
considered a mirror area is that its neurons, at least in its dorsal
portion, discharge during action and emotional face perception
(19), but they do not seem to be activated during execution, a
necessary condition for classification as mirror neurons by their
original definition provided by Rizzolatti and colleagues (24).
To the authors’ best knowledge, only one study has currently
provided evidence to suggest that imitation and observation of
faces expressing emotional states activate the pars triangularis,
as well as the classical anterior mirror areas (e.g., the pars
opercularis and the ventral premotor cortex) (25).

TEMPORO-PARIETAL JUNCTION

A large body of evidence, mainly from functional neuroimaging
studies, highlights that the entire parietal cortex is not equally
involved in mentalization processes, which depends on the
coordinated interaction between the medial PFC and the
posterior temporal gyrus at the junction with the parietal cortex.
Because of its anatomical location, this region was termed
the TP]J.

Many papers published in the literature, both fMRI studies
and “lesion” studies performed during neurosurgical operations
using DES have shown that the inferior part of the parietal
cortex, more frequently on the right side, at the junction with
the posterior temporal cortex, plays a critical role in matching
signals arising from self-produced actions with signals from the
environment (26, 27).
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Intraoperative studies using DES during awake craniotomies
once again provided similar results to neuroimaging studies,
detecting in the TPJ] a key mentalizing structure (28). Such
function has usually been located with the “reading the mind in
the eyes test” (RME) during awake surgery.

POSTERIOR PARIETAL CORTEX

The PPC is a set of interconnected areas located just rostrally
to the TPJ, and it is one of the major associative regions of
the mammalian brain, receiving multisensory inputs (visual,
auditory, somatosensory, and vestibular) (29). Integration
of these multiple perception signals allows a higher-level
representation of self and of peripersonal space. Moreover,
multisensory input association is the basis of movement-related
decision making, which requires rapid integration of sensory
stimuli with presumed consequences of actions, based on
memory of previous similar situations (30).

Many authors suggest that in non-human primates, the
PPC can be divided into distinct subregions. The first is the
lateral intraparietal area, which contains high concentrations of
neurons responsive to saccades and is involved in perceptual
decision making. Others subregions are the parietal reach region,
involved in reaching actions, and the anterior intraparietal area,
linked to grasping movements (31, 32). Each PPC subregion
significantly modulates the encoding and processing of the other
subregions (33).

Since making right decisions requires choosing relevant
information from competing distractors, it is likely that the PPC
benefits from the experience of past decisions. In this regard,
there are studies that highlight how lateral intraparietal neurons
code the consequences on sensory perceptions produced by a
saccade (34, 35). In non-human primates, similar representations
for hand-reaching actions were found (36). In humans, a
transcranial magnetic stimulation (TMS) study demonstrated
that functional inactivation of the right and left PPCs resulted in
biased saccades (35).

Taken together, these studies suggest that a fundamental
role of the PPC is to filter sensory inputs, focusing attention
on behaviorally relevant stimuli in a top-down fashion. The
contextual relevance of a given stimulus is determined on
the basis of past experience. PPC neural networks therefore
constitute a memory substrate for perceptual decision making
(37). As in many others cortical networks, PPC neurons show
selective tuning, such as a selective response to the direction
of saccades in the lateral intraparietal area. It can therefore
be assumed that the repeated activation of certain successful
response networks may facilitate their subsequent activation and
thus constitute the substrate of the experiential component of
decision making.

Most research regarding PPC decision making has been
related to perceptual decisions. However, it is presumable
that this cortical region is also involved in the integration of
stimuli and evaluations of non-motor origin, such as emotions
and the social context (38). The role of the PPC in the
perceptual decision-making processes implies its involvement

in the mentalization process, although its role seems to be less
relevant than that of other regions considered in this review (39).

TEMPORAL POLE

As for the structures described above, available evidence suggests
that damage occurring at the level of temporal poles can impair
the ability to mentalize, as described by Funnell (40). Funnell’s
findings are in agreement with those from Damasio’s group that
suggested that the temporal poles are convergence zones, where
simpler features from different modalities are put together to
define, by their conjunction, unique individuals and situation
knowledge (41). It seems to be exactly this convergence of
information that gives us the ability to understand the function
of an object that we are looking at and the chance to infer not
only its potential at the moment but also how that object could
be modified by the context in which it appears (42). It is therefore
clear that these processes generated at the temporal poles have
their relevance in the mentalizing mechanism, especially in order
to provide the so-called moment-to-moment knowledge about a
specific object in a specific condition (43).

Also in this case, DES studies exist with results comparable
with the ones obtained by neuroimaging (44).

CINGULATE CORTEX

Anterior Cingulate Cortex

The anterior cingulate cortex (ACC) is located near the medial
aspect of the frontal lobe and can be differentiated from the
posterior cingulate cortex (PCC) on the basis of cytoarchitecture
patterns of projections, as well as function. The anterior portion
of cingulate cortex appears to be tasked with executive functions,
whereas the posterior part of the cingulum by evaluative
functions (43). Several studies based on animal models have
shown that ACC lesions resulted in decreased levels of social
interaction and decreased preference for social stimuli (45-
48). Human fMRI and DES studies have confirmed that ACC
activity increased when patients were asked to evaluate others’
decisions in a social context and in mentalizing processes in
general (49-52).

In addition, the ACC is known for its role, not only in social
information coding but also in the processing of information
that guides decisions in daily routine (53, 54). Studies based
on single-unit recording patterns carried out in non-human
primates demonstrated that neuron populations in the ACC were
enrolled by a wide range of stimuli, mostly reward related, that led
to optimize the decision-making process (55-57).

Matsumoto et al. described that, in addition to all of that
above-reported functions, some ACC cell populations showed
responses according to errors in the prediction of positive or
negative outcomes of some proposed scenarios (58). This was
proven to be useful to subjects during the execution of trial-and-
error tasks, in order to reach an optimal decision.

Another proposed function that involves the ACC concerns
the understanding of others’ decision making through
simulation. It has been proposed that the neural circuitry
used for one’s own decision-making process is also used for
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the understanding of the decisions of others (59), in a process
called embodied simulation, which has been confirmed for the
understanding the actions of others (60-63). If understanding
others’ decisions occurs through simulation, it is possible that the
same areas of the ACC may be used to process errors in one’s own
or another’s prediction upon receiving informative feedback.

Posterior Cingulate Cortex

The PCC is located near the medial aspect of the inferior parietal
lobe (64). According to Vogts model, the PCC is composed
of Brodmann areas 23 and 31; it is delimited superiorly by
the marginal ramus of the cingulate sulcus, inferiorly by the
corpus callosum (CC), posteriorly by the parieto-occipital sulcus,
and anteriorly by Brodmann area 24, the midcingulate region
(65). From a cytoarchitectonic point of view, the PCC contains
paralimbic cortex, with transitional features between the typical
six layered isocortex and the primitive allocortex of true limbic
structures (66).

Much of the information that we have today about structural
connectivity and functions of the PCC is assumed from non-
human primate studies. However, during the last decades, the
continuous improvement of MRI/fMRI techniques has led to a
better in vivo comprehension of the PCC in humans (67, 68).
Diffusor tensor imaging (DTI) tractography, for instance, has
confirmed the presence of connections between the ventral part
of PCC and the retrosplenial cortex and the medial temporal
lobes, as well as connections from the dorsal part of PCC to the
ventromedial PFC along the cingulum (69). Some speculations
have been made regarding the functions of these connections, but
a thorough comprehension of these networks in humans is still
elusive. However, it seems that these connections play a key role
in information processing and integration (68).

DISCUSSION

Since the beginning of history, human beings have been obsessed
with questions about their nature, about their relationship with
the world, and of course about consciousness. Consciousness is,
as defined by the Oxford Living Dictionary, “the state of being
aware of and responsive to one’s surroundings,” and it is a state
that unites in this awareness both humans and many animal
species, who are definitely well-aware and responsive to their
surrounding environment. However, humans (and very few great
apes, to present knowledge) have another very special feature that
diversifies them from the majority of other animals: the ability to
mentalize, defined as the skill of thinking about themselves and to
represent in their mind, not only their own mental state but also
the mental state of others. Nowadays, it is well-understood that
mentalizing is not a unitary task, but it assumes a wide variety of
diverse subprocesses.

It is not trivial to highlight that, when discussing “brain
functions,” we must not restrict them only to motor and language
functions, which are undoubtedly crucial to maintain a good
quality of life but are not sufficient. The human being is also made
of self-awareness, beliefs, and representation of one’s own and
others’ mental state: in one word, mentalization.

In this brief review, we reported the main cortical areas
involved in this fascinating but still widely mysterious process,
in order to provide a quite simple but precise idea of their spatial
representation for neurosurgical usage.

Knowing that the prefrontal areas, IFG, TPJ, or temporal
pole (whatever the side and whatever the so-called “hemispheric
dominance”) are involved in higher-level processes must lead
brain surgeons to be cautious even if, or perhaps mostly when,
the so-called “right non-dominant hemisphere” is involved, in
order to avoid permanent deficits of the patient’s higher-level
functions. And that is possible only knowing where and also how
to intraoperatively test those functions. The most accurate way
to achieve this goal is to create a real-time cortical brain map
using DES and appropriate tasks given to the patient who has to
be awake before corticectomy is performed. Indeed, nowadays,
it is mandatory for brain surgeons to shift the paradigm from
“anatomical based resection” to “functional based resection,”
being aware of functional limits and areas, mastering awake
surgery and DES techniques, at least when approaching low-
grade tumors or other pathologies with a long survival rate
(e.g., cavernomas) and in which, precisely for this reason,
postoperative quality of life is crucial.

It is not the purpose of this article to show and explain the
indications and technique for awake surgery craniotomy or DES,
but we need to underline, once again, how these have contributed
to improve our still limited knowledge about brain function. The
subject is still largely unknown, and more studies are needed in
order to extend our understanding of this remarkable function.

Finally, it must be underlined again that another important
but unresolved issue concerning the mentalization process
regards the long-range white matter connections, which unify
mentioned cortical areas. Such white fibers may be themselves
involved in neural information processing; it is an issue of
paramount importance, and more studies are needed in a
“connectomic” view of a functional and plastic brain.

The main limit of this paper is its non-systematic nature;
we tried to be as concise as possible in order to give young
neurosurgeons or neurosurgeons who want to approach brain
surgery a schematic view and a basic knowledge of which cortical
areas are involved in mentalization. Another limitation is that we
have, consciously, left out all the world of subcortical white fiber
tracts, focusing our work only on gray matter cortical areas.

CONCLUSIONS

The mentalizing process is still a wide and poorly understood
field in cognitive neuroscience. A few publications exist
concerning this topic applied to neurosurgery. In this brief
review, we reported the main cortical areas involved in this
peculiar human skill, namely, the PFC, TP], PPC, temporal poles,
and cingulate cortex.

We strongly believe that brain surgeons cannot ignore this
topic especially when the patient’s postoperative life expectancy
is long and a return to normal life is anticipated: when damaged,
these areas could lead to permanent deficits of the patients
higher-level functions, precluding many normal life nuances.
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" Faculty of Advanced Techno-Surgery, Institute of Advanced Biomedical Engineering and Science, Tokyo Women'’s Medical
University, Tokyo, Japan, 2 Department of Neurosurgery, Tokyo Women’s Medical University, Tokyo, Japan

Purpose: We developed a navigation system that superimposes the fractional anisotropy
(FA) color map of pre-operative diffusion tensor imaging (DTI) and intraoperative magnetic
resonance imaging (MRI). The current study aimed to investigate the usefulness of this
system for neurophysiological monitoring and examination under awake craniotomy
during tumor removal.

Method: A total of 10 glioma patients (4 patients with right-side tumors; 5 men
and 5 women; average age, 34 years) were evaluated. Among them, the tumor was
localized to the frontal lobe, insular cortex, and parietal lobe in 8, 1, and 1 patient,
respectively. There were 3 patients who underwent surgery on general anesthesia, while 7
patients underwent awake craniotomy. The index of DTl anisotropy taken pre-operatively
(magnetic field: 3 tesla, 6 motion probing gradient directions) was analyzed as a color
map (FA color map) and concurrently co-registered in the intraoperative MRI within the
navigation. In addition to localization of the bipolar coagulator and the cortical stimulator
for brain mapping on intraoperative MRI, the pre-operative FA color map was also
concurrently integrated and displayed on the navigation monitor. This white matter nerve
functional information was confirmed directly by using neurological examination and
referring to the electrophysiological monitoring.

Results: Intraoperative MR, integrated pre-operative FA color map, and microscopic
surgical view were displayed on one screen in all 10 patients, and white matter
fibers including the pyramidal tract were displayed as a reference in blue. Regarding
motor function, motor-evoked potential was monitored as appropriate in all cases,
and removal was possible while directly confirming motor symptoms under awake
craniotomy. Furthermore, the white matter fibers including the superior longitudinal
fasciculus were displayed in green. Importantly, it was useful not only to localize
the resection site, but to identify language-related, eye movement-related, and motor
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fibers at the electrical stimulation site. All motor and/or language white matter tracts
were identified and visualized with the co-registration and then with an acceptable
post-operative neurological outcome.

Conclusion: Co-registering an intraoperative MR images and a pre-operative FA color
map is a practical and useful method to predict the localization of critical white matter
nerve functions intraoperatively in glioma surgery.

Keywords: diffusion tensor imaging, magnetic resonance imaging, fractional anisotropy, glioma, craniotomy

INTRODUCTION

The usefulness of perioperative magnetic resonance imaging
(MRI) in brain tumor resection has attracted research attention
recently. In particular, intraoperative MRI for maximal
tumor resection is aimed to prolong prognosis and reduce
complications, making it an important method (1-5). Further,
with the introduction of navigation-based tumor resection,
MR images are now taken intraoperatively, and the position of
the surgical tool held by the operator can be displayed on the
MR image. The usefulness of this system as an intraoperative
support device has been established, and it is now increasingly
used in clinical practice. Similar MRI-guided navigation systems
have been applied in facilities with no MRI systems inside the
operating room, using MR images obtained the day before
surgery. This system provides more information and allows
a more accurate surgery than that performed only based on
the anatomical structure on pre-operative MRI, making it an
important surgical support strategy (6).

Advances in pre-operative MRI have made it possible to
obtain more detailed functional information of brain tumors
and surrounding brain tissues. The acquisition of functional
information on brain tumors and surrounding brain tissues has
recently attracted attention as a possible method for reducing
perioperative functional complications. High-field MRI devices
have enabled acquisition of pre-operative MRI function images
useful for predicting brain function sites during surgery and
estimating brain function after tumor resection. Functional
images obtained from pre-operative MRI can be broadly divided
into (1) functional MRI (fMRI) and (2) diffusion tensor imaging
(DTI) (7). In fMRI, language tasks are performed to image
language-dominant hemispheres and functional localization (8).
Meanwhile, DTT enables imaging of white matter fibers involved
in motor and language functions (FA color map) as well as the
tractography of white matter tracts (9). However, there have been
reports that notable white matter tracts were not visualized (false
negatives) on perioperative tractography (10, 11).

We believe that this issue will be resolved by directly
confirming brain function during surgery. Functional mapping
under awake craniotomy allows the surgeon to clearly define
language, positive motor and negative motor areas as well as the
positions of white matter fibers connected with speech and motor
functions, helping to prevent unexpected neurological deficits.
A meta-analysis demonstrated late severe neurological deficit
in 3.4% of patients who underwent resection with stimulation
mapping, compared to 8.3% of patients who underwent resection

without mapping (12). For intraoperative confirmation of brain
function, including the white matter of the cerebral cortex,
it is important to capture longitudinal changes in motor and
language functions before and after the start of tumor resection.
Assessing motor-evoked potential (MEP) with the cerebral cortex
indwelling strip is also helpful. Brain function during awake
craniotomy is more accurate than that determined on pre-
operative imaging. However, frequent brain stimulation can
cause seizures, and there are issues with the accuracy of
MEP measurement.

Therefore, the optimal strategy for achieving maximal tumor
resection and reducing neurological complications is needed. We
have previously developed a navigation system that superimposes
the FA color map of pre-operative DTI and intraoperative
MRI (13). In addition to predicting the FA color map display
of DTI as a pre-operative white matter functional site, our
system can be used to evaluate brain function complementary
to neurophysiological examinations and direct neurological
function evaluation under awake craniotomy. The current
study aimed to investigate the usefulness of this system for
neurophysiological monitoring and examination under awake
craniotomy during tumor removal.

METHODS

Among patients who underwent brain tumor resections after
April 2016, 10 consecutive patients (5 males, 5 females;
average age, 34 years) with co-registered pre-operative DTI
and intraoperative MRI were evaluated. Among them, 8 and 2
patients underwent their first and second surgeries, respectively
(Table 1). There were 4 and 6 patients with right- and left-sided
tumors. The tumors were located in the frontal lobe in 8 patients;
insular cortex, 1 patient; and parietal lobe, 1 patient. Surgery was
performed under general anesthesia and awake craniotomy in 3
and 7 patients, respectively.

Pre-operative DT images were used during surgery to focus
on motor fibers near the tumor in all 10 patients and to language
fibers in 6 patients. Pre-operative DT images were acquired
using a 3-Tesla magnetic field MRI (Philips ACHIEVA™) with
6 directions of diffusion sensitizing gradient and nearly isotropic
voxel size. Raw DTI data obtained in the MRI workstation
was color mapped (FA color map) via RGB conversion for
the index of anisotropy. The left and right x directions were
displayed in red (R), the front and back y directions were
displayed in green (G), and the up and down z directions were
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TABLE 1 | Patient characteristics and clinical results with image integration of pre-operative DTI-FA color map and intraoperative MRI.

Case Age, Pathology, WHO Initial or Side- Anesthesia Object for Clinical results (tumor removal rate and symptoms)
sex 2016 grade additional location
DTl fusion R.rate Post-ope within Post-ope at 3
7 days months later
1 19,M AAS Initial Rt-Insula General M 90 None None
2 36, M  Oligo, 2 Initial Lt-Frontal Awake M, B 98 Paresis (u-l, 4/5), Paresis (u-l, 4/5),
Aphasia Aphasia
3 37, F AA, 3 Initial Lt-Frontal Awake M, B 94 Paralysis (u, 0/5), Paresis (u, 4/5)
Aphasia
43, M AA,3 Initial Rt-Frontal Awake M, B 95 Paresis (u, 2-3/5) Paresis (u, 4/5)
37, F AA, 3 Additional Lt-Parietal Awake M, B, W 95 Mild agnosia None
24, F GBM, 4 Initial Rt-Frontal Awake M 95 Paresis (u-1/5and  Paresis (u-l, 4/5)
1-3/5)
7 41, F AA, 3 Additional Rt-Frontal General M 95 Paresis (u-l, 4/5), Dysarthria
Dysarthria
8 29, F GBM, 4 Initial Lt-Frontal General M 90 Paresis (u-l, 1/5), Paresis (u-2/5 and
Aphasia 1-4/5), Aphasia
9 32,M AA3 Initial Lt-Frontal Awake M, B 75 Paresis (u-, Paresis (u-l, 4/5)
3-4/5), Aphasia
10 41, M  AO, 3 Initial Lt-Frontal Awake M, B 70 Paresis (u-l, 4/5), None

Dysarthria

AA, Anaplastic astrocytoma; Oligo, Oligodendroglioma; GBM, Glioblastoma; AO, Anaplastic oligodendroglioma; Rt, Right; Lt, Left, Object for DTl fusion (B, frontal language; W, posterior

language; M, motor-sensory); R. rate, Tumor removal rate (%).

Motor symptom (paralysis/paresis) was evaluated by Manual Muscle Test (1-5 scale) using u-I (upper limb and lower limb), u (upper limb) and I (lower limb).

displayed in blue (B) according to the same coordinate axes
as in normal MRI (see Figure 1A). The FA color map images
acquired as 70 consecutive DICOM images in the axial plane
and 128 consecutive DICOM images in the coronal plane enabled
prediction of the relationship between tumor position and white
matter fibers as pre-operative DTI.

Intraoperative MR images (magnetic field strength of 0.3
Tesla, Hitachi™), including 100 T1- and T2-weighted images,
obtained after craniotomy (Figure 1B) was read on a navigation
system (BrainLAB™). Next, the DICOM image of the FA color
map created from the pre-operative DTI (Figure 1A) was read
on the same navigation system, and the image is co-registered
with the previous intraoperative MRI and displayed concurrently
(Figure 1C). Finally, a bipolar coagulator and an electrical
stimulation probe (manufactured by Unique Medical™) were
registered using a sterile antenna device and a skull-fixed
marker (14).

With this method, the position information of the bipolar
coagulator and the electrical stimulation probe operated by the
operator was displayed simultaneously on the intraoperative
MRI and the pre-operative DTT (FA color map). For functional
evaluation of motor white matter fibers, MEP findings obtained
from the scalp indwelling needle and cerebral cortex surface
strip prepared at the start of surgery, direct patient movement
confirmation (under awake craniotomy), and FA color map
display on the navigation system were used. For the functional
evaluation of verbal white matter fibers, the language function
of awake patients was evaluated using the language function test
system [Intraoperative Examination Monitor for Awake Surgery,
IEMAS (15, 16)] we developed in 2004. In addition to direct

confirmation and video recording, nerve position was confirmed
using the FA color map display on the navigation system.

All procedures performed in studies involving patients were
in accordance with the ethical standards of the ethics committee
of Tokyo Women’s Medical University and with the 1964
Declaration of Helsinki, as revised in 2013. Each patient provided
informed consent before the surgical procedure.

RESULTS

In all 10 patients, intraoperative MRI, FA color map, and
intraoperative field microscope images were displayed in real
time along with the position of the bipolar and probe on
the same screen of the navigation monitor. Focusing on the
white matter fibers represented by the pyramidal tract, the part
that can be expected to run the motor nerves of the lower
limbs was displayed in real time in blue (vertical direction).
Thus, navigation information other than the tumor position was
obtained. In addition to navigation information, resection was
confirmed with regular MEP monitoring in all 10 patients. In
patients under awake craniotomy, efforts were made to reduce
complications while directly evaluating motor function. The
language-related nerve tract (arcuate fasciculus) was adequately
displayed in green (anterior-posterior direction), providing the
surgeon real-time navigation information for the monitoring of
verbal symptoms.

All 7 patients who underwent awake surgery received IEMAS
assessment for confirmation of language function. Six patients
developed motor paralysis (Manual Muscle Test evaluation)
at 3 months after the tumor resection; of them, 2 patients
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FIGURE 1 | Image integration of pre-operative DTI-FA color map (A) and intraoperative MRI (B) navigation system. A newly developed system (C) in which an FA
color map, as an objective measure of neural function, from pre-operative DTl is combined with intraoperative MRI image obtained after craniotomy, is developed.

/
Pre DTI-FA color map and io-MRI
co-registration within updated
navigation system

also developed expressive aphasia. In the 4 patients, 1 and 3
patients had residual dysarthria and no motor/language function
complications, respectively. The average tumor resection rate
was 89.7% (70-98%). Histopathological findings (World Health
Organization grade) were grade 2 in 1 patient, grade 3 in 7
patients, and grade 4 in 2 patients (see Table 1).

We present representative cases below. The position of the
tumor and surrounding white matter tracts was more accurately
indicated by the navigation system. The surgeon can now refer
to the pre-operative DTI-FA color map that is displayed in real
time in conjunction with the intraoperative MRI image, making
it possible to reduce the risk (see Figures 2, 3). Furthermore,
when a language function test was performed near the arcuate
fasciculus of the white matter of the frontal lobe, a task response
was not possible due to joint eye deviation during electrical
stimulation mapping, and a false positive mapping condition
was confirmed (Figure 4). In particular, it was shown that the
pre-operative DTI-FA color map provides useful information
for identifying motor fibers, language-related fibers, and eye
movement-related fibers corresponding to bipolar and electrical
stimulation probe positions during awake surgery.

lllustrative Cases

Case 1: General Anesthesia, Confirmation of Motor
Nerves

A 19-year-old male underwent tumor resection under general
anesthesia for Grade 3 glioma of the right insular cortex. The pre-
operative DTI-FA color map indicated that the pyramidal tract
(indicated by blue) was close to the tumor. By referring to the
FA color map image co-registered with the intraoperative MRI
updated after craniotomy, the tumor was successfully resected

while visualizing the pyramidal tract in real time (Figure 2). Post-
operative complications were also avoided while monitoring
MEP findings.

Case 2: Awake Craniotomy, Confirmation of Nerve
Involved in Joint Eye Movements and Verbal
Response

A 36-year-old male underwent tumor resection via awake surgery
for grade 2 glioma of the left frontal lobe. The pre-operative DTI-
FA color map indicated that the pyramidal tract (indicated by
blue) and the arcuate fasciculus (superior longitudinal fasciculus)
(indicated by green) were close to the tumor. A language function
test performed during tumor resection in the deep white matter
showed a speech arrest associated with electrical stimulation.
This was consistent with the FA color map findings (green) of
the white matter fibers predicted to be the superior longitudinal
fasciculus (Figure 3, positive findings of language mapping).
Meanwhile, language function test performed on further tumor
resection confirmed that the response to the language task was
not possible because joint eye deviation was induced during white
matter electrical stimulation (false-positive findings of language
mapping, Figure 4). We were able to obtain useful findings for
anatomical identification of white matter tracts while accurately
recording the nerve responses involved in joint eye movement.
By referring to the FA color map image co-registered with the
intraoperative MRI updated after craniotomy, it was possible to
excise the tumor while visualizing the pyramidal tract and arcuate
fasciculus (superior longitudinal fasciculus) in real-time during
monitoring of MEP and IEMAS findings. This help reduced
post-operative complications.
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Pre-DTI | Pre-DTI

Ca se 1 19 y. 0. FA ax. FA cor. Navigation
. A lo-MRI [ lo-MRI | Monitor
Right Anaplastic astrocytoma T2ax. | T2cor.

Confirmed the location of pyramidal tract
using bipolar coagulator at tumor removal

Monitor within pre-DTI and

updated io-MRI navigation system
(Under general anesthesia)

FIGURE 2 | Case 1: navigation based on pre-operative pyramidal tract motor function information. Under general anesthesia, tumor resection is advanced while the
pyramidal tract (blue) is monitored in real time using the newly developed navigation system.

Pre-DTI | Pre-DTI

Ca se 2 3 6 y_ 0. FA ax. FA cor. Navigation

" . lo-MRI | lo-MRI | Monitor
Left Oligodendroglioma max. | T2cor

Confirmed speech arrest during electric
stimulation near language-related fiber

¥ Bipolar probe

Monitor within pre-DTI and
updated io-MRI navigation system
(Under awake surgery)

FIGURE 3 | Case 2: navigation based on pre-operative arcuate fasciculus language function information. Under awake craniotomy, tumor resection is performed
while the arcuate fasciculus (green) is monitored in real time using the newly developed navigation system.

DISCUSSION this study, a newly developed system in which an FA color map,

as an objective measure of neural function, from pre-operative
Intraoperative functional evaluation of the brain is important  DTI is combined with intraoperative MRI image obtained after
in glioma surgery, but current methods have few information  craniotomy, is developed and evaluated as a clinical assistance to
to localize critical white matter nerve with limited accuracy. In  contribute glioma surgery with an acceptable accuracy.
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Case 2 36Yy.0.

Left Oligodendroglioma

IEMAS Monitor

> Navigation Monitor

Bipolar probe

Monitor within pré—DTI and
updated io-MRI navigation system
(Under awake surgery)

Confirmed eye deviation to the right during
electric stimulation near frontal eye field

FIGURE 4 | Case 2: pre-operative arcuate fasciculus in which the joint eye movement center is identified based on language function information and language
function tests. Under awake craniotomy, the tumor resection is performed while the white matter fiber (green) related to the joint eye movement center is monitored in
real time using the newly developed navigation system. The intraoperative language monitoring system (IEMAS) is also used concurrently, and the language reaction
associated with the presentation of the language image task is determined by both the surgeon and the examiner, making the system highly useful for awake surgery.

Differences in pre- and intraoperative MRI findings, which
mainly occur from mechanical error due to navigation and
intraoperative brain shift of post-craniotomy brain tissue, are
important factors that need to be considered in brain surgery
(17). Particularly, many navigation errors have been evaluated
in intraoperative MR images in neurosurgery. For example, in
navigating and registering the marker to be attached to the
patient during MRI, the skin marker attached to the scalp or
face produces an error of 1.5-2mm (maximum, 4.2 mm) (18).
Intraoperatively, driving a marker into the skull after craniotomy
(born marker) leads to an error of 0.84-1.4mm (19). Pre-
operative MRI also has issues of position error (brain shift) due
to intraoperative changes (20). This is a phenomenon in which
the brain including lesions sinks more than before surgery after
cerebrospinal fluid outflow or tumor removal (21). Importantly,
it is difficult to predict, although it is affected by the size of the
craniotomy, tumor histology, patient position, presence/absence
of ventricular opening, and amount of excised tumor.

The post method (22) and intraoperative imaging after
brain shift are useful methods to address this problem
(23, 24). Although navigation errors are difficult to identify
intraoperatively, it is possible to infer mechanical errors by
confirming the marker position and errors due to brain shift
by confirming the position of the brain surface [corresponding
to (1) in Table 2]. Intraoperative MRI was first performed in
1993 by Black et al. (25) for brain tumor resection in the
United States. In Germany, intraoperative imaging is mainly used
in neurosurgery. The main purpose of intraoperative MRI is to
safely remove lesions in challenging locations, such as tumors
existing in parenchymal organs. It can confirm the presence of

residual lesions and determine the need to extend the resection,
ultimately improving the tumor resection rate.

Intraoperative MR images are usually acquired after
craniotomy, and the MRI image is registered in the operating
room navigation system. This system can display the position
of the surgeon’s surgical instrument on the MR image, making
it particularly useful. Intraoperative MR images are updated
imaged reflecting the brain shift from the parenchymal position
of the brain due to craniotomy. They are more accurate
for surgical navigation than pre-operative MRI. Although
navigation error cannot be avoided, the surgery can perform
more quickly and precisely.

This system has been used for 20 years in Japan. Medium-
low magnetic field MRI is sufficient to control the removal
of brain tumors (particularly gliomas), which is a major
role of intraoperative MRI (26, 27). Both the magnetic field
strength and the system design and operation are important.
Medium magnetic field with enhanced functionality can depict
the pyramidal tract using an intraoperative diffusion weighted
image (DWI) image (28) [corresponding to (2) in Table 2].
We registered 0.3T intraoperative DWI and MRI images in the
intraoperative navigation system for functional evaluation of the
pyramidal tract nerve, and this allowed us to obtain functional
images that minimized the effects of intraoperative brain shift.
In addition, we used the FA color maps obtained pre-operatively
using DTT [corresponding to (3) in Table 2].

There have been profound advances in visualization of brain
white matter, but there are also reports that results differ
according to the MRI method, software for visualization, and
the purpose of the analysis. There are cases where white matter
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TABLE 2 | Summary of a combination of image co-registration within navigation system in OR.

Pre-operative Intra-operative

DWI or DTI image co-registration

DTI io-DWI io-DTI Advantage Disadvantage
Pre-operative MRI (1) - - No need for MR in OR Large brain shift effect
io-MRI (Middle F) - ) - Small brain shift effect Limited to pyramidal tract in DWI
io-MRI (Middle F) Current study (3) - - Practical, Informative Middle brain shift effect
io-MRI (High F) - - (4) Small brain shift effect Long time for MR scan and setting

Middle F, Middle field magnetic strength (0.3-0.4 Tesla); High F, High field magnetic strength (1.5-3.0 Tesla); io, intra-operative; DTI, Diffusion Tensor Image; DWI, Diffusion Weighted

Image; OR, Operation Room.

tracts are not visualized (false negatives) and other excess white
matter tracts are visualized (false positives) (11). To solve this
problem, we used FA color maps as objective brain function
measures and included these in the navigation system along
with intraoperative MR images. This enabled real-time and
concurrent visualization of the surgery and brain function,
providing useful information. It provides the surgeon with real-
time information on the white matter tracts related to motor
and verbal functions, reducing perioperative complications.
Furthermore, false-positive intraoperative language impairments
were identified through stimulation of the joint eye movement
center, contributing to achieving adequate tumor resection.
Collectively, these results support that when pre-operative DTI
and intraoperative MRI are combined within an allowable error
range, they can be useful as a navigation system and obtain
information on white matter function [corresponding to (3) in
Table 2].

Intraoperative DTI imaging can now be performed
simultaneously with intraoperative MRI. fMRI and DTI
need to be acquired with a high-magnetic-field MRI device,
and brain shift can be minimized by combining intraoperative
DTI with intraoperative MRI using a high-magnetic-field MR
device [corresponding to (4) in Table 2]. Intraoperative MRI
is now widely used, and image-guided navigation systems that
provide functional information about the brain have become
increasingly important and more accurate. These systems
improve the safety of surgery by providing reliable and useful
information, ultimately improving prognosis by increasing
the degree of intraoperative resection. As shown in Table 2,
between (1) the conventional combination method of image
co-registration within navigation system with only pre-operative
DTI without intraoperative MRI and (4) the ideal method using
intraoperative DTI + intraoperative MRI, there is our new
technique (3) pre-operative DTI + intraoperative MRI. This (3)
is practical and best choice to use at our operating room with a
middle-field MRI device.

This study has some limitations. First, as mentioned in the
comparison between (3) and (4) in Table 2, DTI imaging that
minimizes the effect of brain shift requires high-field MRI in
the operating room. Since our environment operated by low-
field MRI and the operating room environment are different,
it is impossible to evaluate white matter nerve function based
on a unified standard. When a high-magnetic-field MRI device
is used intraoperatively, it is necessary to examine and verify

the improvement of image artifacts and confirm image accuracy,
intraoperative acquisition time, and preparation for DTI FA
color map creation. Next, the accuracy of the intraoperative
MRI images of the high magnetic field and the low magnetic
field is compared, and then the co-registration of the high
magnetic fleld MRI and the pre-operative DTI is performed
on the navigation to compare the accuracy. Ultimately, we
believe that a procedure aiming for clinical application that
simultaneously utilizes intraoperative MRI and intraoperative
DTI in a high magnetic field is necessary. Third, we do not have
the information that can describe the accuracy of this technique,
but we are thinking of a method to evaluate the impact of the
new method on the conventional method. In other words, a
prospective comparative study was conducted between the group
that performed the conventional method and the group that
added the proposed method to the conventional method. We
would like to conduct clinical research with the endpoints of
(1) brain function prognosis, degree of rehabilitation, (2) tumor
removal rate, and degree of survival prognosis.

CONCLUSION

Co-registering intraoperative MR images with pre-operative FA
color maps is a useful and practical method for intraoperative
localization of critical white matter nerves and functional
assessment in glioma surgery.
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Background: Aging disrupts the optimal balance between neural nodes underlying
orienting and attention control functions. Previous studies have suggested that
age-related changes in cognitive process are associated to the changes in the myelinated
fiber bundles, which affected the speed and actions of the signal propagation across
different neural networks. However, whether the age-related difference in allocentric
and egocentric spatial coding is accounted by the difference in white-matter integrity
is unclear. In this study, using diffusion tensor imaging (DTI) and functional magnetic
resonance imaging (fMRI), we sought to elucidate whether age-related differences in
white matter integrity accounts for the difference in nodes to the distributed spatial
coding-relevant brain networks.

Material and Method: Older (n = 24) and younger (n = 27) participants completed the
structural DTl and fMRI scans during which they engaged in a cue-to-target task to elicit
allocentric or egocentric processes.

Results and Conclusion: Efficient modulation of both allocentric and egocentric spatial
coding in fronto-parietal attention network (FPAN) requires structure—function interaction.
Allocentric task-modulated connectivity of the fronto-parietal network (FPN) and dorsal
attention network (DAN) with the temporal lobe was influenced by the aging differences
of the white-matter tracts of the posterior and superior corona radiata (PCR and SCR),
respectively. On the other hand, aging difference of the superior longitudinal fasciculus
mainly influenced the egocentric-task-modulated connections of the DAN and FPN
with frontal regions and posterior cingulate cortex. This study suggested that functional
connections of the FPAN with near and far task-relevant nodes vary significantly with age
and conditions.

Keywords: FPAN, allocentric spatial coding, egocentric spatial coding, spatial representation, frame of reference,
white matter integrity, functional magnetic brain imaging (fMRI)
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Functional and Structural Architectures of Spatial Coding in Aging

INTRODUCTION

Functional neuroimaging studies demonstrated that the neural
substrates mediating allocentric and egocentric spatial coding
(aSC and eSC, respectively) are dissociable (1, 2). Age-related
differences in the working mechanisms of aSC and eSC have also
been observed [for recent review: (3)]. On the other hand, with
the absence of any significant disease, aging is characterized by
the degeneration of white matter integrity, demyelination, and
axonal loss. Alternations of the white matter integrity have been
found to alter the transmission of the visuospatial neural signals
to the near and far brain regions for information processing (4-
6). However, how these age-related alternations would influence
the spatial coding corresponding functional networks, and hence
the dissociation between the aSC and eSC has not been explored.

Visuospatial attention is subserved by the functional
interactions within the fronto-parietal attention network (FPAN)
(2, 7, 8). The two subregions, namely the intraparietal sulcus
(IPS) and the premotor cortex (PMC) including the frontal eye-
fields (FEF) (1, 8) are involved in sensorimotor integration and
spatial relationships among objects in space (9-11). The FPAN’s
subregions of the posterior parietal cortex (PPC) and lateral
prefrontal cortex (LPFC) (2, 12) are involved in encoding context
dependent and trial-by-trial modulation of attention (such as
shifts and reorienting of attention) and response inhibition
(10, 13). Common neural substrates have been found between
the aSC and eSC along the FPAN. For instance, Szczepanski et al.
(2) used a cue-to-target paradigm to elicit the neural related
processes of aSC and eSC. The results indicate the supplementary
eye-field (SEF) to superior parietal lobule (SPL) as the neural
pathway common associated with both the eSC and aSC. The
neural pathway of FEF to intraparietal sulcus area two (IPS2)
was unique to the eSC. Other studies revealed that aSC tends to
demand working memory resources, which involved the MTL
(14-16).

The connectivity between the PPC and LPFC is found to
be involved in attentional control (7, 17). The fiber tract of
the superior longitudinal fasciculus (SLF) has been identified
to strengthen the functional connectivity between the near and
far neural nodes of the PPC and LPFC (18). Previous studies
indicated that functional connectivity within the core nodes
of the FPAN influenced participants’ reaction times (RT) on
visuospatial task (19). In addition, the fractional anisotropy (FA)
of the SLF was correlated with the neural activities in the FPAN
during visuospatial attention (20). Other correlations between
the RTs and the FA values were in the splenium of the corpus
callosum (SPN) (5), right posterior thalamic radiation (PTR)
(21), bilateral inferior longitudinal fasciculus (ILF) (4), anterior
corona radiata (ACR) (22), and posterior corona radiata (PCR)
(23). It is noteworthy that the RT-FA relationships are more
prominent in the right than the left hemisphere, which is in-line
with the right-hemispheric dominance in visuospatial attention
(24). Taken together, visuospatial attention is subserved by the
FPAN, which involves structure-function interactions.

The intra-parietal lobule (IPL) is a major structural hub with
fiber tracts passing through the inferior and middle longitudinal
fasciculus (ILF and MLF) (25). The ILF connects the IPL with the

middle temporal gyrus (MTQG), inferior temporal gyrus (ITG),
and superior occipital gyrus (SOG). The inferior occipitofrontal
fascicle (IOF) connects the IPL with the precuneus and superior
frontal gyrus via the caudate, and the SLF connects the IPL with
the middle frontal gyrus (MFG) and inferior frontal gyrus (IFG)
(25). The left and right IPL are connected via the splenium of
the corpus callosum (SPN) (26). Disruption of these structural
connectivities has been shown to affect the underlying functional
mechanisms of aSC and eSC. Complimentary evidence from
lesion studies have shown that disruption of the connection
of SLE, ILE and inferior fronto-occipital fasciculus (IFOF)
disrupted neural activities of the middle frontal gyrus (MFG),
supramarginal gyrus (SMG), and postcentral gyrus (PoCG)
during eSC and neural activities of the superior temporal (ST),
middle temporal (MT), angular gyrus (AG), and middle occipital
gyrus (MOG) during aSC (18, 20, 27).

On the other hand, the caudal part of the IPL (cIPL,
known as angular gyrus) projects the signals received to the
parieto-premotor and parieto-medial temporal pathways (1). The
parieto-premotor pathway is involved in eSC, and its core neural
substrates are the cIPL, superior parietal lobule (SPL; including
IPS), somatosensory motor area (SMA), and FEF (1, 28, 29).
IPS is related to attention and FEF is related to the action
template formations (7, 18, 30). The parieto-medial temporal
pathway, on the other hand, is involved in aSC (1), and its key
neural substrates are the caudal part of IPL (area PG) (31, 32),
PCC (33), the retrosplenial cortex (RSC), temproparietal junction
(TPJ), and medial temporal lobule (MTL) (34, 35). With strong
connections to the PCC and TPJ, the information received by the
cIPL is transformed to an aSC representation mediated by the
precuneus (14). The precuneus is related to spatial updating (12)
and the PCC is related to shifting spatial attention (1, 36). These
studies highlighted the important common and distinct roles
played by the IPL-related functional and structural connectivity
networks, in particular the cIPL, in the eSC and aSC.

Aging disrupts the optimal balance between neural nodes
underlying visual attention along the FPAN (34), such as alerting
(37), orienting (38), and attention control (39). Such disruption
was more prominent in the dorsal parts of FPAN, expressed in
decline top-down attentional guidance (5). Age-related changes
in orienting attention was associated with the disruption of WM
integrity in the SLF and ILF (17). The disrupted WM integrity
has been associated to slow down RT among older adults (4).
The SLF and ILF fiber tracts influencing the PFC subserve to
attentional control, whereas that influencing the PPC subserves
orienting attention (40). The WM integrity in the ACR was found
related to reduced attentional control in older adults (41) and
lowered neural activities in the MT FEF and LPFC (42). Specific
to spatial coding, older adults were reported to tend to prefer the
egocentric (43) than allocentric orienting (44). Such preference
was suggested due to the reduction in functional connectivity
between PFC and the parietal regions (40). Subsequently, the
eSC to aSC preference is further explained by the latter demands,
more visual short-term memory than the former (45). Aging was
also suggested to affect the pathway of the PCC (40) and SPL to
the LPFC via the MT (1, 14, 46), which subserves the retrieval
strategy and transformation of visual representation for forming
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TABLE 1 | Demographic characteristics of the participants.

Younger adults Older adults
N =27) (N =24)
Age 22.37 +0.88 68.29 £+ 3.59
Sex (m/f) 9/18 11/18
Years in school 14.59 + 0.50 11.33 £ 2.88
MoCA score 28.25 +£1.43 26.21 +1.68

a mental map in aSC [recent review and metaanalysis: (3, 30)].
The alterations of the structure-function relationships along the
SPL, PCC, MTL, and LPFC may lead to the age-related changes
in the aSC but not in the eSC.

Previous lesion studies revealed atrophies to the fiber bundles
in the SLE ILE and IFOF altered the functional connectivity
within the FPAN, affecting both the aSC and eSC functions (18,
20, 27). Yet, the underlying mechanism is not well understood. In
the present study, we combined structural MRI (diffusion tensor
imaging, DTI) and event-related fMRI to investigate how changes
in the FPAN’s white-mater integrity and brain activations due to
old age can explain the unique age-related decline in aSC but not
in eSC.

We hypothesized that the aSC task-specific effective
connectivities between the fronto-parietal network (FPN)
(PPC and LPFC) and the DAN (IPS and FEF) would significantly
associate with the FA values of the SLE, PCR, and SCR fiber
bundles for both the older and younger groups. In contrast,
the eSC task-specific effective connectivities within the FPAN
(involving IPS, FEE, PPC, and LPFC) would not significantly
associate with the FA values of the SLE, PCR, and SCR tracts.

METHODS

Participants

A total of 51 volunteers participated in the study. Among
them were 27 younger (Mean: 22.37 years, SD = 0.88, 18
women) and 24 were older adults (Mean: 68.29 years, SD
= 3.59, 13 women). All participants were right-handed and
had normal or corrected-to-normal vision. They had normal
cognitive functions as screened by the Chinese version of
Montreal Cognitive Assessment [MoCA; (47)]. The MoCA
scores were not significantly different between the younger and
older groups (Table1). The MoCA has been shown to be a
reliable measure of cognitive functions in spatial memory (48),
attention, and executive functions (49) in aging studies. Ethical
approval was obtained from the ethic committees of the Affiliated
Rehabilitation Hospital, Fujian University of Traditional Chinese
Medicine, where the study was conducted. All participants gave
written informed consent prior to engaging in the testing and
brain imaging experiment.

Apparatus and Stimuli
Stimuli were displayed on a 30-inch MR-compatible LCD
monitor that was placed outside of the MRI brain scanner bore

above the head of the participant. Participants viewed the stimuli
through a mirror attached to the head coil.

Cueing Paradigm and Procedures

The task used in the fMRI scan involved detection of shapes
with a cue-to-target paradigm adapted from Wilson, Woldorff,
and Mangun (50). The shape detection task has been used to
study attention control networks. Each trial began with the
presentation of three stimuli and a cue for 350 ms (Figure 1).
The three stimuli included a pair of empty squares (subtended
3.75° vertically and horizontally to the center) and one empty
rectangle (displayed at 3.75° vertically and 12.2° horizontally
to the center). The cue was a Chinese character presented at
the center that indicates the type of response required later in
the trial. The cue was followed by a stimulus-onset asynchrony
(SOA) for a fixed duration of 1,650 ms, in which the Chinese
character was replaced by a dot. Next, a new pair of squares
appeared inside the two ends of the empty rectangle, i.e., a total
of four squares on the screen. One of the four squares showed
a “plus” sign that indicates a target and the other three show
“asterisks” that indicates distracters. In the eSC condition, the
target would appear in one of the squares outside the rectangle
and participants had to indicate whether the target was located
on the left or right according to their own bodily coordinates
by pressing a button using middle or index finger, respectively.
In the aSC condition, the target would appear in one of the
squares inside the rectangle, and participants had to indicate
whether the target was located on the left or right side of the
rectangle, regardless of their own bodily coordinates. In the
cue phase, at the beginning of the trial, the Chinese character
cues the identity of the trial and the position of the target. The
font is in italic or a normal format that indicates an egocentric
or allocentric type of response, respectively. The character is
either 7 (left) or 77 (right) indicating the target would appear
on the left or right respectively in its corresponding condition.
Finally, an intertrial interval with a varying delay of 500, 2,500,
or 4,500 ms is organized in a random order. The combinations of
the words and the fonts of the words were counterbalanced across
all the participants.

There are four types of trials: valid, invalid, neutral, and cue-
only. On the valid trials, the location of the target is consistent
with the information provided by the cue. On invalid trials,
the location of the target is inconsistent with the information
provided by the cue. On cue-only trials, it does not include any
target and distracters; rather a dot at the middle of the screen was
presented. On the neutral trials, the cue provides no information
of the location of the target. A total of 288 trials (144 valid, 48
invalid, 72 cue only, and 24 neutral trials) were presented across
three runs, containing 96 trials per run. The distribution of each
trial type to the left or right was counter balanced. It took about
30 min to complete all the three runs.

TRAINING SESSION

All participants had to complete a training session to get
familiarize with the task before the actual experiment. The
trials used for the training and actual experiment were similar,
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FIGURE 1 | Cue-to-target paradigm and timing parameters. (A) Stimulus timing. (B) Valid trial for the allocentric condition. (C) Valid trial for the egocentric condition.
(D) Invalid allocentric trial, where the cue does not carry valid information about the probable location of the target stimuli. (E) Cue-only trial, where the cue is not
followed by a target. (F) Neutral trial, where the cue carries no important information. The cue (Randl) is enlarged and the stimuli are displayed here in reverse contrast
but appear in a white figure on a black background.

except that in the training session each response was followed
by a feedback. All participants were to achieve an accuracy
rate of at least 80% of the total trials before engaging in
the experiment.

Functional MRI and DTI Image Acquisition

and Preprocessing

Image Acquisition and Scanning Parameters

Siemens Prisma 3.0 T MRI system (Germany) with a 64-channel
coil was used for the image data acquisition. High-resolution
structural T1-weighted images were acquired: echo time (TE) =
2.27 ms, repetition time (TR) = 2,300 ms, field of view (FOV)
= 250 x 250 x 240 mm?, voxel size = 0.98 x0.98x 1 mm?,
slice thickness = 1.0 mm; image matrix = 256 x 256). Functional
images were acquired using a T2-weighted echo planar imaging
(EPI) sequence: 37 noncontiguous slices of gradient-echo EPI
with TE = 30ms; TR = 2,000 ms; field of view (FOV) = 230
x 230 x 146 mm?; voxel size = 3.6 x 3.6 x 3.6 mm?; slice
thickness = 3.6 mm; slice gap = 0.36 mm; image matrix= 64
x 64. Diffusion-weighted spin-echo planar images for diffusion
tensor imaging (DTI) were obtained: TR = 5,000 ms, TE = 69 ms;
flip angle, 90°; matrix, 96 x 96; 35 sagittal slices with thickness
3.5mm; FOV = 224 mm; bandwidth = 1,954 Hz/voxel; voxel
size = 1.8 x 1.8 x 3.5 mm?. Diffusion-weighting gradients were
applied at a b value of 1,000 s/mm?. Twelve images with no
diffusion gradients (b0) was also acquired for each participant.

Functional MRI Preprocessing and

Univariate Analysis

Functional MRI Preprocessing

Preprocessing of the event-related fMRI BOLD signals of the
participants was carried out by using FSL version 6.0.0 (FMRIB
Software Library; University of Oxford; www.fmrib.ox.ac.uk/fs)
(51). The preprocessing included the removal of non-brain
structure using brain extraction tool [BET; (52)], motion
correction using MCFLIRT (53), temporal high-pass filtering
with 100s cut-off, slice timing correction, spatial smoothing
by a Gaussian kernel with full-width half-maximum of 8 mm.
Functional images were, then, registered to its native anatomical
image using FMRIB’s linear image registration tool (FLIRT) and
then linearly registered to the MNI152 high resolution T1 2 mm
template brain with 12 degree of freedom affine transformation
(53, 54). To allow for signal stabilization, the first two dummy
scans of each run were discarded.

Diffusion-Weighted Image Processing

The DTI data of the participants were analyzed using the
FMRIB Software Library. The image with no diffusion gradients
(b0) from each subject was skull-stripped using FSLs brain
extraction tool (52). All diffusion weighted data from all subjects
were preprocessed for eddy-current induced distortions and
motion correction using the FSLs topup and Eddy tool. After
distortions and motion correction, using the FDT toolbox (51),

Frontiers in Neurology | www.frontiersin.org

61

January 2022 | Volume 12 | Article 802975


http://www.fmrib.ox.ac.uk/fsl
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Derbie et al.

Functional and Structural Architectures of Spatial Coding in Aging

superior
» longitudin
fascicles ¢

nterior
thalamic
radiation

z=45

FIGURE 2 | Differences in FA measures between the younger and older groups.
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raw DTI data was fit into the diffusion tensor model from
which the FA (fractional anisotropy) maps for each participant
was generated.

Tract-Based Spatial Statistics

Whole-brain voxel-wise statistical analysis was carried out
with the tract-based spatial statistics [TBSS; (55)] parts of
the FSL (51). First, all of the participants FA images were
aligned into FMRIB58 FA 1 x 1 x 1mm standard-space
using ENIRT (FMRIBs Non-linear Registration Tool) (56).
Second, to achieve skeletization, the aligned FA images were
then affine-transformed into 1 x 1 x 1 mm?® MNII52 space.
Third, using the mean FA image, FA skeleton common
to crosssubject and crossgroup white-matter tracts was
created. This was achieved by thresholding the center of
white-matter bundles with a value of 0.2. Each subjects
aligned FA maps were then projected onto the mean FA
skeletonized map, and the resulting data was subjected for
crossgroup voxel-wise statistics. Correction for multiple testing
was conducted using threshold-free cluster enhancement
(TFCE) method (57) and determined at p < 0.05. As an
additional quality assurance, we tested the difference in FA
between young and old, and the results were consistent
with previous studies that reported aging difference (4)
(Figure2). The mean FA values were, then, extracted
from each participant using predefined ROT’s as a mask as
explained below.

Creation of Functional Networks and White-Matter
Region of Interests (ROIs)
To delimit the analysis and reduce the type I error, given
the number of voxel to ROI comparisons, two key networks
associated with visual attention and top-down attention control,
ie, DAN and FPN were included for the labeling of the
functional ROIs according to the anatomical areas derived from
the Harvard-Oxford atlas of the CONN (58, 59) (Figure 3).
There were two steps for defining the white-matter ROIs. First,
we identified published studies on white-matter (particularly
FA) in relation with aging and visuospatial attention. Ten key
white-matter tracts were selected from five studies (4, 5, 21, 60,
61). The white-matter tracts identified were the anterior and
superior corona radiata (SCR) bilaterally, PCR bilaterally, body
corpus callosum (BCC), splenium corpus callosum (SPN), SLF
bilaterally, and posterior thalamic radiation (PTR) bilaterally.
WM labeling and parcellation was done by using the FSL atlas
tools provided by Johns Hopkins University [“JHU ICBM-DTI-
817; (62)]. Second, we correlated the FA values and RT of the
present data. Three white-matter tracts were correlated in one
or more of the RT in older group or younger group in either
aSC or eSC condition, and their contributions to the variation
of the task-relevant BOLD signal were above and beyond the
other white matter tracts. Hierarchical multiple regression was
used to test whether one white-matter tract contribution to the
variation in the task-relevant BOLD signal is above and beyond
the other white-matter tract. They were the right SCR, right PCR,
BCC, SPN, and right SLF (Figure 3). These tracts were binarized,
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FIGURE 3 | ROIs within the DAN and FPN as seed regions for the gPPI analysis (top) defined based on anatomical areas from the Harvard-Oxford atlas included in
CONN. The white-matter ROls are overlaid on the FMRIB58_FA_1-mm standard-space and the mean FA skeleton of both the groups (bottom). DAN, dorsal attention
networks; FPN, fronto-parietal network; PPC, posterior parietal cortex; IPS, intra-parietal sulcus; FEF, frontal eye-fields, LPFC, lateral prefrontal cortex.

and used as a mask to interrogate the FA values from each
participant using “fslmeants” on the all_FA_skeletonized image
in FSL. After obtaining the functional and structural ROIs, we
tested the relationships between the aSC and eSC task-related
effective connectivities within the FPN (cIPL and LPFC) and
DAN (IPS and FEF) with the FA values in the PCR, SLE and
SCR. To achieve this, the model for the seed-to-voxel effective
functional connectivity analysis contains young FA > old FA as
in the between-subject contrasts, aSC > eSC as in the between-
condition contrasts, and one seed region in each of the DAN and
FPN as in the between source contrasts.

Seed-to-Voxel Connectivity Analysis: Generalized
Psycho-Physiological Interaction

The association between functional connectivity and FA during
allocentric and egocentric spatial condition along the FPAN
was examined using the seed-to-voxel effective functional
connectivity analysis of the CONN toolbox (63), following gPPI
(64). Using gPPI, we extracted the average BOLD time series

from four predefined seed region masks. In our data, both the
FA with RT and FA with BOLD relationships were lateralized to
the right hemisphere. Studies have also shown that visuospatial
attention is mainly maintained by the right hemisphere (1, 65),
and thus only the right FPAN seed regions were drawn. The
regions were the FEF, IPS, and LPFC. IPS and FEF are parts
of the DAN which has been found to relate to object in space
(7, 18) and PPC and LPFC are parts the FPN which are related
to attentional control (7, 8). The following gPPI regressors
were modeled:

1. All of the task
neutral)  convolved
function (HRF);

2. The seeds (IPS, FEE, LPFC, and PPC) BOLD time series with
a task regressors corresponding to the allocentric, egocentric,
and neutral; and,

3. The interaction term of those seed regions time series
with a task regressor corresponding to the three conditions
convolved with HRF.

effect (allocentric, egocentric, and
with  hemodynamic  response
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The aSC, eSC, and neutral-specific connectivity regressors
were submitted to a gPPI model to conduct task-modulated
seed-to-voxel connectivity analyses. Each seed-to-voxel gPPI
map reflecting the regressors above were constructed for each
participant. The seed-to-voxel gPPI maps were used to test the
effects of between-subject and between-condition contrasts at the
group level across each seed.

The gPPI contrast maps for each model were generated,
and the results were displayed using the statistical parametric
mapping (SPM12). The corresponding group-level beta-weights
for each contrast were extracted and plotted along the
connectivity brain maps.

RESULTS

The Association Between Functional
Connectivity and FA in Aging During
Allocentric and Egocentric Spatial Coding
There were associations between FA in the PCR and DAN under
the influence of the aSC and eSC task effects (Figure 4, Table 2).
Compared to the older participants, FA values of the PCR for the
younger participants showed significant positive association with
the connectivity between the right FEF and the anterior temporal
fusiform cortex (aTFusC) [T(47) = 5.05, p < 0.01] and showed
negative association with the connectivity between the right FEF
and superior division of lateral occipital cortex (sLOC) [T(47) =
—4.62, p < 0.001] and between the right FEF and PaCiG [T(47)
—5.18, p < 0.001] in the aSC > eSC contrast. Moreover, for
the aSC condition, the younger participants showed significant
association between connectivity in the right IPS and central
opercular cortex [CO: T(47) = 5.33, p < 0.03] and negative
association with connectivity between the right IPS and the
caudate [T(47) = —6.39, p < 0.03].

There were associations between the FA values in the PCR
and FPN under the influence of the aSC and eSC task effects
(Figure 4, Table2). Compared to the older participants, the
FA values of the PCR among the younger participants were
significantly associated with the connectivity between the right
LPFC and LG [T(47) = 5.73, p < 0.02], right LPFC and pSTG
[T(47) = 4.25, p < 0.03], right LPFC and aMTG [T(47) = 4.34,
p < 0.03], and significantly but negatively associated with the
connectivity between the right LPFC and sLOC [T(47) = —5.77,
p < 0.03] in the aSC > eSC contrast. Moreover, for the aSC
condition, the FA values of the PCR for the younger participants
showed significant association with the connectivity between the
right PPC and iLOC [T(47) = 4.34, p < 0.02] and between right
PPCaITG T(47) = 4.47, p < 0.04).

There were associations between the FA values of the SLF
and DAN under the influence of the aSC and eSC task effects
(Figure 5, Table 3). Compared to the older participants, the
FA values of the SLF among the younger participants was
significantly associated with the connectivity between the right
FEF and SFG [T(47) = 4.37, p < 0.001] and right FEF and
Cereb T(47) = 5.26, p < 0.001), and significantly and negatively
associated with the connectivity between the right FEF and
precuneus [T(47) = —4.34, p < 0.001], right FEF and aSMG
[T(47) = —4.91, p < 0.001], and right FEF and SMA T(47) =

—5.89, p < 0.001] for the aSC > eSC contrast. Moreover, for the
aSC condition, the FA values for the younger participants showed
significantly and negatively association with the connectivity
between the right IPS and subcallosal cortex [SUbCal: T(47) =
—5.46, p < 0.001], right IPS and MFG [T(47) = —4.30, p < 0.01],
and right IPS and pITG [T(47) = —4.80, p < 0.01].

There were associations between the FA values in the SLF
and FPN under the influence of the aSC and eSC task effects
(Figure 5, Table 3). Compared to the older participants, the FA
values of the SLF for the younger participants was significantly
associated with the connectivity between the right LPFC and
IC [T(47) = 4.39, p < 0.01], and significantly and negatively
associated with the connectivity between the right LPFC and
PCC [T(47) = —5.03, p < 0.001], right LPFC and sLOC [T(47)
= —4.14, p < 0.01], right LPFC and SFG [T(47) = —4.15, p
< 0.04], and right LPFC and cerebellum (49) = —5.04, p <
0.04] for the contrast between aSC > 33 eSC. Moreover, for
the aSC condition, the FA values for the younger participants
showed significant association with the connectivity between
the right PPC and medial frontal cortex [T(47) = 4.99, p
< 0.001] and right PPC and TPJ [T(47) = 4.49, p < 0.03],
negatively associated with connectivity between right PPC and
PaCiG [T(47) = —5.49, p < 0.001], right PPC and PO [T(47) =
—4.62, p < 0.001], and right PPC and PoCG [T(47) = —4.65, p
< 0.02].

There were associations between the FA values of the SLF
and DAN under the influence of the aSC and eSC task effects
(Figure 6, Table 4). Compared to the older participants, the FA
values of the SCR among the younger participants were positively
associated with the connectivity between the right FEF and
SEG [T(47) = 5.06, p < 0.001], right FEF and FO [T(47) =
4.24, p < 0.02], right FEF and forb [T(47) = 4.16, p < 0.02],
and significantly and negatively associated with the connectivity
between the right FEF and TO [T(47) = —3.98, p < 0.001], right
FEF and aSMG [T(47) = —5.59, p < 0.001], right FEF and PoCG
[T(47) = —4.15, p < 0.04] for the aSC > eSC. Moreover, for the
allocentric condition, the FA values for the younger participants
showed significant association with the connectivity between the
right IPS and PaCig [T(47) = 4.55, p < 0.01], right IPS and Fob
[T(47) = 4.85, p < 0.01], right IPS and PrecG [T(47) = 4.02, p
< 0.01].

There were associations between the FA values of the SCR
and DAN under the influence of the allocentric and egocentric
task effects (Figure 6, Table 4). Compared to older participants,
the FA values of the SCR among the younger participants were
significantly associated with the connectivity between the right
FEF and SFG [T(47) = 5.06, p < 0.001], right FEF and FO
[T(47) = 4.24, p < 0.02], right FEF and forb [T(47) = 4.16,
p < 0.02], and significantly and negatively associated with the
connectivity between the right FEF and TO [T(47) = —3.98, p
< 0.001], right FEF and aSMG [T(47) = —5.59, p < 0.001], right
FEF and PoCG [T(47) = —4.15, p < 0.04] for the aSC > eSC
contrast. Moreover, for the allocentric condition, the FA values
for the younger participants showed significant association with
the connectivity between the right IPS and PaCig [T(47) = 4.55,
p < 0.01], right IPS and Fob [T(47) = 4.85, p < 0.01], right IPS
and PrecG [T(47) = 4.02, p < 0.01].
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temporal gyrus; LG, lingual gyrus; iLOC, inferior division of lateral occipital cortex.

FIGURE 4 | The differences between the younger and older participants in association between the FPN and DAN connectivity the with the FA values of PCR under
the influence of the allocentric and egocentric task effects. (A) PCR-FEF for aSC > eSC. (B) PCR-IPS for aSC > eSC. (C) PCR-LPFC for aSC > eSC. (D) PCR-PPC
for aSC > eSC. The connectivity blobs are thresholded and cluster-level corrected using FDR for multiple comparison at p = 0.05. Color bar coding: Violet represents
an increased (positive) and reduced (negative) in functional connectivity for the eSC and aSC condition, respectively, whereas the hot represents an increased
(positive) and reduced (negative) in functional connectivity for the aSC and eSC condition, respectively. SLOC, superior division of lateral occipital cortex; ICC,
intracalcarine cortex; PaCiG, Para-cingulate gyrus; CO, central opercular cortex; pSTG, posterior division of superior temporal gyrus; aMTG, anterior division of middle

DISCUSSION

The gPPI analysis examined the difference between aSC and
eSC task-dependent brain network organizations of the DAN

and FPAN in aging and delineated its association to the
white-matter tracts of the PCR, SCR, and SLF. Efficient
modulation of both allocentric and egocentric spatial coding
in FPAN requires structure-function interaction. Allocentric
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TABLE 2 | Summary on the results based on the seeds constructed within the DAN and FPN for the young_PCR > old_PCR as the between-subject contrast and aSC >
eSC as the between-condition contrast.

Seed Functional connectivity region Ke Hemi Coordinates Pepr Peak
X y V4 !
FEF Superior lateral occipital cortex 2,254 L —-18 —66 2 <0.001 —4.62
Paracingulate gyrus 1,492 R 10 28 28 <0.001 —-5.18
Anterior temporal fusiform cortex 650 L —-30 -4 —40 0.01 5.05
IPS Central opercular cortex 843 R 42 —18 20 0.03 5.33
Caudate 832 R 2 -20 14 0.03 —6.39
LPFC Lingual gyrus 885 R 30 —100 -8 0.02 5.73
Posterior superior temporal gyrus 711 R 62 —20 0 0.03 4.25
Anterior middle temporal gyrus 680 R 56 14 -32 0.03 4.34
Superior lateral occipital gyrus 630 L —-18 —78 —40 0.03 —b5.77
PPC Inferior lateral occipital cortex 994 R 38 -84 —-10 0.02 4.34
Anterior inferior temporal gyrus 786 R 36 16 —44 0.04 4.47

S
o

eSC " 2SC

FIGURE 5 | The difference between the younger and older participants in the FPN and DAN connectivity in association ith the FA values of the SLF under the aSC and
eSC task effects. (A) SLF-FEF for aSC > eSC. (B) SLF—-IPS for aSC > eSC. (C) SLF-LPFC for aSC > eSC. (D) SLF-PPC for aSC > eSC. The connectivity blobs are
thresholded and cluster-level corrected using FDR for multiple comparison at p = 0.05. Color bar coding: violet represents an increased (positive) and reduced
(negative) in functional connectivity for the egocentric and aSC condition, respectively, whereas the hot represents an increased (positive) and reduced (negative) in
functional connectivity for the aSC and eSC condition, respectively compared to one another. Precu, precuneus; SMA, somatosensory motor area; SMG,
supramarginal gyrus; SFG, superior frontal gyrus; MFG, middle frontal gyrus; pITG, posterior division of inferior temporal gyrus; PCC, posterior cingulate cortex; SFG,
superior frontal gyrus; sLOC, superior division of lateral occipital cortex; PO, parietal operculum; MedFC, medial prefrontal cortex; PaCiG, paracingulate gyrus; PoCG,
postcentyral gyrus; TPJ, temporoparietal junction.
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TABLE 3 | Summary on the results for the seeds constructed within the DAN and FPN for the young_SLF > OLD_SLF as the between-subject contrast, aSC > eSC as

the between-condition contrast.

Seed Functional connectivity region Ke Hemi Coordinates Pepr Peak
X y z ‘
FEF Precuneus 1,567 R 0 —60 50 <0.001 —4.34
Superior frontal gyrus 1,466 R 4 64 28 <0.001 4.37
Anterior supramarginal gyrus 1,351 L —46 —-30 36 <0.001 —4.91
Cerebellum 1,257 R 22 —84 —34 <0.001 5.26
Somatosensory association area 966 L —-16 8 48 <0.001 —5.89
IPS Subcallosal cortex 2,062 R 20 46 —12 <0.001 —5.46
Middle frontal gyrus 751 R 34 14 46 0.01 —4.30
Posterior inferior temporal gyrus 739 R 52 -18 —24 0.01 —4.80
LPFC Posterior cingulate cortex 3,030 R 2 —46 24 <0.001 —5.038
Superior lateral occipital cortex 696 L —54 —66 16 0.01 —4.14
Insular cortex 616 R 38 —14 0 0.01 4.39
Superior frontal gyrus 464 R —6 62 36 0.04 —4.15
Cerebellum 456 L —24 -84 -30 0.04 —5.04
PPC Medial frontal cortex 1,883 L —-18 52 —22 <0.001 4.99
Para-cingulate gyrus 1,359 R 16 48 16 <0.001 —5.49
Parietal operculum 1,181 R 62 —-20 26 <0.001 —4.62
Postcentral gyrus 653 L —46 —16 30 0.02 —4.65
Temporoocipital area 578 R 22 —-30 20 0.08 4.49

task-modulated connectivity of the FPN and DAN with the
temporal lobe was influenced by the aging differences of the
white-matter tracts of the PCR and SCR, respectively. On the
other hand, aging difference of the SLF mainly influenced
the egocentric-task modulated connections of the DAN and
FPN with frontal regions and posterior cingulate cortex. This
study suggested that functional connections of the FPAN with
near and far task-relevant nodes vary significantly with age
and conditions. Overall, the results showed variability in the
magnitude and direction of connectivity changes in association
with different white-matter ROIs in to response to aSC and eSC
along DAN and FPN. Covarying with aging difference in FA, aSC
task-modulated connectivity changes of FEF brought negative
connectivity association with sLOC, parietal regions (precuneus,
SMQ), and frontal regions (SMA, SFG, and paracingulate gyrus)
and an increase in connectivity mainly in frontal regions (SFG,
fronto-orbital cortex).

Frontal eye-fields connectivity changes could be interpreted
in two equally appealing ways that efficient aSC processing in
younger adults may have required lesser resources compared to
older adults along the interpretation of neural efficiency (66,
67), and that the difference between aSC and eSC processing
may have attributed to the nature of FEF connection to near
(e.g., SFG and paracingulate gyrus) and far (e.g., SLOC and
precuenus) brain regions. FEF connection tends to facilitate an
eSC processing in sLOC, precuneus, SMG, and paracingulate
gyrus than it facilitates for the aSC. These evidences are consistent
to previous studies highlighted the role of FEF in processing top—
down content of eSC (1, 7, 8). Ptak and Schnider (18) suggested
that FEF holds neurons to encode egocentric associated action

template. In addition, using aSC and eSC task requiring top-
down attention allocation, the neural pathway of the FEF to IPS
was revealed to be unique to the egocentric spatial coding (2),
suggesting that compared to younger adults, the slower RT and
lesser FC in FEF among older adults may have been accounted
for by the difference in connectivity within the DAN (IPS, FEF).
However, the FC results shown that a strong preference of FEF
during eSC over the IPS was observed. This also tends to supports
single cell recording study showing that parietal (PPC) and
frontal (FEF) neurons detect target locations at a different pace
across paradigms in visual attention in that FEF encode targets
requiring top—down allocation earlier than PPC neurons and
PPC neurons encodes targets in bottom-up attention processing
earlier than the FEF neurons (68).

Allocentric task-modulated connectivity of FEF was also
observed with anterior division of temporo-fusiform cortex,
consistent to the mainstream hypothesis that aSC subserved by
the ventral stream and that the aSC tend to demand working
memory resources, which involves the temporal lobe (14-16).
From the hierarchical multiple regression results, among older
adults, it was shown that the account variance attributed by FA in
PCR to the aSC activities of IPL was above and beyond the other
WM tracts. Using PCR as a covariate, negative aSC-modulated
connectivity exists between FEF and anterior temporal fusiform
cortex and FEF and central opercular cortex was shown. These
two regions are thought to engage in memory-guided visuospatial
attention tasks (69), and thus PCR might mediate between these
two neural areas in aSC.

Regarding the FPAN mask in association with WM tract ROIs
on aSC and eSC task-modulated FC, the results showed that,
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FIGURE 6 | The differences between the younger and older participants in the FPN and DAN connectivity in association with the FA values of the SCR under the
influence of the allocentric and egocentric task effects. (A) SCR-FEF for aSC > eSC. (B) SCR-IPS for aSC > eSC. (C) SCR-LPFC for aSC > eSC. The connectivity
blobs are thresholded and cluster-level corrected using FDR for multiple comparison at p = 0.05. Color bar coding: violet represents an increased (positive) and
reduced (negative) in functional connectivity for the egocentric and allocentric condition, respectively, whereas the hot represents an increased (positive) and reduced
(negative) in functional connectivity for the allocentric and egocentric condition, respectively. TO, temporo-occipital; PoCG, post central gyrus; Forb, Fronto orbital
cortex; SFG, superior frontal gyrus; FO, frontal operculum; aSMG, anterior division of supramarginal gyrus; PaCIG, para-cingulate gyrus; IC, inter-calarine cortex; IC,

compared to eSC, a greater age-related decline of aSC-modulated
connectivity of the LPFC with lingual gyrus, posterior STG,
anterior ITG, and insular cortex was observed. The connectivity
between LPFC and temporal regions is the key in maintaining
attention control (41) and encodes in an aSC map (Ref.). Age-
related decline of connectivity of LPFC temporal regions was
strongly linked to disrupt the feedforward and feedback loop
of signals projected to frontal regions for attention execution
(42). The results are in agreement with neuroimaging evidence,
which showed that older adults tends to rely (preserved) on
egocentric orienting (43) alongside specific reduction in aSC
orienting (44), which was linked to the alteration of structure-
function relationship of the LPFC-MT pathway (1, 14, 46),
especially when the task at hand demands visual short-term
memory involvement (45). As a consequence of aging effects

on the relationship of brain structure and function in orienting
and reorienting, differences in the mechanisms underlying
spatial representations has been reported (3). The WM nodes
in corona radiata was suggested to explain the age-related
decline in attention control (41), which the present evidence
strongly supports.

The other key region of FPAN examined was the PPC. In
association with WM tract of the PCR on aSC and eSC task-
modulated FC, the results showed that, compared to eSC, a
greater age-related decline of aSC modulated connectivity of
the PPC with inferior LOC and anterior ITG was observed.
It has been shown that the PPC is a part of the DAN
maintaining visuospatial control of the primed action (70),
and LOC is parts of ventral parts of the occipito-temporal
cortex modulated by long-term representation of objects in the
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TABLE 4 | Summary on the results based on the seeds constructed within the DAN and FPN for the young_SCR > old_SCR as the between-subject contrast, and the

aSC > eSC as the between-condition contrast.

Seed Functional connectivity region Ke Hemi Coordinates Prpr Peak
X y z ‘
FEF Superior frontal gyrus 2,479 L 2 44 26 <0.001 5.06
Anterior supramarginal gyrus 1,339 L —64 —14 22 <0.001 —5.59
Temporooccipital gyrus 756 R 50 —-38 18 <0.001 —3.98
Fronto oribital cortex 556 L —-20 22 —4 0.02 4.24
Fronto orbital cortex 523 R 28 28 -2 0.02 4.16
Post central gyrus 433 R 58 —-18 50 0.04 —-4.15
IPS Para-cingulate gyrus 946 R 0 48 16 0.01 4.55
Fronto oribital cortex 839 R 34 36 0 0.01 4.85
Precentral gyrus 748 L —4 —36 56 0.01 4.02
LPFC Anterior cingulate 1,091 L -2 20 32 <0.001 5.58
Insular cortex 848 L —60 -10 4 <0.001 4.33
Insular cortex 557 R 48 —-10 0.02 4.10

visual-field (71). This implicates that maintenance of aSC may
have required both the dorsal (for action control) and ventral
stream (for memory-guided object recognition on the visual
field) interactions. The WM tract in PCR may have played a
greater role in connecting both streams for age-related decline
in aSC. Unlike eSC, aSC may have dominated by maintaining
visual scene and retrieved the task rule [see (72)]. If eSC is
preserved and aSC processing capacity is reduced due to aging
(3) on compromise attention control areas (73, 74), then aSC-
modulated connectivity of LPFC may have been the hot spot
of the functional difference. The results clearly support this
premise that compared to older adults, younger adults showed
positive (an increase) aSC-modulated connectivity of LPFC with
ACC and insular cortex. The fronto-insular cortex and ACC
is thought to play a critical role in switching between task-
associated rules and executive attention (74-76), suggesting that
aging may have altered the switching capabilities between aSC
and eSC. The alteration of aSC-modulated connectivity during
aSC execution might have linked to the WM nodes of the superior
corona radiata.

This study has several limitations, and readers should
interpret the results with caution. First, to examine the
function-structure interaction, only BOLD signal of the
contrast between aSC > eSC was used. Generalization of
the results must consider the task-specific differences of the
connectivity for aSC > neutral and eSC > neutral. Second,
to obtain the FA values, the structural ROI were defined
using previous studies on behavior-FA relationships. Readers
must consider the reproducibility differences between data-
driven and predefined ROI quantifications. Lastly, it is unclear
whether age-related differences in WM integrity represent
age-related differences in spatial coding with those predefined
ROI tracts, or instead are global effects occurring across
as age.
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Objective: The neuroimaging pattern in brain networks after articulation rehabilitation
can be detected using graph theory and multivariate pattern analysis (MVPA). In this
study, we hypothesized that the characteristics of the topology pattern of brain structural
network in articulation-rehabilitated children with non-syndromic cleft lip and palate
(NSCLP) were similar to that in healthy comparisons.

Methods: A total of 28 children with NSCLP and 28 controls with typical development
were scanned for diffusion tensor imaging on a 3T MRI scanner. Structural networks
were constructed, and their topological properties were obtained. Besides, the Chinese
language clear degree scale (CLCDS) scores were used for correlation analysis with
topological features in patients with NSCLP.

Results: The NSCLP group showed a similar rich-club connection pattern,
but decreased small-world index, normalized rich-club coefficient, and increased
connectivity strength of connections compared to controls. The univariate and
multivariate patterns of the structural network in articulation-rehabilitated children were
primarily in the feeder and local connections, covering sensorimotor, visual, frontoparietal,
default mode, salience, and language networks, and orbitofrontal cortex. In addition,
the connections that were significantly correlated with the CLCDS scores, as well as
the weighted regions for classification, were chiefly distributed in the dorsal and ventral
stream associated with the language networks of the non-dominant hemisphere.

Conclusion: The average level rich-club connection pattern and the compensatory of
the feeder and local connections mainly covering language networks may be related to
the CLCDS in articulation-rehabilitated children with NSCLP. However, the patterns of
small-world and rich-club structural organization in the articulation-rehabilitated children
exhibited a random network and non-rich-club organization tendency. These findings
enhanced the understanding of neuroimaging patterns in children with NSCLP after
articulation rehabilitation.

Keywords: non-syndromic cleft lip and palate, articulation rehabilitation, diffusion tensor imaging, small-
worldness, rich-club organization, graph theory
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Random Network and Rich-Club Organization

INTRODUCTION

Cleft lip and palate (CLP) is one of the most common craniofacial
malformations in infants, and its prevalence has been estimated
to be one in 1,000 live births (1). Non-syndromic CLP (NSCLP)
is not included in any kind of well-known congenital syndrome
and its incidence of articulation disorders ranges from 22 to 92%
(2). Even with early surgical treatment, 30-50% of patients with
CLP still suffer from cleft palate articulation characterized by
hypernasality and/or nasal emissions (3). Articulation therapy
is the primary management approach, along with physical
management through surgery, combined with motor learning
principles by visual, auditory, and touch feedback assistance (4).

Previous studies have found functional and structural changes
in the brain in CLP children. The broadly decreased volumes
of the subcortical nuclei and the frontal lobe (5), cerebral white
matter (6), cerebellum (7), and ventral frontal cortex (8) were
found in CLP children. Moreover, adult NSCLP participants
after articulation rehabilitation showed increased cortical folding
in brain areas related to language, auditory, and execution
compared to adults with NSCLP and control participants (9).
A subvocalization task performed by adults with CLP during a
functional MRI study, although the left hippocampus exhibited
increased activation, the rest of the brain regions showed similar
brain activity in articulation rehabilitated patients relative to
healthy comparison (10). Our recent study based on resting-
state functional MRI that detected the increased capability of
information transmission and integration involving language
and social cognition brain areas in children with CLP after
articulation rehabilitation. In addition, we found an increased
small-world index in these patients which means optimum
equilibrium between local specialization and global integration
to process information (11). The structural organization of CLP
children in the developing brain after articulation rehabilitation
still needs to be investigated.

Graph theory has been broadly used in neuroimaging studies
for healthy participants and clinical patients to assess the
topological properties of network organizations (12). The graph
theory technique can evaluate the small-world properties and
rich-club organization of brain networks. There is an optimal
balance between global integration and local specialization for
information processing in a small-world brain network (13).
Rich-club organization is the central hub of a network, exhibiting
more density connections than the peripheral regions (14) and
can promote neural signaling and integrated information across
different brain areas (15). The multivariate pattern analysis
(MVPA) is based on a data-driven technique widely used to
analyze neuroimaging data. Such a technique could provide not
only discriminative spatial patterns but also the quantification
of therapy effects at the individual level (16). Additionally, the
features contributing most strongly to individual classification
could be identified (17). To date, there have been no MVPA
studies on CLP children. Therefore, we used the MVPA to explore
the structural topology pattern in articulation-rehabilitated
children with NSCLP, which might improve our understanding
of the recovery mechanism of structural brain networks. We
hypothesized the topology pattern of brain structural network in

articulation-rehabilitated childrenwith NSCLP was similar to that
in healthy comparisons by the MVPA method.

In this study, diffusion tensor imaging (DTI) data were
collected and structural brain networks were reconstructed
for children with NSCLP after articulation rehabilitation and
healthy comparison. We aimed to investigate the pattern of the
structural network topology in NSCLP children after articulation
rehabilitation with graph theory and the MVPA technique.

MATERIALS AND METHODS

Participants

This study was approved by the Beijing Children’s Hospital
Ethical Committee and we obtained the informed consent of all
the participants. A total of 28 children (mean age 10.0 & 2.3 years,
21/7 male/female) with NSCLP and 28 typical developing healthy
comparisons (age- and sex-matched) were included in this study
from January 2016 to September 2017. No NSCLP participants
were excluded because of the well-matching. The children with
CLP would be excluded when the experienced medical geneticist
suspected them within a well-known congenital syndrome by
evaluating their medical histories, clinical signs, and genetics
files. All the children received a Chinese speech intelligibility
test administered by three experienced speech pathologists. The
inclusion criteria of children were as follows: (1) aged between
6 and 16 years old; (2) Chinese as the native language; (3) a
successful CLP repair for velopharyngeal insufficiency. Speech
therapy started 3-6 months after the surgery, 30 min/day, 3
times/week, and lasted for half a year till patients reached a score
of 86 points of the CLCDS (full credit was 100 points), which
was considered as a clear line of rehabilitation; (4) normal vision
and hearing auditory brainstem response (ABR) < 30 dB nHL];
(5) right-handed; and (6) the Chinese Wechsler Intelligence Scale
for Children-IV (CWISC-IV) scores > 90, average intelligence).
The exclusion criteria were as follows: (1) articulation disorder
(the CLCDS scores < 86); (2) dysgnosia; (3) velopharyngeal
insufficiency; (4) vision and/or hearing defects; (5) congenital
disorders; (6) developmental delays; (7) other chronic health
diseases; and (8) other syndromes or possible syndromes.

Image Acquisition

All the participants were scanned on a 3T GE MRI (750,
Discovery) system for DTI and T1-weighted data. For each
participant, DTT data were acquired with a single-shot echo-
planar imaging (EPI) sequence: matrix: 128 x 128, time
repetition (TR)/time echo (TE) = 7,000/62 ms, slice thickness
= 2mm, field of view (FOV): 256 x 256, directions = 60, b-
value = 0 and 1,000 s/mm?, and 70 continuous axial slices. The
sagittal T1-weighted data were acquired with the magnetization-
prepared rapid gradient echo (MPRAGE); sequence: matrix =
256 x 256 x 164, TR/TE = 8.6/3.4 ms, slice thickness = 1 mm,
FOV = 240 x 240 x 164, and FA = 12°. All the axial scans were
placed parallel to the anterior-posterior commissure line.

Preprocessing
All the DTI data were processed using a pipeline tool,
PANDA software (18) based on the FSL toolbox (https://
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FIGURE 1 | Flowchart of experiment design.
TABLE 1 | Demographic and clinical characteristics.
Age (years) Boys/Girls CLCDS score CWISC-IV score Education (years)

Sample members Mean + SD Median No. Mean + SD Mean + SD Mean + SD
NSCLP children 10.0+£ 2.3 9.6 21/7 91.6+4.0 97.5+95 40+22
Healthy controls 104 +£2.0 9.5 21/7 - 99.8 + 6.6 47 +23

NSCLF, non-syndromic cleft lip and palate; CLCDS, Chinese language clear degree scale; CWISC-IV, Chinese Wechsler Intelligence Scale for Children-1V.

fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The main procedure was as
follows: (1) format conversion and quality check: conversion
from DICOM into NIFTI format and the deletion of poor-
quality images. (2) Brain extraction and mask estimation:
removal of non-brain tissues and calculation of brain masks.
(3) Cropping images and eddy current correction: cropping
the redundant parts of scans and correction to remove
movements and eddy distortions using FSL FDT. (4) DTI
metrics computation: diffusion tensor fitting and diffusion
parameter, fractional anisotropy (FA) was calculated using
FSL DTIFIT. (5) The FA images were coregistered from the
native space to the corresponding T1-weighted images, then
tissue borders were checked after coregistration. (6) Non-linear
registering of the structural images from native space to the
ICBM152 template for an inverse warping transformation and
check tissue border after normalization. (7) The automated
anatomical labeling (AAL) atlas was applied with the inverse
warping transformation to individual native space. (8) The
90 regions of the AAL template inversely transformed were
warped to the FA native space of each participant through
the nearest neighbor interpolation method. One brain area
was considered a node in the AAL atlas. (9) With fiber

assignment by a continuous tracking (FACT) algorithm, white
matter pathways of each DTI dataset were reconstructed and
defined as fibers or tracts with streamlined tractography (19).
A streamline was terminated based on its FA value < 0.1 or
its turn > 45° (15). Finally, from the original 33 patients, 5
patients were discharged due to poor quality, coregistration,
and normalization.

Construction of the Brain Network

We calculated the FA-based interregional connection
(FABIRC) as the average of the FA values of all contained
streamlines, which formed the interregional connections.
The 90 x 90 FABIRC-weighted connectivity matrices
were calculated for all participants. With the GRETNA
toolbox  (http://www.nitrc.org/projects/gretna/)  (20), the
topological properties of the brain structural connectivity
networks were estimated for all participants. We examined
the properties of the structural brain networks and
applied a series of threshold values for each graphs
same number of edges. In this study, the related graph
properties were assessed at threshold values from
0.05 to 0.5 (step 0.01) (21).
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FIGURE 2 | (A-C) The normalized clustering coefficient (A), normalized path length (B), and small-world index (C) shown at the whole threshold. Shaded areas
represent the standard deviation of the mean. (D-F): Significant differences in the normalized clustering coefficient (D), normalized path length (E), and small-world
index (F). Corrected for age and gender. Two-sample two-tailed t-test, p < 0.05. AUC, area under the curve; NSCLP, non-syndromic cleft lip and palate; HC, healthy

Network Analysis

Graph theoretical analyses of the weighted structural networks
of the patients with NSCLP and controls were estimated with
routines by the GRETNA toolbox.

Small-World Properties

The network clustering coefficient (Cp) is the average clustering
coefficient of the nodes of the network, representing the network
segregation of the brain. The characteristic path length (Lp) is
the mean shortest path length through all the possible pairs
of network nodes, describing global information integration
(22). The Cp was divided by the clustering coefficient of
a set of random networks (n = 5,000) for a normalized
clustering coefficient (y) and the normalized path length (1)
was acquired using the same method (20). Small-worldness
(0) is defined as y divided by A and ¢ > 1 for small-world
networks, characterizing the equilibrium of network segregation
and integration (22).

Rich-Club Organization

The ratio of existing connections to full connections of the rich-
club is defined as the rich-club coefficient (@) (23). Normalized
rich-club coefficients (@ porm) are normalized @ by a set of 1000
comparable random networks @ .,4 (@Pnorm = @/Prand) (24).
D orm > 1 suggests the existence of rich-club organization across
ranges of degrees (k) at a density of 16% (15, 25).

Rich-Club Regions

Ranking the brain Regions with the averaged degree across all
the groups, the top 13 (15%) nodes were selected as the rich-
club regions (25, 26). Based on the rich-club and non-rich-
club regions, edges of the network are classified into rich-club
connections between the rich-club regions, feeder connections
between the rich-club and non-rich-club regions, and local
connections between the non-rich-club regions (23). In addition,
we calculated the connectivity strength of the three connection
classes by summing the edge weights.
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Classification of the Support Vector
Machine (SVM)

We applied the F score method for feature selection (27).
We used the leave-one-out cross-validation (LOOCV) method
to estimate a classifier’s performance by the limited number
of samples (28). We adopted the linear kernel SVM classifier
for classification using the LIBSVM toolbox, with optimized
parameter Cs (27). Based on the LOOCV results, we quantified
the performance of the classifier by the parameters of accuracy,
sensitivity, specificity, and area under the receiver operating
characteristic (ROC) curve (AUC). We used a permutation test to
correct the classification results (1,000 times) (29). Furthermore,
we considered the consensus features as the common features,
which were always chosen for the final feature set by every
LOOCYV iteration. Finally, we defined the weighted regions from
the consensus features. The previous literature describes the
detailed steps (30).

Statistical Analysis

The statistics module was used to carry out all the statistical
analyses in the GRETNA and LIBSVM toolboxes. We calculated
the AUCs of small-world parameters over the density range
(0.05-0.50). We used the two-sample t-tests to evaluate the
intergroup differences in small-world properties, rich-club
coefficients, normalized rich-club coefficients, rich-club,
feeder and local connections, and three classes of connectivity

strengths corrected for age and sex. In addition, the Chinese
language clear degree scale (CLCDS) scores were performed
for correlation analysis with the significant topological
properties and consensus features in NSCLP children after
articulation rehabilitation.

The flowchart of the experiment design is shown in Figure 1.

RESULTS

In this study, structural networks of the whole brain were
constructed and the small-world and rich-club properties of
children with NSCLP and healthy comparison were calculated in
the density range of 0.05-0.50 (step 0.01).

Demographic Characteristics

The demographic characteristics of children are shown in
Table 1, Supplementary Table S1. The age of children (t =
—0.46, p = 0.96), CWISC-IV scores (t = —1.19, p = 0.24),
and education (f = —1.10, p = 0.28) showed no significant
between-group differences. The number of males was slightly
higher than that of females among children with NSCLP
and healthy comparison, but the distribution showed no
significant differences (chi-squared test, x> = 0, p = 1) (see
Table 1).
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Small-World Properties Rich-Club Organization

In both the groups, the structural networks showed a small- We found the rich-club organization and normalized rich-
world organization in the density of 0.06-0.50 (0 > 1, see  club coefficients @porm >1 in children with NSCLP after
Figures 2A-C). Furthermore, there were lower oAV (t = articulation rehabilitation and the healthy comparison. A
—6.639, p < 0.001), yAVSS (t = —6.752, p < 0.001), and AAVCS (¢t series of two-sample t-tests showed significant between-group
= —7.028, p < 0.001) in articulation-rehabilitated patients with  differences in rich-club coeflicients (k = 4-16, see Figure 3A,
NSCLP (see Figures 2D,E). Supplementary Table S2) and normalized rich-club coefficients
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@ porm (k = 5-15, see Figure 3B, Supplementary Table S2). The
rich-club effects of most participants in each group (90%) were
reported. Based on the averaged nodal degree across both groups,
we considered the top 13 (15%) highest-degree nodes to be rich-
club regions. The rich-club regions are exhibited in Figure 5,
including 13 areas (in order of degree): the bilateral calcarine
fissure and surrounding cortex (CAL), superior occipital gyrus
(SOG), superior parietal lobule, precuneus (PCUN), putamen
(PUT), thalamus (THA), and left middle occipital gyrus, which
is in line with previous rich-club findings (31) (see Figure 3C).
The remaining 73 regions were identified as peripheral regions.

Rich-Club Connections

We found significantly higher weighted rich-club connections
between the left SOG and THA (t = 2.75, p < 0.001) and the left
and right PCUN (t = 4.57, p < 0.001) in the NSCLP group than
in the healthy comparison (see Figure 4A).

Feeder Connections

We detected that the values of the 42 feeder connections in
the NSCLP group were significantly higher than those in the
healthy comparison (p < 0.001). These peripheral regions were
mostly involved in the sensorimotor network (SMN), visual
network (VN), external frontoparietal network (ExN), default
mode network (DMN), salience network (SN), and orbitofrontal
cortex (ORB) (see Figure 4B) (30, 32, 33).

Local Connections

We observed that only one local connection between the left
Parahippocampal gyrus (PHG) and amygadala nucleus (AMYG)
showed a lower weighted value (t = —4.12, p < 0.001). In
contrast, the other 66 local connections exhibited increased
weighted values in the NSCLP children (p < 0.001). These
peripheral regions extensively affected the SMN, VN, ExN, DMN,
SN, and ORB (see Figure 4C).

Rich-Club, Feeder, and Local Connectivity
Strength

The two-sample t-tests were applied to test for differences in
the strength of the rich-club, feeder, and local connections.
We discovered that children with NSCLP showed significantly
increased strength of rich-club (t = 4.796, p < 0.001), feeder (¢
=7.324, p < 0.001) and local (f = 6.173, p < 0.001) connections
compared to the healthy comparison (see Figure 4D).

Classification of the Support Vector

Machine (SVM)

As  shown Supplementary Figure S1, the rich-club
connections with the 28 highest ranked connections showed an
accuracy of 75% (sensitivity 86%, specificity 68%, p < 0.05), the
local connections with the 2,660 highest ranked connections
showed an accuracy of 86% (sensitivity 96%, specificity 75%,
p < 0.001), and the feeder connections with the 320 highest
ranked connections showed an accuracy of 89% (sensitivity 96%,
specificity 75%, p < 0.001) (see Figure 5A). The AUCs of the
rich-club, feeder, and local connections were 0.82, 0.96, and 0.83,
respectively (see Figure 5A).

in

A total of 22 (rich-club connections), 674 (local connections),
and 71 (feeder connections) consensus features were identified
in the cross-validation. Consensus structural connectivity was
detected primarily in the SMN, VN, ExN, DMN, SN, and ORB
(see Figures 6A-C).

Among the consensus features, 2 (rich-club), 14 (local), and
6 (feeder) regions were identified as weighted regions (see
Supplementary Figure S2), which had weights that were at least
one standard deviation greater than the average of the weights
of all areas. The three types of weighted brains were normalized
(see Figure 6D) and were mainly distributed in the dorsal stream
associated with phonological processing and the ventral stream
related to semantic processing (34).

Relationships Between Neuroimaging
Properties and the CLCDS

Seven local connections showed a significant correlation with
CLCDS and were also consensus features identified in the cross-
validation. The connection between the right middle frontal
gyrus (MFG), orbital part (ORBmid), and cuneus (CUN) (r
= —0.4388, p = 0.0195 was a negative classification weight.
The rest of the connections were positive between the right
inferior frontal gyrus, opercular part (IFGoperc) and MFG; the
right and left supplementary motor area (SMA), left insula, and
olfactory cortex (OLF); the left superior frontal gyrus, medial
(SFGmed) and median cingulate and paracingulate gyri (DCG);
the right lingual gyrus (LIN) and amygdala (AMYG); and the
right middle temporal gyrus (MTG) and angular gyrus (ANG), all
mainly involving language-related brain regions (see Figure 5B,
Supplementary Figure S3, Table 2).

DISCUSSION

To the best of our knowledge, this diffusion MRI study
was the first to explore the topology of white matter
structural networks in children with NSCLP after articulation
rehabilitation. In this study, the b-values of our diffusion
data were relatively low (b = 1,000) and not suitable
for the spherical deconvolution or other advanced signal
representations/models (35). Multifiber deterministic fiber tract
imaging (FACT) is superior to probabilistic fiber tract imaging
in connectome mapping (36). Therefore, we used the tensor
model and deterministic tractography for the structural network
construction. First, compared with the healthy comparison, a
lower o and @ o Were detected in the structural brain networks
of children with NSCLP after articulation rehabilitation. Second,
the three types of connectivity strength were higher in the
NSCLP group than in the healthy comparison. Additionally,
the significant between-group differences in the connections
were mainly located in the feeder and local connections. Third,
the three types of connections showed a higher classification
power, especially for the feeder connections. The consensus
features were mostly in the feeder and local connections.
Fourth, the local connections and consensus features were
significantly correlated with the CLCDS scores, and the
weighted regions were distributed in the dorsal and ventral
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streams related to articulation processing in the non-dominant
language hemisphere.

Small-World Properties

We detected small-worldness (¢ > 1, density 0.06-0.50) in
both groups, which indicated that articulation-rehabilitated
children with NSCLP and healthy comparison showed parallel
information transfer at a low cost and an optimal equilibrium
of global integration and local specialization (density 0.06-0.50)
(37). However, articulation-rehabilitated patients showed the
lower AUC values of o, y, and A than healthy comparison. The
decreased y meant reducing the brain’s network segregation, and
a lower A represented stronger global information integration
(22). The lower o suggested a disturbance of the average balance
and a higher cost for a new equilibrium between weaker local
phonologic information transfer and higher global information
integration, demonstrating a random network tendency in
articulation-rehabilitated children with NSCLP (22). However,
our previous study showed that the same participants exhibited
a higher o value of the resting-state functional network in the
NSCLP group (11).

We speculated that the neuroplasticity of the structure might
occur later than that of the function. The phenotype of the
separation between the structural and functional networks was
detected in patients with subacute intracerebral hemorrhage
(38). In a rehabilitation practice of peripheral nerve-injured
rats, rehabilitation therapy of electroacupuncture for 120 days
can induce the neuroplasticity of the structural network, but
a treatment duration of only 30 days cannot induce the

TABLE 2 | The connection significantly correlated with the CLCDS scores.

Connections (AAL atlas)

Brain areas 12 46 20 29 33 48 86

8 10 19 21 23 42 66
p 0.04 0.02 0.03 0.05 0.02 0.04 0.03
r 0.39 —0.44 0.40 0.38 0.44 0.38 0.41

The number of brain areas corresponds to the code of the automated anatomical labeling
(AAL) atlas.
CLCDS, Chinese language clear degree scale.

neuroplasticity of the structural network (39). The results of these
studies are consistent with our findings.

Rich-Club Organization

Rich-club organization is a basis for efficient global information
transfer and complex neurological function in the brain (23). We
detected rich-club organizations with an increasing normalized
rich-club coefficient (@porm > 1, kK = 2-16) across the two
groups, representing the existence of a rich-club organization
in structural networks (31). Similar results were found in
major depressive disorder after selective serotonin reuptake
inhibitor treatment in the structural network (40). Compared
with the healthy comparison, the @norm in the NSCLP group
was significantly decreased, mostly in the low-degree regimen
(k < 16). This finding indicates that connections linked to
rich-club regions decrease in the total amount of the strongest
connections they could share. This result suggests that the
integration of information between peripheral brain regions and
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their engagement in various types of cognition measured by the
CLCDS scores were weaker in the NSCLP group than in healthy
comparison (41). We speculated that although the CLCDS scores
reached the average level, the speech errors were not completely
corrected (42). The non-rich-club organization of the structural
network may be the phenotype of the residual articulation errors
in the NSCLP children after speech rehabilitation.

Rich-Club, Feeder, and Local Connections
We found that the connection values in the NSCLP group
were significantly higher than those in healthy comparison,
mainly located in the feeder and local connections (two
rich-club connections); only one connection between the left
PHG and AMYG was a lower value compared to controls.
A similar network pattern was seen in major depressive
disorder after treatment (40). These findings indicate that
the significantly different between-group connections after
articulation rehabilitation are mostly in the feeder and local
connections involved in all of the intrinsic connectivity networks,
including the DMN, SMN, SN, VN, primary auditory cortex,
ORB, and ExN (30, 32, 33). The special patterns of rich-club
organization in NSCLP children after articulation rehabilitation
can provide us with a new perspective.

We identified a similar rich-club connection pattern, except
two higher strength connections (the left SOG and THA, left
PCUN and right PCUN) in articulation-rehabilitated children
with NSCLP compared with healthy comparisons. Our results
indicated that efficient global information transfer and complex
neurological function nearly reached the average level (15),
representing average level CLCDS scores. The THA serves as a
relay station and applies modulation (43). The SOG and PCUN
play a central role in a wide spectrum of highly integrated tasks,
including visuospatial imagery, episodic memory retrieval, and
self-processing operations (44). We speculated that articulation-
rehabilitated NSCLP children might balance residual articulation
defectiveness through the increased compensatory function of
the modulation and integrated tasks for global information
integration of the rehabilitated cognitive functions (CLCDS
scores > 90). This result is similar to a subvocalization task
functional MRI study in adults after articulation rehabilitation,
exhibiting only left hippocampal activation (10).

We detected that the 42 feeder and 66 local connections in the
NSCLP group were significantly higher than those in the healthy
comparison, covering the peripheral regions involved in the
DMN, SMN, SN, VN, PAC, ORB, and ExN. Our results indicated
that an increase in structural connectivities induced by speech
therapy is mainly located in the peripheral regions. Therefore, the
cost of the structural network was increased, which is consistent
with the small-worldness alterations of this study. Neuroimaging
studies have found that the brain undergoes remodeling induced
by short-term training, exhibiting white matter restructuring
(45, 46). We speculated that because the NSCLP group imitated
the articulation of instructors by visual, auditory, and touch
feedback assistance and the white matter connectivities between
the affected peripheral regions produced neuroplasticity in the
DMN, SMN, SN, VN, PAC, ORB, and ExN.

Only the connection between the left PHG and AMYG was
lower in the NSCLP group than in the healthy comparison. The
PHG plays a critical role in forming pathological memories (47),
and the AMYG is emotionally associated with decision-making
(48). This finding suggested that decision-making memory of
articulation was impaired, which may be induced by the residual
speech errors in the NSCLP group. A pattern of PHG was
identified in internet gaming disorder in a resting-state fMRI
study (49), which supports our findings.

Connectivity Strength

We found that the rich-club, feeder, and local connection
strength were significantly higher in the NSCLP group than
in the healthy comparison. Rich-club organization is associated
with cognitive performance (50). Our results indicated that the
strengths of the rich-club, feeder, and local connections were
stronger in the NSCLP group. We conjectured that the stronger
connectivity strength might compensate for residual articulation
defects measured by the CLCDS scores (42).

SVM Classification

We employed the F-score for the feature ranking in the feature
selection approach, and an SVM algorithm with a LOOCV
strategy showed classification accuracies (75, 86, and 89%)
and AUCs (0.82, 0.96, and 0.83) for the rich-club, feeder, and
local connections, respectively. Our results indicated that the
three types of connections showed good classification ability,
especially the feeder connections. Simultaneously, the results
suggested that the structural connection pattern in the NSLCP
group was specific and different from that in the healthy
comparison. We speculated that speech therapy might induce
neuroplasticity changes in these connections to improve language
function as measured by the CLCDS scores in the NSCLP group,
especially the feeder connections. The feeder connections of
the structural network showed the most discriminative power
in major depressive disorder after treatment (40), which was
consistent with our findings.

Consensus Features

The distribution of consensus features was similar to the
univariate analysis in the three types of connections, widely
involved in the SMN, VN, ExN, DMN, SN, and ORB, which
was consistent with a study of the treatment in a major
depressive disorder (40). These brain networks are engaged in
sensorimotor function, visual processing, executive functioning,
auditory processing, language, memory, attention, and/or even
consciousness (51, 52). The ORB links subjective values to
valuation and choice (53). Our results indicated that articulation
rehabilitation resulted from a combination of multiple intrinsic
connectivity networks and the cortex. During the speech
rehabilitation procedure, the NSCLP group had to comprehend
and learn the articulation model, imitate the doctor, and
keep repeating speech to achieve a nearly normal vocalization.
Therefore, the brain regions associated with sensorimotor,
language, visual, auditory, and executive functioning were
intensely involved (9).
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FIGURE 6 | (A-C): Consensus functional connections. The red lines represent positive connections, and the blue lines represent negative connections. (D): The
distribution of weighted regions in the NSCLP group. The size of the balls indicates the normalized classification weights, and the color of the balls represents the
intrinsic connectivity networks. (1:SMN, sensorimotor network; 2:VN, visual network; 3:ExN, frontoparietal network; 4:DMN, default mode network; 5:SN, salience
network; 6:0RB, orbitofrontal cortex; 7:PAC, primary auditory cortex, 8:THA, thalamus; 9:OLF, olfactory cortex; 10 other).

Weighted Regions

We identified the weighted regions that contributed the most to
the accurate classification. These regions were mainly distributed
in the dorsal stream associated with phonological processing
and in the ventral stream related to semantic processing
(34, 54, 55), except for the left SOG, PUT, caudate nucleus
(CAU), DCQG, right CUN, hippocampus (HIP), and OLF. The
CUN and SOG are involved in visual processing (56) and
integrate the somatosensory information and cognitive processes

such as attention, learning, and memory (57). The HIP is
related to memory. The PUT and CAU are linked with motor
skills and neurofeedback learning (58, 59). The DCG is the
key region for proactive rather than reactive action control,
indicated by increased neural activity for endogenous action
selection (60). Our results showed that the weighted regions
were more abundant in the right hemisphere, which suggested
that articulation rehabilitation mainly induced neuroplasticity
in the brain regions involved in language, memory, vision, and
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active learning skills in the non-dominant language hemisphere.
Because the impaired brain regions in children with NSCLP
with speech therapy were mainly located in the language
dominant hemisphere (6), we speculated that the relatively intact
non-dominant language hemisphere provided a compensatory
function for articulation rehabilitation.

Relationship Between the Connections and
the CLCDS

We detected seven local connections, which were also the
local connections’ consensus features, and showed significant
correlations with the CLCDS scores. The brain regions involved
in the seven connections showed a similar distribution to the
weighted regions, mainly in the dorsal and ventral stream
associated with language in the right hemisphere. The language-
related connections were between the right MFG and IFGoper,
ANG and MTG, LING and AMYG, the left SFG and DCG, left
INS and OLE and the left and right SMA (34, 54, 55). The
only negative connection was the one between the right CUN
and ORBmid. This finding is similar to that found in a study
of stutterers (61). As mentioned above, the CUN is involved
in vision, and the ORB links subjective values to valuation
and choice (53). We speculated that the increased connectivity
of the dorsal and ventral streams caused by the articulation
train might promote phonological and semantic processing. The
negative correlation with the CLCDS scores implies that the
clear articulation may not need to be regulated by high-order
brain regions.

Limitations

There were several limitations in this study. First, the sample size
in this study was relatively small. Second, more study focused on
investigating the structural, topological properties in untreated
or non-rehabilitated children with NSCLP should be conducted
in the future. Third, multikernel learning based on multimodal
features should be applied to a larger sample. Fourth, with age,
whether these topological parameters will return to normal levels
or complete speech correction is required in further research.

CONCLUSION

The feeder and local connections involving SMN, VN, ExN,
DMN, SN, and ORB may perform a compensatory function
during articulation rehabilitation. In addition, the language
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In the past, the cerebellum was considered to be substantially involved in sensory-motor
coordination. However, a growing number of neuroanatomical, neuroimaging, clinical
and lesion studies have now provided converging evidence on the implication of the
cerebellum in a variety of cognitive, affective, social, and behavioral processes as well.
These findings suggest a complex anatomo-functional organization of the cerebellum,
involving a dense network of cortical territories and reciprocal connections with many
supra-tentorial association areas. The final architecture of cerebellar networks results
from a complex, highly protracted, and continuous development from childhood to
adulthood, leading to integration between short-distance connections and long-range
extra-cerebellar circuits. In this review, we summarize the current evidence on the
anatomo-functional organization of the cerebellar connectome. We will focus on the
maturation process of afferent and efferent neuronal circuitry, and the involvement of
these networks in different aspects of neurocognitive processing. The final section will be
devoted to identifying possible implications of this knowledge in neurosurgical practice,
especially in the case of posterior fossa tumor resection, and to discuss reliable strategies
to improve the quality of approaches while reducing postsurgical morbidity.

Keywords: white matter, cerebellar anatomy, neurosurgery, posterior fossa, structural connectivity

INTRODUCTION

In the past, the cerebellum was considered to be substantially involved in sensory-motor
coordination through a loop circuit between the cerebellar cortex and the motor cortex, passing
through the basilar pontine nuclei (descending way) and the thalamus (ascending way) (1, 2).
However, growing evidence coming from neuroanatomic, neuroimaging, physiology, and
pathology studies has led to a reassessment of the classic view of a selective cerebro-cerebellar
connection system in favor of a more complex organization involving distinct, parallel,
and segregated networks constituted by loop-shaped connections between different neuronal
subgroups. This structural complexity may explain the role of the cerebellum not only in motor
function, but also in a variety of cognitive, affective, social, and behavioral processes as well (3).
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As for the supratentorial compartment, cerebellar networks
undergo intensive development and rearrangement from
childhood to adulthood, allowing for maturation of functional
processing (4-6).

This process is strictly dependent on the correct building of
white matter (WM) tracts, forming the substrate for structural
connectivity and reinforcement of functional interactions. A
large variety of pathways are needed to ensure a fast, efficient,
multidistance and multidirectional integration between cortical
and subcortical regions (2, 7). On the other hand, many diseases
may reflect alterations affecting the cerebellar WM architecture
(8,9).

Neurosurgeons are frequently involved in approaching the
cerebellum, especially for the management of tumors or
vascular malformations. Therefore, an accurate awareness of the
anatomo-functional organization of the cerebellum is mandatory
to improve the quality of surgical results while minimizing
postoperative long-term neurological deficits, which still occur
at a not negligible frequency according to recently published
series (10).

The aim of this review is to summarize the current scientific
evidence covering the anatomo-functional properties of the
cerebellar connectome. In the first section, we will focus on the
maturation process of afferent and efferent neuronal circuitry,
and we will describe the involvement of these networks in
different aspects of neurocognitive processing. The second
section will be devoted to identifying possible implications of
this knowledge in neurosurgical practice, especially in case of
posterior fossa tumor resection, and to discuss reliable strategies
to improve the quality of approaches.

THE CEREBELLAR CONNECTOME
History

After early pioneering descriptions, a substantial contribution
to research on cerebellar anatomy came from Santiago Ramoén
y Cajal (1854-1934). By adopting the revolutionary method
introduced by Camillo Golgi (1843-1926) of nervous tissue
fixation in potassium bichromate followed by submersion in
a solution of silver nitrate, Cajal identified all the elements
constituting the cerebellar cortex. He provided a precise
description of avian Purkinje cells, including their axons course,
their collaterals, and the spines of their dendrites. Moreover,
he showed the reciprocal relationships of Purkinje cells with
other cells and the topography of the cellular elements, their
dendrites, climbing and mossy fibers in respects to different
cortical layers. In this way, he provided evidence for the network
anatomo-functional organization of the cerebellar cortex: “the
transmission of the nervous impulse is always from the dendritic
branches and the cell body to the axon or functional process” (11-
13).

Later, the highly homogenous and compartmentalized
structure of the cerebellar cortex, and distribution of afferents
fields were further highlighted. In 1940, Jansen and Brodal
were the first to demonstrate that the cortico-nuclear outputs
are organized according to a definite columnar architecture
and mediolateral sagittal orientation. The same topography

was recognized also for the afferent pathways by following
studies (14).

Thanks to methodological advancement for morphological
investigation within experimental animals, including histological
tract-tracing studies, degeneration techniques, anterograde and
retrograde tract-tracing techniques, and transneuronal tracing
techniques, the WM architecture of the cerebellum was
further characterized, especially regarding the connectivity
patterns with the cerebrum. These methods revealed the
circuit organization of cerebro-cerebellar networks, consisting of
functionally segregated neuronal subgroups interconnected by
specific and distinct WM bundles (15-20).

A revolutionary contribution to the exploration of WM
anatomy came from Joseph Klingler (1888-1966), who in
1935 introduced an innovative method for the preparation of
post-mortem human specimens. This approach, based on fiber
separation induced by freeze/defrost formalin-fixation process,
allowed for easier visualization and dissection of WM fascicles
(21, 22). Moreover, development of tractography technique made
possible the in vivo quantitative and qualitative characterization
of both the physiological and pathological pattern of WM
connections. The single or combined use of neuroimaging and
dissection analysis opened the door to a more accurate and
systematic identification of major intra- and inter-hemispheric
WM fascicles and reciprocal relationships, for both scientific and
therapeutic purposes (23-31).

Even if less frequently reported in comparison with the
supratentorial compartment, in-vivo and ex-vivo methods were
also adopted for investigating cerebellar WM anatomy. The most
recent available studies reported detailed exposition and three-
dimensional representation of different gray and WM structures,
focusing on reciprocal relationships and practical surgical
implications, mainly concerning the indications, advantages,
limitations, and possible risks of specific approaches (32-36).

Maturation

The development of the human cerebellum is a highly protracted
and orchestrated process, extending from the early first trimester
to the end of the second post-natal year. The cerebellum is
a derivative of two rhombomeres respectively located caudally
(near the tail) and rostrally (near the front) in the alar plate of
the neural tube, which develops along the rhombencephalon of
the embryonic brain (6).

Between 20 and 40 weeks of gestation, the morphogenesis of
the cerebellar cortex includes neuronal proliferation, migration,
differentiation, axon growth, synaptogenesis, and pruning. At
birth, the human cerebellar cortex has four layers: the external
granular layer (EGL), the molecular layer (ML), the Purkinje
cell layer (PL), and the internal granular layer (IGL). In a
matter of 12-24 months, the number of layers reduces from
four to three, by progressive increasing of the ML and the PL in
association with gradual disappearance of the EGL thickness, due
to decreased proliferation as well as migration of granule neurons
into the IGL (4, 37, 38).

The cerebellar hemispheric WM is among the first region
of the brain to myelinate. Available data coming from
volumetric, epidemiologic and tractography studies showed that
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the myelination process is particularly high during the third
trimester and continues, but less drastically, between 2 and 5
years of age (39). Moreover, cerebellar WM does not myelinate
uniformly, but along a temporal gradient starting from the archi-
cerebellum and followed by the paleo-cerebellum and the neo-
cerebellum (40).

Concerning the development of extracerebellar connectivity,
over the last decades both post-mortem microdissection and
in-vivo tractography reconstructions allowed to characterize
the maturation process and relationships with the core of the
cerebellum, adjacent and distant structures of the three cerebellar
peduncles (superior, middle, and inferior). These structures
constitute the main connection system between the cerebellum,
the brainstem, and the cortex, with 70-80% of fibers providing
contralateral connections and the remainder being ipsilateral
(34, 41-43).

The superior cerebellar peduncle (SCP) develops between the
28t week and the 6™ month and contains fibers converging from
the dentate, globose and emboliform nuclei direct to the cerebral
cortex via the contralateral red nucleus and the thalamus.

The middle cerebellar peduncle (MCP) develops between 42
weeks and 3 years. It consists of afferent fibers traveling from
the cerebral cortex to the cerebellum, via the pontine nuclei.
The pontocerebellar fibers have a transverse orientation in the
ventral part of the pons. These fibers run laterally in the cerebello-
pontine and in the cerebello-mesencephalic fissures and radiate
within the white medullary body terminating in all lobules of
the cerebellum, except for the nodulus and the flocculus. Fibers
running anterior to the dentate nucleus are divided into a
supra-dentate and infra-dentate component, the latter providing
connections to the tonsillar peduncle.

The inferior cerebellar peduncle (ICP) is composed of a
superficial and a deep component. It carries both afferent and
efferent fiber tracts connecting the cerebellum with the vestibular
system and the spinal cord, and incoming projections (climbing
fibers) to the cerebellum from the inferior olive. Superficial fibers
develop between 36 weeks and 4 months (outer part). They run
with a centripetal direction from lateral to medial toward the
cortex of the vermis. The deep component develops between
26™ and 36™ weeks of gestational age. These fibers run at the
junction of the dentate nucleus with the initial portion of the
SCP and direct dorso-laterally to the trigeminal nerve forming
the posterior boundary of parabrachial recess between the SCP
(medial) and MCP (lateral) (9, 44-51).

It is worth noting that investigation of cerebellar WM
maturation has been restricted by methodological constraints,
such as the three-dimensional geometry of cerebellar folia and
the associated connectivity, the limited resolution of fetal MR
imaging, and motion influence on the quality of exam. These
barriers mainly reduce the possibility of acquiring accurate
quantitative data, limiting the analysis to qualitative observation
of indirect inferences from diffusion and anisotropy data. To
enhance representation of fiber orientation and distribution in
conventional DTI studies, Takahashi et al. applied the high-
angular resolution diffusion imaging (HARDI) method to three-
dimensional maturation of cerebellar connections from fetal
to adult stages cerebrum. This 2014 study demonstrated that,

at the earliest gestational age, pathways forming the cerebellar
peduncles are already present, but pathways between deep
cerebellar nuclei and the cortex are not observed until after the
thirty-eighth week (40).

THE CEREBELLAR
ANATOMO-FUNCTIONAL NETWORK

Intra-Cerebellar Connectivity

The functional processing of the cerebellum is strictly related
to its internal cellular organization. As previously mentioned,
from superficial to deep, the cerebellar cortex is arranged into
three layers: the molecular layer, the Purkinje cell layer, and
the granular layer. These three cortical layers contain five main
cell types, including Purkinje cells, stellate cells, basket cells,
Golgi cells, and granule cells. Granule cells are excitatory,
while the other cells are all inhibitory. Every granule cell
receives input from mossy fibers that originate in the pontine
nuclei (52).

Granule cell axons ascend to the molecular layer, where
they bifurcate to form parallel fibers. Purkinje cells make up
the output elements of the cerebellar cortex. Every Purkinje
cell receives input from many parallel fibers and from a
single climbing fiber that originates in the inferior olive.
Purkinje cells provide the sole outflow from the cortex in
the form of an inhibitory projection to the cerebellar and
vestibular nuclei.

This architecture forms the cerebellar micro-zones, which
represent the effective functional units. The cerebellar cortex is
composed of several thousands of micro-zones. A cortical micro-
zone is connected to the inferior olive and the deep cerebellar
nuclei to form a cerebellar micro-complex. A cerebellar micro-
complex can extend to include several micro-zones located in
separated cerebellar regions. The micro-complexes correspond to
the cerebellar modules. Each module is defined by its climbing
fiber input coming from a specific subdivision of the inferior
olivary complex which targets one or more Purkinje cells,
connected to the deep cerebellar nuclei.

This configuration undergoes dramatic changes during the
postnatal maturation. In fact, it has been demonstrated that
the cerebellar circuit does not simply develop from a rough
outline to the adult state but undergoes a series of regulated
steps involving transient connections and synaptic components
working together to guide the emergence of the mature cerebellar
circuit (52).

The Cerebellar Loop-Systems

The complex maturation process described in the previous
sections leads to the final setting of the cerebellar circuitry,
consisting in a multichannel network of parallel channels, in
which signals remain separate throughout the whole circuit,
to arrange distinct loop-shaped inputs and outputs pathways
(Figures 1, 2). This closed-loop organization represents the
fundamental anatomo-functional architecture at the basis of
both intracerebellar system and extracerebellar interactions with
different cerebral, brainstem, and spinal compartments (2, 53-
55) (Figure 3).
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FIGURE 3 | Schematic representation of the loop-organization of cerebellar circuits.

The main loops include (52, 54): b. The spino-cerebellar loop, passing through the somatosensory
cortex, visual and auditory receptors, the spinal cord,
through the dorsal and ventral spino-cerebellar tracts.
The spino-cerebellum corresponds to the intermediate
compartment, including the paravermis and the interposed
nucleus (including the globose and emboliform nuclei), and the
medial compartment, involving the vermis and the fastigial
nucleus. Efferent connections influence motor neurons and
interneurons of the spinal cord and brainstem, via the
superior colliculus, the red nucleus, the inferior olive, the
reticular formation, and the vestibular nuclei.

c. the vestibulo-cerebellum loop partially differs from this
scheme, since it projects information coming from
somatosensory, visual, labyrinths receptors directly
to vestibular nuclei located in the brainstem passing
through the cerebellar vestibular nuclei, located within the
flocculo-nodular lobe.

a. The cerebro-cerebellar loop, including inputs from frontal,
prefrontal, orbitofrontal, premotor, motor cortices. These
fibers converge into the pontine nuclei and reach the
cerebro-cerebellum cortex, passing through the contralateral
MCP. The cerebro-cerebellum is the most lateral cortical
compartment, involving the cerebellar hemisphere and the
dentate nucleus. From the dentate nucleus, an ascending
way is direct to the contralateral red nucleus within the
ventral tegmental area (dentato-rubro-thalamic tract) or direct
to the cerebral cortex of the primary motor, premotor,
supplementary, prefrontal, parietal, limbic, and temporal
regions, passing through the ventrolateral nucleus of the
thalamus (dentato-thalamo-cortical tract). The dentato-rubro-
thalamic tract is classically described as a decussating
pathway, ascending to the contralateral thalamus. However,
recent works applying deterministic fiber tractography in
healthy subjects and human brain microdissection has  As a result, since the same cerebral cortical area constitutes
shown the existence of a non-decussating pathway (34). the simultaneous target of cerebellar output and the major
Moreover, a different topography of thalamic terminations  source of input, the cerebellum respects a strict functional
has been demonstrated, with contralateral fibers preferentially ~ segregation and never contacts the final executive neurons,
targeting the anterior and lateral nuclei, and ipsilateral  but rather modulates their activity indirectly (54-56). The
connections reaching more posterior and medial nuclei (42). continuous differentiation of these cerebellar loops from
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childhood and adolescence to adulthood is crucial for healthy
brain maturation (57).

On the other side, the same cerebellar structures may
be involved in different connectivity patterns. For example,
cerebellar nuclei relate to both the ventrolateral motor and non-
motor thalamic nuclei. The interpositus and dorsal dentate nuclei
project to the motor cortex, and the ventrolateral dentate nucleus
projects to the prefrontal cortex. The dorsal part of the dentate
nucleus is connected to the supplementary motor area (SMA),
which in turn projects to the primary motor cortex and spinal
cord. The ventral portion of the dentate nucleus projects to
the pre-SMA, which is interconnected with prefrontal regions
(3, 52, 58, 59).

CEREBELLUM AND NEUROCOGNITIVE
DEVELOPMENT

Functional Anatomy and Topography
Increasing results coming from neuroanatomic, neuroimaging,
and clinical investigations conducted over the last three decades
have allowed for a revision of the concept of the cerebellum as
exclusively involved in motor control. On the contrary, a dense
network of reciprocal connections with many supratentorial
association areas is involved in many aspects of high-level
neurocognitive processing (60-66). Moreover, a high degree
of regional specialization of cerebellar functional topography
has been demonstrated in both the adult and the pediatric
population. According to this evidence, the anterior and inferior
posterior cerebellum lobes are predominantly involved in
sensory-motor performance. The superior posterior cerebellum
is mainly associated with cognitive and social behavior functions.
Emotional aspects are potentially related to the vermis (61, 62,
67-71).

Thanks to the loop system organization, the cerebellum plays a
crucial modulatory role in the anatomo-functional optimization
for both motor and non-motor processing within the developing
brain throughout childhood and into adolescence (52).

Interestingly, the microscopic structure of the cerebellar
cortex and its basic circuitry do not display significant differences
in the various cerebellar lobes and lobules. In other words,
the high heterogeneity of cerebellum involvement in functional
processing is supported by a relatively constant structural
configuration. This might relate to the strategy of improving
stability, consistency, regularity, automatization of the regulation
and modulation process of the supratentorial compartment,
while reducing energy request (2).

MRI studies indicate that the cerebellar structure changes
with age, peaking at 12 years of age in females and 15 years
in males (72). However, the cerebellar development is not
linear, but instead follows an asynchronous sequence. Resting
state analysis revealed that more phylogenetically recent regions
mature later. In fact, infants have a strong functional connectivity
corresponding to the sensory-motor system, while children and
adults also have associations with executive control and default
mode systems, especially during the middle childhood (73).
Moreover, the connectivity between the ipsilateral cerebellum

and the contra-lateral primary sensory-motor cortex is stronger
in adults than in children and adolescents, and vice-versa
for connectivity within the local cerebellum. These findings
are in favor of a local-to-distant development of cerebellar
networks (74).

It is worth noting that several aspects of the cerebellar
functional anatomy coming from animal studies need to be
further clarified in humans. For example, several Authors
discussed about existence and functional role of reciprocal
connections between the cerebellum and the hypothalamus.
After previous evidence in animal models using track-tracing
and electrophysiology methods, direct cerebello-hypothalamic
connections passing through the SCP have been recently
described also in the human brain using fiber dissection
and DTI technique (2, 32, 75, 76). Even if the functional
orientation (afferent or efferent) of this pathway needs to be
clarified, these results would confirm the effective participation
of the cerebellum in typical hypothalamic processing, such as
cardiovascular osmolarity regulation, feeding behavior, energy
balance, and weight control (77, 78).

Another example concerns the existence of a cerebellar-
mammillary network. Afferent connections from the lateral
mammillary nucleus to vermis lobule IX (uvula) and the
cerebellar anterior lobe in were described exemplars of rodents
and primates, while studies performed in monkey reported
different possible patterns of ipsilateral and contralateral mainly
afferent projections from lateral and medial mammillary,
supramammillary, and tuberomammillary nuclei to the deep
cerebellar nuclei (75, 79, 80). In humans, more recent
tractography analysis in healthy subjects revealed both ipsilateral
and contralateral pathways between the mammillary bodies,
cerebellar cortex, and dentate nucleus, reinforcing the cerebellum
role in several autonomic functions, visuo-spatial orientation,
and memory (81).

The Motor Cerebellum

Growing literature, coming from tracer studies in non-human
primates, human diffusion tensor imaging and functional
connectivity measures, lesion studies, and electrical and magnetic
stimulation studies is highlighting the anatomo-functional
substrate for the implication of the cerebellum in motor
function (82).

Anatomical studies demonstrated that the cerebellum output
system projects to all components of the voluntary, balance
and postural motor systems, through connections with both
homolateral and contralateral agonist, antagonist and synergist
muscles which are automatically activated during the motor
learning process and most voluntary movements of daily life,
including the timing of rhythmic movements (83, 84).

More recently, a strict bidirectional interplay between the
cerebellum and the basal ganglia was also demonstrated in
animal models. In humans, such interactions were corroborated
by neuroimaging and stimulation results in neurological motor
diseases associated with basal ganglia disorders, such as
Parkinson’s disease, writer cramp, and primary dystonia (85, 86).

Based on results of different contribution from clinical
and neuroimaging research, Manto et al. summarized in a
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consensus paper, the large involvement of the cerebellum
in several aspects of sensorimotor control, including
oculomotor function, classical conditioning, motor speech,
grip strength, voluntary limb movements, timing, sensorimotor
synchronization, corticomotor excitability, movement-related
sensory data acquisition, and interaction with the cerebrum
in visuo-kinesthetic perception of hand movement, functional
neuroimaging studies and magnetoencephalographic mapping
of cortico-cerebellar dynamics (87).

Further crucial contribution came from clinical ataxiology.
In fact, studies performed in both the pediatric and the adult
population investigated the role of the cerebellum in three main
categories of motor symptoms and signs related to the so-called
“cerebellar motor syndrome”, including:

(i) speech deficits (dysmetria of speech, impaired motor
timing, and abnormal sequencing): ataxic dysarthria,
observed in lesions of both hemispheres, with a
predominance for lesions on the right side; cerebellar
mutism, associated with resection of midline tumor,
traumatic events, strokes, or infections;

(ii) impairments of limb movements: hypermetria or
hypometria  dys-diadochokinesia, cerebellar  tremor,
isometrataxia, disorders of muscle tone, and impaired
check and rebound;

(iii) abnormalities of posture and gait: ataxia of stance (increased
body sway with a broad-based stance), irregular and
staggering gait (87).

The cerebellar nuclei are key components of this circuitry.
Each cerebellar nucleus has a somatotopic representation of
the body. For example, two aspects are of special interest. The
first one is related to the interposed nucleus, which is activated
according to temporal patterns, for fine adjustments of the motor
output and coordination of both single and multiple muscles.
Purkinje neurons receive a massive convergence of inputs from
parallel fibers, which allows to integrate the neural information
coming from different sources. Their simple spikes modulate
weakly during passive movements, but strongly during active
movements. The activity of complex spikes following discharges
constitutes a teaching signal or a motor clock signal, constituting
a synchronization function of the cerebellar cortex.

The other aspect concerns the dentate nucleus, that is
responsible for the 75% of cerebellar projections to the primary
motor cortex, and for the remaining array of connections
with the ventral premotor, the supplementary motor area, and
with other cognitive prefrontal and posterior parietal areas (52,
88). The functional anatomy and connectivity of this structure
has been revisited in a recent study by Tacyldiz et al. Based
on their WM dissection technique, a compartmentalization
of the DN, including the lateral major, lateral anterosuperior,
posteromedial, and anteromedial areas, territorial distribution
of WM connections and involvement in the SCP decussation
have been carefully characterized. Fiber dissection results were
consistent with data from previous functional studies. In
fact, the major lateral compartment of the dentate nucleus
showed both motor and nonmotor functions, the posteromedial
compartment of the dentate nucleus is involved in motor

functions, whereas the lateral antero-superior part and non-
crossing fibers from the anteromedial compartment are related
to nonmotor functions (89).

Dentate nuclear neurons fire at a permanent rate of discharge
allowing the sensitivity of target structures to be tuned. This
activity increases before the onset of movement and even before
the firing of the motor cortex, indicating that the cerebellum is
actively involved in the process of movement initiation (52).

Application of non-invasive brain stimulation techniques,
such as transcranial magnetic stimulation and transdermal
cortical stimulation, in both healthy subjects and cerebellar
ataxic patients allowed to evaluate the role of cerebellum in
motor control and learning. These functions would depend
on connectivity between the cerebellum and the primary
motor cortex. Intensity of cerebellar inhibitory output would
correlate with quality of movement precision during reaching
performance tests, and vice versa (90). On the other hand,
results coming from experimental brain stimulation revealed
that modulation of cerebellar activity would influence the speed
of motor adaptation by decreasing cerebellar-brain inhibition
(86,91, 92).

Two circuits crucially involved in the motor aspects of
cerebellum physiology are the olivo-cerebellar and rubro-
cerebellar networks. Previous animal and human studies
characterized the large connectivity between these structures
and several cortical and subcortical areas and highlighted their
participation in the extracerebellar connectivity (93).

As resumed in a consensus paper by Lang et al, the
olivo-cerebellar circuit is more flexible than traditionally
believed. In fact, several experimental findings showed that
this system contributes to multiple aspects of the cerebellar
motor control function, by generating ongoing motor commands
and optimizing future motor performance by gating synaptic
plasticity (94). On the other side, inferior olive denervation,
associated with lesion of inhibitory projections from deep
cerebellar nuclei through the central tegmental tract, would
cause hypertrophy and disinhibition, altering the normal tonic
firing pattern, thus likely resulting in abnormal olivo-cerebellar
feedback manifesting as tremor (95).

Concerning the red nucleus (RN), lesion studies reported
that rubro-cebellar circuits are compromised in several motor
symptoms, including classic Holmes tremor, oculopalatal
tremor, essential tremor, asynergia, adiadochokinesia,
dysmetria, and non-motor manifestations, such as memory
impairment, decreased verbal fluency, and intellectual
fatigability (96).

These data confirmed results coming from both the
animal literature and human functional studies, that provided
converging evidence on the participation of the RN in planning,
initiation and termination of motor tasks, but also in higher
functions, such as sensory discrimination, salience detection,
and executive functions (86, 97-99). The rich functional
implication of the rubro-cerebellar system depends on a complex
involvement of the RN in parallel and synergic networks,
involving many cortical of cortical and subcortical areas,
including basal ganglia, prefrontal cortex, occipital cortex,
posterior hippocampus, caudal insula, thalamus, hypothalamus,
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left precuneus, superior temporal cortex, presupplementary
motor area (preSMA) (100, 101).

Finally, observations in patients affected by the cerebellar
motor syndrome indicate that the cerebellum is essential to
performing accurate motor predictions and timing commands
by generating internal models, thanks to its strict integration
in large-scale brain networks. In fact, the capacity of the brain
to generate predictions by integrating spatial, temporal, and
environmental information is critical to performing movements
with correct timing and to have adequate perceptual judgments
in several tasks of daily life. Childhood is a critical period
for the acquisition of this capacity. It has been demonstrated
that anticipatory behaviors, especially for grasping, drawing,
and postural control, are strictly related to both development
of internal models for eye movements, as well as visual and
proprioceptive feedback control. Training the accuracy of these
internal models starts approximately at the age of 2 years and
requires around seven to 10 years to mature to adult levels (102).

The Language Cerebellum

A growing number of neuroimaging and clinical studies are
highlighting the cardinal role of the cerebellum in linguistic
processing via strong cerebello-cerebral interactions.

After the first evidence in healthy subjects in the late 1980s,
several positron emission tomography studies confirmed the
consistent involvement of the right posterior, lateral and inferior
cerebellum during association and word generation tasks (103).
A few SPECT perfusion studies highlighted the phenomenon
of diaschisis, that is the reciprocal impact by a cerebellar or
supratentorial lesion on the distant contralateral cerebral or
cerebellar region, respectively, and provided evidence in favor of
a “lateralized linguistic cerebellum” (104-110).

Introduction of fMRI technique allowed to better characterize
the cerebellar language-specific activations associated with both
expressive and receptive tasks, (especially at the level of lobule
VI, crus I/II, and midline lobule VII of the right cerebellum),
and defined the crossed anatomic interaction with the language
association areas within the dominant frontal, parietal, and
temporal regions (111, 112).

Moreover, it has been demonstrated that prematurity itself,
cerebellar malformations or acquired injuries, involving totally or
partially the cerebellar hemispheres, the vermis or the peduncles,
may affect speech and language development, with varying
degrees of severity, ranging from absence of language to high-
level meta-linguistic disorders, according to the site and extent of
the defect (113, 114).

Analysis of resting-state fMRI data in unilateral or bilateral
malformation patients showed an impairment of the executive-
control network involving areas strongly connected with the
cerebellum through the fronto-pontine fibers (115, 116).

Lesion studies concerning both children and adult cases
reported several different types of motor and non-motor
language deficits after cerebellar damage, ranging from pure
motor speech disorders (e.g., ataxic dysarthria) or linguistic
processing impairments (e.g., mutism, conduction-like aphasia,
phonemic, semantic, syntactic, lexical deficits, agrammatism,
dysprosody), to high-level metalinguistic disturbances (e.g.,

sentence construction, word definitions, figurative language,
word associations, lexical-semantic manipulation) (117-128).

These data show that the cerebellum is implicated not only in
motor and planning aspects of language, but participates also in
high-level non-motor linguistic processes, including speech and
language perception, verbal working memory, phonological and
semantic verbal fluency, syntax processing, grammar processing,
as well as reading and writing (110, 129).

Investigation of the neuroanatomical substrate for this
functional complexity revealed that a close connection between
the cerebellum and the supratentorial motor, paralimbic, and
association cortices is established by a dense network of
cortico-ponto-cerebellar and cerebello-thalamo-cortical loops.
Moreover, functional connectivity analyses demonstrated that,
as for motor function, a topographical organization exists also
for cognitive and language processing, with representation of
the muscles of articulation located in medial lobule VI, whereas
conceptual elements of language are mostly represented within
the right posterior-lateral regions of lobules VI and VII (3, 61, 71,
128).

As for motor function, the network between the cerebellum
and different supratentorial centers reinforces the concept of a
regulatory role of the cerebellum in monitoring and coordinating
cortical functions. This phenomenon, called “universal cerebellar
transform” allows the cerebellum to compare predictions related
to internal speech or subvocal rehearsal, neural representation of
the external world (called “internal models”), with the incoming
feedback from the cerebrum. The internal models are used
to create, manipulate, and predict mental representations, by
comparing them with the prefrontal and temporo-parietal cortex
to optimize cognitive and language performance (71, 110).

The Cognitive, Emotional and Behavior

Cerebellum

The third important aspect of cerebellum functional anatomy
concerns its contribution to neurocognitive processing. Also in
this field, many works provided consistent neuroimaging and
clinical data on the strict interactions between the cerebellum and
different cortical and subcortical territories involved in cognition,
executive, spatial, working memory, emotional, and behavior
processing and social domains (61, 71, 109, 129).

The anatomo-functional network related to cognitive
and emotional domains develop at a later stage, according
to emergence of long-range cerebro-cerebellar connectivity.
Moreover, the development of intrinsic connectivity extends
beyond the first years of life into late adolescence, consistent
with changes in executive function, social interactions, and
risk-taking behavior (130, 131).

Clinically, alteration of executive functioning has been
associated to different etiologies occurring during both childhood
and adulthood, including congenital malformations (cerebellar
or vermian hypoplasia, atrophy, or dysplasia), and acquired
cerebellar damage, such as viral inflammatory lesion or
tumors. These diseases adversely impact the development of
both cerebellar gray volume and the integrity of distant
projections to basal ganglia and non-motor cortical regions.
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Seriousness of clinical consequences depends on both extension
of structural defect and timing of lesion event, ranging from mild
neuropsychologic delay to severe and long-lasting intellectual
disability and neuropsychiatric disorders, such as schizophrenia,
Tourette’s syndrome, autism, attention deficit disorder, and
addiction (132).

Concerning emotional processing, early electrophysiological
and anatomical studies in humans and animals that revealed
that stimulation of specific cerebellar territories, such as the
dentate nucleus and the SCP, evocated different emotional
responses or mood modification after chronical stimulation,
and demonstrated reciprocal connections with limbic
structures (133-137).

Following functional connectivity studies demonstrated that
the vermis is a crucial region functionally connected to
limbic structures allowing for emotional regulation (through
the amygdala), emotional memory (through the hippocampus),
and autonomic and cognitive components related to emotional
experience. In fact, the vermis has an early-stage pattern of
maturation, and it does not show significant changes in volume
during childhood and adolescence. This evidence confirms that
this phylogenetically “older” part of the cerebellum is recruited
during primary emotional processing (138-140).

Social cognition is defined as the set of mental processes
required to understand, generate, and regulate social behavior
and interpersonal interactions. Social cognition is strictly related
to the mentalizing, which consists in the ability to understand
the mental state of oneself or others underlying overt behavior
(64, 71). Previous researchers identified the brain regions
most involved in the “mentalizing network”, including the
temporoparietal junction, the precuneus, the amygdala, the
anterior temporal lobe, the occipital gyrus, the fusiform gyrus,
the inferior frontal gyrus, and the medial prefrontal cortex (141-
145).

Although participation of the cerebellum to this circuitry
received less attention in the past, more recent resting state
fMRI studies indicated a functional overlap between the social
cognition network of the cerebellum and the mentalizing
network of the cerebrum, namely the default-mode network
(DMN), which involves a set of brain regions such as the posterior
cingulate cortex, the precuneus, the lateral parietal/angular gyrus,
the medial prefrontal cortex, the superior frontal gyrus, and the
temporoparietal junction (146).

This finding was also reported in clinical studies on diseases
typically characterized by an impairment in social mentalizing,
such as autism spectrum disorder (147). Otherwise, the
possibility that cerebellar damage might cause social cognition
or mentalizing deficits would depend on the developmental
stage during which the injury occurs, the location of injury,
and testing modality (64). According to this model, the role
of the cerebellum would be to modulate the activity of default
regions by detecting errors between predicted output and current
behavior through construction of internal models. In case of
mismatch, the feedback error signal would be sent back to the
same cerebral regions (146).

Other Authors investigated the specific cerebellar zones
mostly implicated in mentalizing processes in association with

the human DMN (139, 148-155). For example, a meta-analysis
of functional connectivity studies revealed a strong recruitment
of posterolateral cerebellar hemisphere corresponding to crus I/1I
in bilateral mentalizing cerebral regions, such as the left and
right temporoparietal junctions, the precuneus, and the medial
prefrontal cortex. Within this circuit, the medial prefrontal cortex
and the right temporo-parietal junction converge on the right
posterior cerebellum and then back to the left temporo-parietal
junction, which in turn receives connectivity from the dorsal
medial prefrontal cortex and the right temporo-parietal junction.
Interestingly, it was shown that cerebello-cerebral connections
are not directly linked in both directions, as expected, but have
possibly divergent patterns of information communication with
other regions during social cognition processing (150).

More recently, Metoki et al. applied a multimodal
neuroimaging approach, including functional mapping,
effective connectivity, and probabilistic tractography, to
investigate the structural and functional role of the cerebellum
in the mentalizing network. In addition to confirming that
also mentalizing has a domain-specific function, the authors
identified stronger effective connections from the left posterior
cerebellar hemisphere to the right cerebral mentalizing
areas through cerebello-thalamo-cortical and cortico-ponto-
cerebellar connections to right cerebral areas mostly involved in
mentalizing processing (7, 64, 149).

Finally,  electrophysiological, = pharmacological  and
immunohistochemical research studies investigated how
different neurotransmitter systems, such as noradrenergic,
cholinergic or dopaminergic system, can modulate the
synaptic transmission and thereby influence the functional
output through activation of specific cerebellar receptor
subtypes (156-166).

Norepinephrine responsive cells were identified within both
the cerebellar cortex and the cerebellar nuclei (156). Moreover,
recent studies in rat have shown that GABAergic synapses of
cerebellar interneurons and Purkinje cells are positively regulated
by norepinephrine. The overall effect of the noradrenergic
afferent input to the cerebellar cortex reinforces GABAergic
inhibitory influence from the basket cells to the output signals
generated by Purkinje cells. The subsequent modulation of
GABAergic transmission at synapses between input and output
cells appears to play a critical role in motor coordination
associated with the cerebellar connection with the somatosensory
cortex (167).

The cholinergic system has been shown to have an important
modulatory effect on synaptic transmission, especially at
the level of climbing and mossy fibers, and in regulating
release of other neurotransmitters. This (plastic) effect
would influence the rapid intracerebellar and cerebro-
cerebellar causal connectivity, so conditioning the final
functional cerebellar outputs during non-motor cognitive
task. Moreover, modulation of neuronal excitability and/or
synaptic responses would have a significant role during
cerebellar development, by facilitating neuronal maturation,
differentiation, adaptation, and survival. On the other
hand, cholinergic dysfunctions were shown to be involved
in the pathogenesis of cognitive impairments and other
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neurological disorders, such as cerebellar ataxia, autism, and
Parkinsonism (157).

Concerning the dopaminergic system, the cerebellum
was traditionally not considered an elective dopaminergic
region. However, lesion studies have shown the involvement
of cerebellum in dopamine deficit-related neurological and
psychiatric disorders, such as Parkinson’s disease, schizophrenia,
autism spectrum disorders, and drug addiction (158-161).
Moreover, data coming from invasive studies in animal and
tractography observation in humans revealed relevant patterns
of intracerebellar dopaminergic connectivity, such as between
the DN and the cerebellar cortex, and extrinsic interconnections
between the cerebellum and traditional dopaminergic areas
of the brain, including the midbrain, the neostriatum, the
neocortex (162-165). These connections could represent part of
the cerebellar projective circuits which allow the cerebellum to
contribute to motor and cognitive functions (164, 166).

Interestingly, the role of cerebellum in different
neurotransmitter systems may have implication for innovative
treatments (e.g., electrical, or magnetic
stimulations) for several neurological and mental disorders (166).

non-invasive

The Visual and Attention Cerebellum

Previous research from animal models and patients with
developmental abnormality (e.g., autism) or acquired injury (e.g.,
tumor and stroke) showed that damage to the cerebellum was
associated to slowed spatial attention orienting (168-170).

Following fMRI studies in healthy subjects confirmed these
observations and investigated the structural substrate underlying
the cerebellum participation to a network of cortical regions,
including the posterior parietal cortex, the frontal eye fields, and
the dorsolateral prefrontal cortex (the so called, dorsal attention
network or fronto-parietal network) that support sustained
attention and working memory (171). More specifically, analysis
of functional connectivity in intact brains demonstrated that
the lobule VI of the left cerebellar hemisphere in both covert
attention and saccadic eye movements (172).

Other Authors identified a strong functional correlation
between cortical nodes forming the dorsal attention network
and cerebellar lobules VIIb and VIIIa within the posterior
cerebellum during visual attention and working memory tasks.
Moreover, different functional patterns between the dorsomedial
and ventrolateral regions of lobule VIIb/VIIIa were also found
in relation with visuospatial representations and load-dependent
visual working memory processing, respectively (173-175).

More recently, a comprehensive mapping of the cerebellar
visuospatial organization based on a retinotopy dataset collected
in 181 participants revealed a large distribution of signals
involving the vermis and the lobules VIIb and VIIIb. In
particular, connections between retinotopically organized
cortical regions of lobule VIIb with the intraparietal sulcus
confirmed involvement of this structure in spatial cognition,
including attention and working-memory-related processes. The
lobule VIIIb was found to be related to the dorsal and the ventral
attention networks and to the somato-motor network, suggesting
an integrative role for this region for both attentional and motor
processes. In summary, these data are in favor of participation

of the cerebellum in attentional mechanisms by prediction
of dynamic perceptual events and integration of visuospatial
information for the guidance of effector movements (176).

IMPLICATIONS

The crucial involvement of the cerebellum in sensory-motor
and higher cerebral functions may correlate with a variety of
clinical consequences in case of pathological processes, including
developmental disorders, malformations, stroke, and tumors or
iatrogenic causes (10). These conditions may alter the normal
anatomo-functional configuration of gray and WM components
forming the cerebellar connectome, at both the local and the
remote level of the network.

Considering WM structures specifically, direct damage or
disconnection of input or output connections with different
cerebral supratentorial eloquent regions passing through the
cerebellar peduncles should be considered. In fact, anatomo-
clinical studies showed that lesions of the SCP cause ipsilateral
intention tremor, dysmetria, and decomposition of movement;
lesions of the MCP are associated with homolateral hypotonia,
ataxia, and dysmetria during voluntary movement; injury to the
ICP induces disturbances of equilibrium with truncal ataxia and
staggering gait (35, 36, 44).

Concerning neuro-oncology, previous studies indicated that
cerebellum undergoes structural and functional alterations,
especially concerning language function, induced by
supratentorial high-grade and low-grade gliomas, confirming
the role of cerebellar system in lesion induced plasticity process
(177, 178).

It is worth noting that a majority of previous studies evaluated
the local and distant effects of posterior fossa tumors after
treatments, especially surgery and radiotherapy, while only a few
authors focused on the direct effects of cerebellar tumors on
WM structures. Currently, the main evidence on tumor-related
alteration of WM integrity concerns the cerebello-thalamo-
cerebral tracts. Significant impairment of this pathway was
shown, especially in patients with diagnosis of posterior fossa
medulloblastoma, large tumors with bilateral extension that cross
the midline, and left-handed subjects. In these cases, a significant
correlation between the overall damage of the cerebro-cerebellar
connectivity and extent of ataxia and fine motor dysfunction has
been demonstrated (179).

Regarding the possible effects of surgery and other
treatments, a perfect example is posterior fossa syndrome
(PFS), which includes ataxia, muscular hypotonia, hemiparesis
or tetraparesis, and possible cranial nerve deficits. This condition
is frequently associated with cerebellar mutism syndrome,
which is characterized by diminished psychological impulsion
associated with inhibition of speech output. These well-
recognized complications occur at a high rate in children (10 to
40%) who undergo posterior fossa surgery for both malignant
and benign tumors (180-185).

In the past, different factors, including brain stem
compression, hydrocephalus, and damage to the inferior
cerebellar vermis were considered responsible for PFS (183, 186).
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More recent large scale-studies revealed that the pathogenesis
of PFS depends on a more complex involvement of cerebellar
connection systems, including the dentate nucleus and the
superior cerebellar peduncle of fronto-cerebellar pathways,
independent of chemotherapy or radiation (187-191).

In addition, a significant association between cerebellar
tumors and neurocognitive performance, especially working
memory, was also demonstrated when a global functional
depression of cerebral cortical activity (with a predilection to
frontal regions) was found in patients with PFS, related to a
decreased integrity of WM pathways and a diaschisis-related
mechanism (192-194).

Functional-MRI studies contributed to further characterizing
these aspects. A recent study found that cognitive disturbances
in pediatric infra-tentorial tumor survivors were related
to abnormalities in regional neural synchrony, leading to
reorganization of network topology and, consequently, to
disconnection of damaged regions and multiple extracerebellar
functional brain networks (195). In the largest lesion mapping
study to date, the cognitive and affective symptoms following
pediatric cerebellar tumor resection were evaluated in 195
pediatric patients. Comparison between resting-state functional
connectivity MRI patterns of pathological cases and normal
subjects confirmed the role of disrupted cerebro-cerebellar
connectivity, particularly involving a network including the
fastigial and dentate nuclei, the thalamic mediodorsal nucleus,
and projections to the limbic system (anterior cingulate, medial,
lateral prefrontal, and orbitofrontal cortices) (196).

Interestingly, it was reported that seriousness of PFS
depends also on patient-specific presurgical status. A significant
decrease in preoperative neural connectivity involving the corpus
callosum, the right cortico-thalamic pathway, and the right
cortico-striatal pathway was found in children who developed a
post-operative PFS, compared with those who did not (197).

Finally, a positive correlation between the cerebellar
volume of output structures and integrity of WM output was
shown. Impairment of this correlation, also called trans-neural
degeneration, may produce different consequences depending on
type of treatment. Without radiation, the primary mechanism of
injury is cerebellar tumor growth, resection, and hydrocephalus.
Therefore, the lesion involves the most proximal connection
(cerebellar-rubral pathway). In contrast, the survivor group
treated with radiation may have most extended radiation-
induced demyelination of the thalamic-frontal portion of the
pathway, based on a strong correlation with volume loss in
the cerebellum, the red nucleus, the thalamus, and the frontal
lobe (198).

Neurosurgical Implications
Progressive advancement in knowledge on the cerebellar
connectome may have important implications for the
neurosurgical community, especially regarding management of
posterior fossa tumors and vascular malformations (199, 200).
Complexity of the anatomo-functional organization of the
intra-cerebellar and the extra-cerebellar circuitry is directly
related to the need for careful awareness of surgically related
neurological consequences at short and long term. For this

reason, the authors of a recent systematic review emphasized
that cerebellar functional anatomy should receive similar
awareness during infratentorial surgery as during supratentorial
resections (201).

In this perspective, two aspects might be of special interest to
improve the quality of surgical results and functional outputs.
First, an accurate understanding of the three-dimensional
functional anatomy and topography of cerebellar WM is crucial
to select the most appropriate approach, especially in the case
of approaches involving the fourth ventricle (44). Fascinating
didactic dissection and tractography studies have been devoted
to describing the surgical anatomy of the human cerebellum and
to discussing implications of main eloquent cerebellar nuclei and
cerebellar peduncles in most common surgical routes (192, 202-
205).

In fact, dissection studies show that all the cerebellar
peduncles converge on the lateral wall and roof of the fourth
ventricle. In particular, the ICP and SCP are more likely to be
injured during procedures within the fourth ventricle because
they abut directly on the ventricular surface. On the other hand,
the MCP would be more susceptible to injury when approaching
the cerebellopontine angle, where it forms a major part of the
cisternal surface of the ventricular wall (36).

In the case of approaches to intrinsic peduncular lesions, it
is reccommended to perform the incision on the dorsal surface of
the MCP following a parallel and longitudinal direction to respect
the pontocerebellar fibers. If resection involves deeper ponto-
cerebellar fibers, the anatomical boundaries to be respected
include the corticospinal tract ventrally, the trigeminal nerve
caudally and the medial and lateral lemnisci posteriorly in the
tegmental pars of the pons (206). Following these considerations,
previous authors have analyzed the main anatomical surgical
landmarks to be respected and compared the different possible
approaches according to lesion location and extension (192, 203—
206).

The second consideration is that development and systematic
application of accurate neuromonitoring techniques is of
paramount importance for preserving the main components of
the network. However, as revealed by a recent review, despite
the consolidated experience of intraoperative monitoring during
brainstem, fourth ventricle, and skull base surgery, specific
neurophysiological data on the cerebellum are lacking, due to the
polysynaptic organization of the cerebro-cerebellar circuitry and,
in pediatric cases, to the immaturity of nervous structures (88).

Consequently, apart from adoption of basic technical
precautions, such as accurate neuronavigation guidance and
avoidance of mechanical and thermal injury, for now the
possibility of improving safety of intracerebellar surgery seems
to rely on the development of other methods able to predict the
postoperative outcome (201).

These include, for example: (i) computation of probabilistic
connectivity atlas based on segmentation of the cerebellar
peduncles, allowing for comparison of WM integrity between
patients and controls diffusion maps (207, 208); (ii) application
of transcranial magnetic stimulation (TMS) technique to provide
either negative or positive inhibitory or facilitatory modulation
of the primary motor cortex output using an appropriate
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cerebellar stimulus to deduce injury to the dentato-thalamic-
cortical circuit and predict postsurgical development of cerebellar
mutism (209); (iii) development and validation of reliable
procedures for neurophysiological monitoring of the cerebello-
cortical connectivity. Preliminary results in this field showed
the feasibility of reproducing extra-operative conditioning-test
paradigm previously adopted for TMS (210).

CONCLUSIONS

Modern neuroscience has significantly progressed toward a more
realistic characterization of cerebellar functional anatomy. A
growing number of studies have confirmed that the cerebellum
is involved in several networks with both short-range and long-
range disposition. This organization results from a continuous
process of anatomo-functional refinement continuing from
childhood to adulthood, allowing for integration between intra-
cerebellar connections and supratentorial circuits.

In parallel with the closed loop structural configuration, the
dogma of the cerebellum being merely responsible for motor
coordination has been definitively repudiated, in favor of a
more complex functional role that also includes emotional and
social processing.

This evidence should not be limited just to theoretical
speculation, but may have important implications for
neurosurgical practice, especially for management of diseases
harboring the posterior fossa. In fact, application of multimodal
analysis for the pre-operative and post-operative assessment
of the cerebello-cerebral networks might provide crucial
insights allowing for a better understanding of the effects of a
pathological process and of surgery itself and optimizing the
quality of intraoperative approaches and rehabilitation strategies.

REFERENCES

1. Berry MM, Standring SM, Bannister L. “Cerebellum”. In Williams PL, editor.
Gray’s Anatomy. New York: Churchill Livingstone. (1995). p. 102765.
2. Benagiano V, Rizzi A, Lorusso L, Flace P, Saccia M, Cagiano R, et al.
The functional anatomy of the cerebrocerebellar circuit: a review and new
concepts. ] Comp Neurol. (2018) 526:769-89. doi: 10.1002/cne.24361
3. Stoodley  CJ, JD.  Functional  topography  of
the human cerebellum. Handb Clin (2018)  154:59-
70. doi: 10.1016/B978-0-444-63956-1.00004-7

. van Welie I, Smith IT, Watt AJ. The metamorphosis
developing cerebellar microcircuit. Curr Opin  Neurobiol.
21:245-53. doi: 10.1016/j.conb.2011.01.009

5. Brossard-Racine M, Limperopoulos C. Normal Cerebellar Development by
Qualitative and Quantitative MR Imaging: From the Fetus to the Adolescent.
Neuroimaging Clin N Am. (2016) 26:331-9. doi: 10.1016/j.nic.2016.03.004

6. Amore G, Spoto G, Ieni A, Vetri L, Quatrosi G, Di Rosa G, et al. A focus on
the cerebellum: from embryogenesis to an age-related clinical perspective.
Front Syst Neurosci. (2021) 15:646052. doi: 10.3389/fnsys.2021.646052

7. Habas C, Manto M. Probing the neuroanatomy of the
cerebellum  using tractography. Handb  Clin  Neurol.  (2018)
154:235-49. doi: 10.1016/B978-0-444-63956-1.00014-X

8. Koeppen AH. The neuropathology of the adult cerebellum. Handb Clin
Neurol. (2018) 154:129-49. doi: 10.1016/B978-0-444-63956-1.00008-4

9. Sarnat HB. Cerebellar networks and neuropathology of cerebellar
developmental ~disorders. Handb Clin  Neurol. (2018) 154:109-
28. doi: 10.1016/B978-0-444-63956-1.00007-2

Schmahmann
Neurol.

of the
(2011)

In this context, some challenging yet promising topics
could be mentioned for future research. For example,
the role of age, of specific cerebellar sub-regions, and of
plasticity mechanisms in normal and pathological motor
and cognitive outcomes, especially during critical periods
following early life stages should be further highlighted.
Moreover, identification of specific biomarkers will allow for the
development of reliable probabilistic atlases based on different
convergent factors, such as the presurgical cerebellar lesion
characteristic, the relationships between the lesion type and
location, the cerebellar outflow, the supratentorial cortical
activity, and the possible clinical deficits. Finally, all this
information might contribute to stratifying the postoperative
risk, so improving the quality of communication to patients
and families and optimizing both presurgical planning and
intraoperative management.
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Neurosurgery has traditionally been overtly focused on the study of anatomy and
functions of cortical areas with microsurgical techniques aimed at preserving eloquent
cortices. In the last two decades, there has been ever-increasing data emerging from
advances in neuroimaging (principally diffusion tensor imaging) and clinical studies
(principally from awake surgeries) that point to the important contribution of white matter
tracts (WMT) that influence neurological function as part of a brain network. Major
scientific consortiums worldwide, currently working on this human brain connectome, are
providing evidence that is dramatically altering the manner in which we view neurosurgical
procedures. The development of the telencephalic flexure, a major landmark during
the human embryogenesis of the central nervous system (CNS), severely affects the
cortical/subcortical anatomy in and around the sylvian fissure and thus the different
interacting brain networks. Indeed, the telencephalic flexure modifies the anatomy of the
human brain with the more posterior areas becoming ventral and lateral and associative
fibers connecting the anterior areas with the previous posterior ones follow the flexure,
thus becoming semicircular. In these areas, the projection, association, and commissural
fibers intermingle with some WMT remaining curved and others longitudinal. Essentially
the ultimate shape and location of these tracts are determined by the development of
the telencephalic flexure. Five adult human brains were dissected (medial to lateral and
lateral to medial) with a view to describing this intricate anatomy. To better understand the
3D orientation of the WMT of the region we have correlated the cadaveric data with the
anatomy presented in the literature of the flexure during human neuro-embryogenesis
in addition to cross-species comparisons of the flexure. The precise definition of the
connectome of the telencephalic flexure is primordial during glioma surgery and for
disconnective epilepsy surgery in this region.

Keywords: brain surgery, disconnective surgery, epilepsy surgery, functional connectome, oncology, telencephalic
flexure, sylvian fissure

INTRODUCTION

Neurosurgical interventions in and around the perisylvian cortices often represent a surgical
challenge due to the complexity of the sulcogyral architecture and underlying fiber systems. The
capricious anatomy of this region is principally related to the development of the telencephalic
flexure, which represents a major landmark during human neuro-embryogenesis (Figure 1).
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Dissection of the Telencephalic Flexure

During the early embryonic stages, the telencephalic
hemispheres bend caudally in a ventral and rostral direction,
resembling a “C-shaped” structure. Therefore, the upcoming
temporal lobe derives from the posterior pole of the primitive
telencephalon, while the occipital lobe is derived from its dorsal
wall. This folding of the telencephalic hemispheres (telencephalic
flexure) becomes the operculum and the future Sylvian fissure.
Following a complex interaction and excitatory/inhibitory neural
signaling, this folding will finally delineate the curved shape of
most of the fibers connecting the implicated cortical regions. As
a consequence of the folding of the telencephalic hemispheres,
the fibers’ final shape “suffer” the effects of the aforementioned
flexion and the functional neuroanatomy of the connectome in
this area may be challenging to understand.

The aim of this study is to illustrate the white matter anatomy
around the telencephalic flexure along with a comprehensive
review of the mechanisms involved in its embryological
development and with the help of a cross-species analysis, and
how the understanding of this complex anatomical evolvement
might help surgeons to optimize surgical interventions around
this region. The subcortical connectivity should be maximally
preserved through the performance of selective procedures to
preserve the neurological and cognitive functions of our patients.

METHODS

In this study, five cadaveric human brains were prepared
following Klingler’s technique. The specimens were extracted
during the first 12h postmortem and placed in 10% formalin
solution for 8 weeks. The brains were washed under running
water and frozen to —15°C for 2 weeks (1). The freezing allowed
the expansion of the extracellular water allowing the spreading
of the fibers (2). After de-freezing the brains, dissection was
carried out in a lateral-to-medial and medial-to-lateral direction.
A transventricular dissection was finally carried out, with the
aim of a deeper understanding of the aforementioned fibers. The
main white matter tracts were identified according to the surface
anatomy, and their direction was described in the three planes of
the space (3) (Figure 1).

In order to better sustain the results based on the brain
dissections, as well as the literature review, two surgical cases
were discussed to illustrate the importance of this anatomic
understanding. Both patients gave their consent to share their
clinical records.

RESULTS

Lateral-to-Medial Dissection

Frontal Region

The removal of the cortex and the u-fibers exposed the
superior longitudinal fasciculus II (SLF II) connecting parietal
and frontal lobes, and the SLF III between the inferior
frontal and supramarginal gyri were found running in an
anteroposterior linear direction. After removing the insular
cortex, extreme and external capsules, the lateral aspect of the
putamen was uncovered. Deeper to the lentiform nucleus, the
internal capsule (IC) was seen medially and projecting upwards

intermingling with the corpus callosum (CC) lateral projections
forming together the corona radiata. The anterior limb and
genu of the IC were longitudinally oriented into the vertical
plane (Figure 2).

Parieto-Occipito-Temporal Region

The vertical SLF appeared connecting the supramarginal and
angular with the superior and middle temporal gyri. Together
with the tapetum, it represents one of the vertically oriented
tracts in this area. SLF II-III and arcuate fascicle (AF) were then
uncovered. SLF II-IIT was shown oriented in an anteroposterior
linear-direction-traversing the central lobe. The AF was “non-
longitudinally oriented” into this area and wrapped around
the posterior insular point, connecting the posterior aspect of
superior and middle temporal gyri with the central and frontal
lobes. This tract is anteroposterior on its frontal aspect, but
curves ventrally and laterally on its parietal aspect, thus lining
up with the craniocaudal and lateromedial planes. The middle
longitudinal fascicle (MLF) was found running anteroposteriorly
from the superior temporal gyrus (STG) deep to the AF
curving upwards on the craniocaudal plane toward the superior
parietal lobe. The IFOF connecting the frontal and occipital
lobes, followed an anteroposterior direction. However, it moves
laterally and basally from the frontal to the temporal aspect.
Therefore, it was considered as a curved association tract
ventral to the insula. It runs dorsal to the uncinate fasciculus
(UF), which courses lateral to the anterior perforated substance.
Both converge at the limen insulae, being difficult to be
individualized in this area. Removing the putamen allows the
identification of the anterior commissure (AC), in which the
main axis follows the lateromedial plane by crossing the midline.
However, its anterior and posterior-lateral extensions curve
into the anteroposterior and craniocaudal planes to reach their
respective destinations into the amygdala and temporooccipital
cortex. On its posterior projection, the IFOF and AC cover
the optic radiations (OR), which remain lateral to the lateral
ventricle. Each OR passes below the lentiform as the core of
the sublenticular IC and is integrated into the sagittal stratum
together with the IFOF and AC. The OR represents a projection
system connecting the thalamus and the primary visual area in
the ipsilateral occipital lobe following the anteroposterior and
lateromedial planes of the space. After removing the sagittal
stratum, the tapetum (tap) was shown covering the atrial lateral
ependyma running downward and forward. It connects the
basal and lateral aspects of both occipital and temporal lobes.
As the AC, it is a curved commissural tract aligned into
the lateromedial, anteroposterior, and craniocaudal planes. The
inferior longitudinal fasciculus (ILF) rests basally connecting
the temporal pole to the dorsolateral occipital cortex in the
anteroposterior plane (Figures 3, 4).

Medial-to-Lateral Dissection

The cingulum, visualized after removing the cortex and u-
fibers on the cingulate gyrus, emerges from the subcallosal
area and runs posteriorly to join the isthmus. Ventral to
the precuneus, some fibers emerge from the cingulum toward
the medial aspect of the parietal lobe. The parahippocampal
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FIGURE 1 | (A) Lateral perspective: The different steps during the embryological development (4, 8, 34 weeks, and adult brain) of the human brain are shown along
with the forces that produce morphological stress (arrows). The main internal forces push the occipital lobe from a dorsal to a posterior location resulting in the
temporal lobe moving from its posterior and medial location to a more anterior and lateral one. The telencephalic flexure is the result of all these movements happening
during the early embryological formation of the CNS. (B) Superior perspective: the two telencephalic vesicles are shown as well as the early ventricular cavities. For an
accurate understanding of the superficial and deep anatomy, the three planes of the space have been defined according to Talairach’s description: the cerebral space
is defined by the anteroposterior or intercommissural line (ICL) between the anterior and posterior commissures, the craniocaudal (CRCA) between vertex and
midbrain and perpendicular to the ICL line, and the lateromedial (LM) between both hemispheres, and perpendicular to the previous lines. (C) As a result of the
complex shape acquired by the human brain, and the 3D organization of the ventricular system, most of the association fibers in this area show a curved shape with a
specific arrangement pattern. The purely latero-medially oriented fibers are represented in red; the craneo-caudal fibers in blue; the anteroposterior fibers are green;
the yellow color is employed to represent those fibers that being latero-medial, anteroposterior, or craneo-caudal, that change its direction at some point, becoming
curved in shape. (D) These anatomical relationships are shown and partially schematized in this left hemisphere showing longitudinally oriented association fibers
(green), curved-shape association fibers (yellow), and purely longitudinal projection fibers (blue). aCom, anterior commissure; atr, atrium; ArcF, arcuate fascicle; bf,
body of fornix; blv, body of the lateral ventricle; cau, caudate nucleus; cing, cingulum; crus, crus of the fornix; IFOF, inferior frontooccipital fascicle; ILF, inferior
longitudinal fascicle; MLF, middle longitudinal fascicle; or, optic radiations; pons; brainstem protuberance; put, putamen; rl-IC, retrolenticular component of the Internal
Capsule; SLF |, Superior Longitudinal Fascicle I; SLF Il, Superior Longitudinal Fascicle Il; SLF Ill, Superior Longitudinal Fascicle IlI; sth, subthalamic area; Tap, tapetum;
th, temporal horn; thal, thalamus; vcSLF, vertical component of the SLF.

fibers represent the continuation of the cingulum toward
the temporomesial region. The junction of the cingulum
and parahippocampal fibers represents an extraventricular “C”
shaped fiber system, belonging to the limbic system. Removing
the cingulum and parahippocampal fibers, exposed the medial
extension of the CC and the ventral aspect of the dentate
gyrus. The lateral longitudinal stria was also seen dorsal to
the CC and representing the dorsal remnant of the archicortex
of the hippocampus, and fornix, showing connections to the

amygdala and induseum griseum. All these limbic systems
are represented in the anteroposterior, craniocaudal, and
lateromedial planes (Figure 5).

Transventricular Dissection

Lateral Aspect

The IC and the corona radiata are in close relationship with the
ventricular system. The anterior limb is related to the frontal
horn, the genu to the foramen of Monro, the posterior limb to
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superior temporal gyrus; u-f, u-fibers; unci, uncinate fasciculus.

FIGURE 2 | (A) Lateral view of a left hemisphere (before the brain’s extraction from the skull). The central lobe represents the boundary between the frontal and
parietal areas. The pre-occipital notch and distal end of the sylvian fissure helped to delineate the indistinct border between the temporal, parietal, and occipital lobes.
This is the most important pivotal point resulting from the different forces that affect the growth of the human brain during its embryological development. (B) The
frontal lobe in the left hemisphere has been partially dissected anterior to the precentral sulcus. The gray matter has been scraped away showing the u-fibers in the
superior frontal gyrus. The inferior frontal gyrus has been removed along with the underlying u-fibers in this area, showing a clear view of the SLF Il & SLF Il frontal
projections. (C) The cortex and u-fibers have been removed showing the SLF Il & SLF Il and their close relationship with the arcuate fascicle wrapping around the
posterior Sylvian point. U-fibers are shown connecting the superior parietal lobe and the angular gyrus. (D) A more advanced step in the frontal dissection is shown.
The projections of the anterior limb of the internal capsule are arising in between the caudate nucleus and putamen, just lateral to the ependyma of the lateral ventricle
frontal horn. The internal capsule cranial projections intermingle with the lateral projections of the corpus callosum at this point, forming a longitudinal layer of tracts,
which runs perpendicular in direction to the long association ones (SLF Il & lll). The temporal pole fibers are also exposed after removing their u-fibers. The inferior
fronto-occipital fascicle and uncinate fascicle are also exposed in the temporal aspect. Ang, angular gyrus; arcF, arcuate fascicle; cau, caudate nucleus; cr, corona
radiata; CS, central sulcus; ep, ependyma; IFOF, inferior frontooccipital fascicle; itg, inferior temporal gyrus; mfg, middle frontal gyrus; mtg, middle temporal gyrus; OL,
occipital lobe; pOp, pars opercularis; pOr, pars orbitalis; postC, postcentral gyrus; preC, precentral gyrus; pT, pars triangularis; put, putamen; SF, sylvian fissure; sfg,
superior frontal gyrus; SLF II, superior longitudinal fasciculus II; SLF Ill, superior longitudinal fasciculus Ill; smg, supramarginal gyrus; SPL, superior parietal lobe; stg,

the body of the lateral ventricle, while the retro- and sublenticular
components are related to the atrium and temporal/occipital
horns. The floor of the frontal horn is formed by the rostrum
of the CC, and the roof of the frontal horn and body is formed
by the body CC. The splenial projections cover the medial wall
and roof of the atrium. The head of the hippocampus is seen
facing the uncal recess anteriorly and the amygdala superiorly.
It runs anteroposteriorly, and the alveus becomes the fimbria
of the fornix, which wraps around the pulvinar thalami in a
superomedial direction, being thus represented in all three planes
(Figure 6).

Medial Aspect

The caudate nucleus is seen in the ventricular wall. Scraping it
away, allowed us to see the thalamic projections of the IC. The
tapetum of the CC was seen covering the roof and lateral wall
of the atrium from its medial aspect. The alveus and fimbria
continue with the crus fornicis, which runs toward the midline,

and then move forward, named body of the fornix, to surround
the foramen of Monro and descend toward the mammillary
bodies into the hypothalamus through the columns of the fornix.

Cases lllustrations

Intra-axial Tumor Surgery in the Region of the
Telencephalic Flexure

One of the more challenging human brain areas to be surgically
approached is the dominant fronto-temporoparietal junction.
This area shows highly eloquent cortical regions around the
terminal part of the Sylvian fissure. Moreover, the underlying
white matter fiber tracts connecting these areas and also some
other deep fascicles running in between them, make it especially
important to understand the 3D architecture of this complex net
of tracts. Dealing with an intra-axial tumor as a glioma in this
fronto-temporoparietal region requires a strong understanding
of its real subcortical origin and the surrounding eloquent areas,
as well as the deep relationship of the relevant fiber tracts to
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longitudinal fasciculus.

FIGURE 3 | (A) The temporo-parieto-occipital dissection starts by scraping away the cortex exposing the u-fibers and the most superficial long association fiber tract
in this region, which is the vertical component of the SLF connecting the superior parietal lobe and supramarginal gyrus with the posterior aspect of the middle and
superior temporal gyri. It is interesting to note that this is the only vertically oriented association bundle. (B) The vertical component of SLF has been peeled off to
expose the next layer of tracts in this area. Thus, the arcuate fascicle is seen wrapping around the posterior insular point. The most posterior part of the SLF Il and SLF
Il are shown just dorsal to the curve of the arcuate fascicle. The middle longitudinal fascicle is shown arising from the middle third of the superior temporal gyrus.
Running posteriorly, the MLF is situated just underlying the arcuate. In a deeper location, the retro-lenticular aspect of the internal capsule is shown being part of the
corona radiata. (C) The AF, SLF Il & Ill, have been cut dorsally at the level of the supramarginal gyrus, uncovering the posterior extension of the IFOF, retro-lenticular
fibers of the IC projecting to the parietal and occipital lobes, and the posterior portion of the lateral extension of the anterior commissure (AC) connecting both
temporo- occipital basal lobes. The MLF has been removed showing the retro- and sublenticular projections of the IC in relation to the putamen. In the temporal side,
the most external layers of the sagittal stratum (anterior commissure and inferior fronto-occipital fascicle) are dissected arising from the ventral aspect of the
telencephalic flexure area. (D) Scraping away the corona radiata into the posterior part of the flexure has exposed the tapetum just lateral to the ependyma of the
lateral ventricle atrium. In the ventral aspect of the telencephalic flexure, the anterior commissure has been cut and the posterior extension of the IFOF is removed.
This maneuver allows uncovering the optic radiations, which is the deeper layer of the sagittal stratum. aCom, anterior commissure; ang, angular gyrus; arcF, arcuate
fascicle; cr, corona radiata; CS, central sulcus; IFOF, inferior frontooccipital; ins, insula; MLF, middle longitudinal fasciculus; mtg, middle temporal gyrus; OL, occipital
lobe; postC, postcentral gyrus; preC, precentral gyrus; pts, postcentral sulcus; put, putamen; SF, Sylvian fissure; SLF II, superior longitudinal fasciculus Il; SLF Il
superior longitudinal fasciculus Ill; smg, supra marginal gyrus; SPL, superior parietal lobe; stg, superior temporal gyrus; veSLF, vertical component of the superior

the glioma itself. If we analyze all the fibers that are situated
in between the lateral neocortex of the fronto-temporoparietal
region and the ependyma of the body, atrium, and temporal
horn of the lateral ventricle, several relevant fibers will appear
(vertical SLE, arcuate fascicle, MLF, IFOF, anterior commissure,
optic radiations, and tapetum). The sagittal stratum deserves a
special mention, as a complex anatomical fibers arrangement
into this area, mainly composed by the MLE IFOE OR,
and other posterior thalamic radiations directed to non-visual
areas of the cerebral cortex. In addition, small contributions
to the sagittal stratum come from the anterior commissure
anteriorly and the inferior longitudinal fasciculus inferiorly (4).
As previously discussed, some of these fibers show a curved
shape as a result of the telencephalic flexure appearing due
to the physical and genetic forces that made our brains more
functionally advanced. Advances in the field of neuroimaging
(DTL, fMRI, neuronavigation, etc.) are helpful technologies

in order to understand these fibers and their relationships.
However, intraoperative testing and checking the functions of
most of these structures is still the gold-standard technique
to maximize the tumor resection minimizing postoperative
deficits (Figure 7).

Disconnective Epilepsy Surgery of the Region

Intractable epilepsy arising from the centro-parieto-occipital
lobes is rare and is frequently a disease of childhood. The
common etiologies are perinatal ischemic lesions, Sturge Weber
syndrome, Rasmussen’s encephalitis, and sub-hemispheric
cortical dysplasias. When these etiologies involve the entire
hemisphere, the surgery indicated is hemispherotomy (5-7).
In the presence of normal frontal and temporal lobes, the
situation becomes complex for a curative surgical procedure.
In situations where the motor function is normal and near
normal, investigations to locate the functional primary motor
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FIGURE 4 | (A) The corona radiata is exposed in relation to the parietal parts of the SLF Il, SLF Ill, and AF. The lateral basal ganglia are removed to show the different
components of the IC namely the anterior limb, genu, posterior limb, retro-lenticular and sub-lenticular parts. The asterisk is showing the line where the projection
(internal and external capsules) and commissural (corpus callosum) fibers of the corona radiata are intermingling. (B) Relationship of the central lobe with the lateral
ventricle frontal horn and body. The central lobe fibers are mainly projection descending corticofugal and ascending thalamocortical. The different association tracts
traversing the central lobe thickness are horizontally oriented and represented by the SLF I, SLF II, SLF Ill as well as the AF. The transverse gyrus of Heschl is located
hidden in the depth of the sylvian fissure due to the telencephalic flexure and lobar movements. Note how the curve of the AF (black dotted line) wraps around the
posterior insular point. (C) The IC and the corona radiata have been disconnected opening the lateral ventricle. The only projection fibers that have been preserved are
the optic radiations. The AC is located ventral to the anterior limb of the IC. Note that the lateral aspect of the frontal horn, body, and atrium of the lateral ventricle has
been uncovered to demonstrate the association, commissural, and projection tracts. The shape of most of the association fibers follows somehow the direction of the
ventricular system, all influenced by the telencephalic flexure forces and movements. (D) An axial cut at the level of the telencephalic flexure has been performed,
showing the hidden anatomy of the superior aspect of the temporal lobe. Interestingly, the representation of the AF shape and direction (black dotted line), represents
the forces that affect the human brain during its embryological development. In this superior view, a clear boundary in between the ventricular chambers and the
lateral aspect of the brain is shown and represented by the corona radiata, at the point where the projection and commissural fibers join together. A wide window
along the body of the corpus callosum has been created to show the body of the lateral ventricle from above. In its medial aspect, are shown most of the medial
association fibers (mainly related to the limbic system) that assume a curved shape that is determined primarily by the telencephalic flexures. Most of them are
connecting temporo-mesial with anterior frontal and septal areas. This fact explains the curved shape of the association fibers of the medial aspect that are found
wrapping around the corpus callosum and the diencephalon. aCom, anterior commissure; agHe, anterior transverse gyrus of Heschl; al-ic, anterior limb of the internal
capsule; arcF, arcuate fascicle; atr, atrium; bf, body of the fornix; blv, body of the lateral ventricle; cau, caudate nucleus; cr (*), corona radiata and callosal fibers
intermingling point; crus, crus fornicis; CS, central sulcus; fh, frontal horn; genu-cc, corpus callosum genu; genu-IC, genu of the internal capsule; IC, internal capsule;
oh, occipital horn; or, optic radiations; pl-IC, posterior limb of the internal capsule; postC, postcentral gyrus; preC, precentral gyrus; rl-IC, retrolenticular component of
the internal capsule; sbl-IC, sublenticular component of the internal capsule; SLF I, superior longitudinal fasciculus II; SLF Ill, superior longitudinal fasciculus IIl; spl-cc,

splenium of the corpus callosum.

area needs to be done to ensure that the procedure planned
for does not produce an irreversible motor deficit. In the
dominant hemisphere, the locations of the speech areas need to
be ascertained using fMRI. If then a disconnection of these lobes
is deemed possible, a precise knowledge of the tracts that could
traverse the lines of disconnection is mandatory. The association
fibers as the SLF I, II, and III, IFOF, MLE, cingulum are to be
sectioned in addition to disconnecting the occipital lobe from
the functional temporal lobe. The corticospinal, thalamocortical,
parietopontine, occipitopontine, and optic radiations represent
the projection fibers disconnected. The lateral extension of
the anterior commissure, tapetum, posterior third of corpus
callosum, and splenium are the commissural fibers that are
disconnected in this surgery. The arcuate fasciculus can be

spared if a posteriorly directed oblique white matter section
trajectory can be performed around after the corticectomy at
the posterior insular point. An accurate understanding of the
3D anatomical configuration of the telencephalic flexure is
primordial to know the distribution of these white matter tracts
in order to achieve a total disconnection of the lobes (to achieve
seizure freedom) while preserving important adjacent tracts in
the frontal and temporal lobes and those tracts that traverse the
telencephalic flexure (Figure 8).

DISCUSSION

The development of the cerebral takes place
predominantly in the fetal period. At approximately 25

cortex
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FIGURE 5 | (A) A left hemisphere is viewed from its medial aspect. The telencephalic flexure is responsible for this complex shape of the human brain, where the
medial and basal regions of the telencephalic vesicles (hemispheres) are finally covering the diencephalon and upper parts of the brainstem. The basal aspect might
be considered part of the medial hemisphere due to its anatomical continuation. Indeed, the temporobasal, temporomesial regions, and temporal pole have reached
their final locations due to the influences of the embryonic movements, thus encircling the thalamus and midbrain. This movement is also responsible for the complex
orientation of the supratentorial ventricular system, and subsequently the arrangement of the white matter tracts (see also Figure 1). From a purely anatomical point of
view, important midline surface landmarks are the cingulate sulcus with its marginal ascending ramus, the paracentral lobule and precuneus, the parieto- occipital
fissure, the calcarine fissure, the splenium of CC, the parahippocampal gyrus, and the isthmus of the cingulum which is an anatomical key point at the junction of the
calcarine and parietooccipital fissures. (B) The cortical layer covering the external limbic belt (cingulate and parahippocampal gyrus) has been removed exposing the
whole cingulum and parahippocampal bundle. This curved association fiber tract mainly connects the subcallosal area and the mesial temporal pole, with some fibers
to the precuneal region arising from the isthmus. Again, the telencephalic flexure is responsible for this curvilinear trajectory as the temporal pole is finally located
ventral and anterior. (C) The parahippocampal fibers have been completely removed opening the atrium and showing the basal aspect of the dentate gyrus. The
inferior longitudinal fascicle connecting the temporal and occipital lobes is shown in the floor of the temporal horn deep to the relative location of the fusiform gyrus.
(D) The cingulum has been removed showing the callosal fibers from a medial view. The dentate gyrus moves posteriorly and superiorly and continues with the lateral
longitudinal striae wrapping around the splenium of the corpus callosum. Note how this thin fiber bundle continues extraventricularly as the fasciola cinerea. This is
considered as a rudiment of the hippocampal formation, and follows a curved trajectory around the corpus callosum to connect the fasciola and dentate gyrus with
the induseum griseum on the dorsal surface of the callosal body. On the ventral surface of the hippocampus, the alveus continues posteriorly through the crus fornicis.
Both crura become close at the midline at the ventral surface of the callosal splenium to run anteriorly through the body of the fornix along the floor of the lateral
ventricle body. (E) | Once the body of the fornix reaches the foramen of Monro, it changes its direction to go inside the hypothalamic nuclei craneo-caudally to reach
its target onto the mammillary body. A few fibers run anterior to the anterior commissure to reach the septal region, and are known as the precommissural part of the
fornix. This is considered one of the intraventricular limbic belts, and its characteristic curved shape, is again a consequence of the flexure in the midline region. (F)
The midline aspect of the rostrum, genu and body of the corpus callosum have been cut through the angle formed by the lateral wall and roof of the lateral ventricle.
This is the point where the corona radiata and callosal fibers were seen intermingling in the lateral aspect of the hemisphere (Figure 4A). The medial hemispheric
region shows a completely different organization compared to the lateral aspect of the hemisphere. The number of fiber systems are much less, and the organization
is mainly provided by a wide association fascicle (cingulate- parahippocampal), which turns around the CC and the intraventricular temporomesial structures, and the
underlying commissural fibers of the CC projecting toward the medial edge of the hemisphere. aCom, anterior commissure; bf, body of the fornix; body-cc, body of
the corpus callosum; calc, calcarine fissure; cau, caudate nucleus; cing, cingulum; cinGy, cingulate gyrus; cinS, cingulate sulcus; colS, collateral sulcus; cr (*), corona
radiata and callosal fibers intermingling point; Cu, cuneus; crus, crus fornicis; den, dentate gyrus; fasc, fasciola cinerea; fim, fimbria; fMa, forceps major; fmi, forceps
minor; genu-cc, genu of the corpus callosum; hhipp, head of the hippocampus; ILF, inferior longitudinal fasciculus; isth, isthmus of the cingulum; listr, lateral
longitudinal stria; paraHi, parahippocampal gyrus; PCL, paracentral lobe; poS, parietooccipital sulcus; preCu, precuneus; sbca, subcallosal area; spl-cc, splenium of
corpus callosum; tp, temporal pole; unc, uncus.
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FIGURE 6 | Both lateral and medial dissections end up reaching the last remaining fibers adjoining the walls of the lateral ventricle. (A) The frontal horn of the lateral
ventricle is seen after opening its lateral wall. Thus, the last layer of fibers cut is the corticostriate and frontopontine descending fibers running to the anterior limb of the
internal capsule, as well as the anterior thalamic radiations running from the anterior thalamic nuclei toward the prefrontal and cingular cortex. The SLF Il & SLF IIl have
been also cut in a more lateral plane. In the frontal region, the association fibers are purely longitudinal and oriented in the anteroposterior plane, while the projection
fibers are also longitudinal but following a craneo-caudal direction. The curvilinear irregular shape of the IFOF and the uncinate are clearly seen in the ventral aspect of
the telencephalic flexure. (B) In this image, the dissection has progressed into the temporoparietal area, which represents the dorsal and posterior parts of the
telencephalic flexure. The vertical component of SLF, arcuate, corona radiate, sagittal stratum, and tapetum fiber bundles, as well as the ependyma of the atrium and
temporal horn, have been removed, thereby providing a lateral view of the temporal horn and atrium. The head of the hippocampus is seen in the most anterior aspect
of the temporal horn. The fimbria above the hippocampal surface follows a posterior direction in close contact with the choroidal fissure. The tail of the caudate
nucleus is located in the temporal horn roof as well as in the anterior wall of the atrium while wrapping around the thalamus. This curved shape to the caudate follows
the main dogma of the already discussed flexure. Note how the sub-lenticular component of the internal capsule is located ventral and medial to the putamen, where
it runs lateral to the caudate. (C) A medial view of the lateral ventricle is shown in this dissection, where the cingulum, parahippocampal and callosal fibers, as well as
the fornix have been removed. The curved shape of the caudate nucleus, as well as the stria terminalis connecting the amygdala and the septal area, are shown
wrapping around the thalamus. (D) The lateral ependymal layer and caudate nucleus gray matter have been removed with the aim of uncovering the medial aspect of
the internal capsule, with the anterior, superior, and posterior thalamic radiations, and the tapetum covering the lateral wall of the atrium, occipital and temporal horns.
ang, angular gyrus; arcF, arcuate fascicle; athr, anterior thalamic radiation; atr, atrium; blv, body of the lateral ventricle; cau, caudate nucleus; caut, caudate nucleus
tail; cc, corpus callosum; cr, corona radiata; cr (*), corona radiata and callosal fibers intermingling point; CS, central sulcus; den, dentate gyrus; fh, frontal horn; fim,
fimbria; fMa, forceps major; hhipp, head of the hippocampus; IFOF, inferior frontooccipital fasciculus; ILF, inferior longitudinal fasciculus; ins, insula; itg, inferior
temporal gyrus; mtg, middle temporal gyrus; oh, occipital horn; OL, occipital lobe; postC, postcentral gyrus; preC, precentral gyrus; pthr, posterior thalamic radiation;
put, putamen; sbl-IC, sublenticular component of the internal capsule; SF, Sylvian fissure; SLF lI, superior longitudinal fasciculus Ill; smg, supramarginal gyrus; SPL,

temporal pole; unci, uncinate fascicle.

superior parietal lobe; stg, superior temporal gyrus; sthr, superior thalamic radiation; stm, stria medullaris; stt, stria terminalis; Tap, tapetum; th, temporal horn; tp,

days, the cephalic flexure divides the unfused neural folds into
prosencephalon, mesencephalon, and rhombencephalon (3). At
4.5 gestational weeks (gw), the prosencephalic vesicle thins in the
sagittal midline, growing in a mediolateral direction, resulting
in forebrain outpouchings that will form the two telencephalic
hemispheres. At 8 gw, the telencephalic hemispheres grow
caudally bending in a ventral and rostral direction, best described
as “C-shaped” (3). Perhaps counterintuitively, the posterior pole
of the primitive telencephalon becomes the temporal lobe, while
the occipital lobe is derived from the dorsal wall of this primitive
telencephalon. This folding of the telencephalic hemispheres
(telencephalic flexure) becomes the operculum and the future

Sylvian fissure (8). The frontal and temporal lips of the Sylvian
fissure, along with the insula all derive from the ventral margin
of the primitive telencephalon (8). The first visualization of
a fissure at this level starts at the 13 gw, perpendicular to the
ventral surface of the hemisphere. This groove will become
the posteroinferior peri-insular sulcus. At 18-19 gw the peri-
insular sulcus is completed due to the faster development of
the surrounding lobules compared with the growth speed of
the insula. Around 20 gw, the opercularization process starts,
which will develop into operculi completely covering the insula
(9). The opercularization starts in the posterior part of the
fissure as the parietotemporal cortex develops earlier than the
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FIGURE 7 | A 33-year-old man who presented with a headache was treated by awake surgery for a Pleomorphic Xanthoastrocytoma after an open biopsy was
performed in a referral center. (A) The T1 weighted MR images after gadolinium injection in axial, coronal, and sagittal planes are shown. The lesion is located in the
left temporoparietal area, just dorsal to the telencephalic flexure. This area shows highly eloquent cortical regions around the terminal part of the Sylvian fissure. The
tumor grows from the cortical surface of the angular gyrus toward the ependymal wall of the left atrium. This area presents an underlying complex network of white
matter tracts, the intimate relationships of which must be studied preoperatively. Some of these fibers show a curved shape as a result of the telencephalic flexure
appearing due to the physical and genetic forces that made our brains more functionally advanced. Thus, the sagittal image shows its close relationship with the fused
DTl-tractography images of the arcuate fascicle (green) and the optic radiations (yellow), which seemed to be displaced by the tumor itself. The neurological
examination was completely normal including the visual field campimetry (B). Due to the age of the patient and tumor location, an awake craniotomy was performed
with the aim of testing the language and visual function during the tumor resection. The speech was tested to increase the tumor resection anteriorly and no deficit
was noted even when reaching the most anterior part. During resection of the deeper parts of the tumor, intra- operative visual tests were performed. Stimulations to
different points along the optic radiations evoked reversible scotomas in different portions of the visual field as described by the patient. At the completion of the optic
radiation mapping, the resection of the tumor was performed radically in those areas where the vision remained normal despite subcortical stimulation. (C) The
postoperative MRI at three months revealed a complete resection of the tumor. Postoperative campimetry at three months revealed a minor homonymous deficit in

the right inferior quadrant.

frontal. The sylvian fissure completely closes at the end of the
first postnatal year. The positional change of the hippocampus
starts before the telencephalic flexure begins to form and its
position is in part induced by the flexure, with the original dorsal
aspect becoming its ventral aspect, and the dorsal area moving
to a caudal end as a ventral structure after the “rotation”. These
rotational movements of the hippocampal rudiment occur due
to gradients induced by genetic expression, the fact that is key in
some malformations (8). The formation of the forebrain fissures
is also impacted by the development of the ventricles, which
behaves as an external mechanical force rather than an internal
force (8, 10, 11).

The specific developmental patterns happening during its
embryological evolution can be extrapolated to the phylogenetic
changes of the CNS of different species (12, 13). From a
morphological perspective, the evolution of the CNS in different
species has gone from very simple tubular longitudinal shapes to
more complex, round, and flexed forms in primates (Figure 1). A
cross-species comparison of neuroembryology (Figure 9), with
a particular focus on telencephalic flexure, reveals interesting
information. In rodents, there is no formation of a telencephalic
flexure, but, as in humans, their primary visual cortex lies on the
dorsomedial aspect, rostral to the occipital pole. Furthermore,
there is no looping of the stria terminalis, and the hippocampus
extends all the way to the posterior hemisphere (14). Animals

that do form a telencephalic flexure include all primates, dogs,
whales, cats, cows, horses, and pigs (8). The real cause of the
telencephalic folding or cortex gyrification has been hypothesized
to be due to the lack of space for cortical development or
due to differential regional proliferation and mechanical tension
along the axons that try to bring together distal structures (15).
The hippocampal shift from dorsal to a ventral position, and a
reversal in orientation of genetic gradients are partly mediated
by the telencephalic flexure (8). Seemingly this occurs at a
marginally earlier embryonic stage in humans as compared with
non-human primates.

When analyzing the differential proliferation speeds, the
diverse origins of the operculum and the insular cortex must be
considered. The operculi originate due to the radial migration
from the ventricular and subventricular zones while the insula is
formed by cells from the pallial/subpallial boundary that migrate
around the basal ganglia. At 11-12 gw the Sylvian fossa is
identified, and its configuration starts developing thanks to the
curvature of the lateral ventricles. Since 13 gw, cells from the
subpallial neurons migrate into the insular cortex along the radial
glial fascicle reaching the final configuration before birth (16).
Mallela et al. (17, 18) found different gene expressions from the
opercula to the insula resulting in the highest proliferation of
the former allowing their growth over the insula. This different
origin might explain the fact that the tracts that developed later
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disconnections (arrows) of the central quadrant with preservation of the AF (D=F).

FIGURE 8 | An 18-year-old left-handed girl presented with medically refractory epilepsy that was symptomatic since the age of 3 years due to a perinatal stroke in the
territory of the left middle cerebral artery. Cerebral MRI (multiplanar) confirmed the radiological sequelae of an ischemic lesion involving primarily the central, parietal,
and occipital lobes (A-C). At the age of 7 years, based on phase Il subdural grid evaluation, the majority of the seizures were determined to arise from the
supplementary motor area (SMA) on the left side for which she underwent a subpial resection of the SMA. She continued to have an unfavorable seizure outcome and
regression of developmental milestones along with a mild right hemiparesis with a limited fine motor movement of the right hand. Phase | and Il (SEEG) evaluations
showed major epileptogenic foci in the left parasagittal parietal lobe and precentral area. When the centro-parieto-occipital lobes (central quadrant) are involved, in the
presence of normal frontal and temporal lobes, the situation becomes complex for a curative surgical procedure. A precise knowledge of the tracts that could traverse
the lines of disconnection is mandatory. The association fibers like the SLF I, I, and Ill, IFOF, MLF, and cingulum are to be sectioned in addition to disconnecting the
occipital lobe from the functional temporal lobe. The corticospinal, thalamocortical, parieto-pontine, occipito-pontine and optic radiations represent the projection
fibers disconnected. The posterior lateral extension of the anterior commissure, tapetum, posterior third of corpus callosum, and splenium are the commissural fibers
that are disconnected in this surgery. In view of the refractory nature of the epileptic illness and progressive cognitive decline, we decided to perform a
centro-parieto-occipital lobotomy (central quadrantotomy). During this lobotomy, the arcuate fasciculus was spared, by performing a posteriorly directed oblique white
matter section trajectory at the posterior insular point. Indeed, the direction of this disconnective procedure follows the direction of the forces that cause the
telencephalic flexure during the early embryological development. The language functions remained unchanged and similar to the pre-operatively acquired language
skills. The patient remained in Engel class | at the last follow-up at 10 months after surgery. Postoperative MRI (multiplanar) demonstrated the complete

connecting frontal, temporal, and parietooccipital regions ‘avoid
crossing the insula) thus being located ventral or dorsal to it, and
in some cases wrapping around it with specific curved patterns
(19-21).

There is still a large gap in understanding the excitatory and
inhibitory signals mediating the formation of such a complex
net of fibers, which will finally lead to the capricious human
subcortical anatomy. In this sense, it has been recently discovered
the role of the extracellular proteoglycan molecule keratan
sulfate, which surrounds and envelops white matter tracts and
fascicles from mid-gestation (much sooner than myelination of
axons) and thus preserves the functional and anatomical “purity”
of such fascicles, so that axons entering the tracts at one end
cannot exist until they reach their destination and that axons
from subcortical gray matter or indeed even other regions of
cortex cannot enter the en-route tracts (8).

Understanding Evolution of White Matter

Tracts

Clear differences are observed when the subcortical architecture
in monkeys is compared to the human one. Regarding the
frontal connections, most of the studies reveal that monkeys’
IFOF lacks the posterior projections to the occipital lobe ending
at the temporal lobe level (22). Regarding the human brain’s
embryological development, the IFOF is one of the latest fascicles
to develop, not appearing clearly identifiable till 20 gw (11). This
longitudinally oriented tract is located ventral to the telencephalic
bending, so it looks like not being too much affected by the
flexure. However, the large development of the ventral insula
pushed it downwards and maybe thickened its main core,
marking its curved shape in this area. Although showing a
similar structure to humans, monkeys’ SLF cortical connections
are slightly different. This fact is especially important for the
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FIGURE 9 | The phylogenetic evolution of the telencephalic flexure is illustrated. In the mouse (A), the olfactory bulbs (yellow) are well developed and were continued
posteriorly through the olfactory tracts and tubercles, to reach the entorhinal area on the posteroventral side of the hemispheres. The hemispheres are otherwise
smooth (brown), with the precentral area situated anteriorly to the somatosensory area, and postcentral region situated dorsally, and the occipital area located on the
posterodorsal side. The cerebellum and brainstem are colored in violet and blue, respectively. In the cat (B), the olfactory bulbs and tracts are situated on the ventral
side of the hemispheres and connect posteriorly with the piriform lobe (yellow). The telencephalic flexure is present in a primordial form, along with gyri and sulci
(brown). The cerebellum and brainstem are colored in violet and blue, respectively. In the Rhesus monkey (C), the morphology of the telencephalic flexure is more
similar but less pronounced to that of the human brain (D). SSA, somatosensory and postcentral region; Occ, occipital area; Tf, telencephalic flexure.

SLF III, as it has the strongest and more anterior connections
in the human inferior frontal gyrus, while the monkey’s main
connections are centered in the ventral premotor cortex. This
is translated into a more important prefrontal connection in
humans, especially on the right side. (23). Moreover, and
although the horizontal segment is widely similar in humans
and monkeys, the vertical segment is missed in the latter. The
frontotemporal connections are the first ones to be identified
during the embryogenesis (around the 17 gw), while the parietal
branches appear a few weeks later during the development (20
gw) (11). SLF II and III posterior extensions to the angular and
supramarginal gyri show a slight inferolateral curve, probably
given by the inferior parietal lobe ventrolateral movement during
the CNS development. The vertical component of SLF joins
the superior parietal lobe (dorsal) with the posterior aspect of
the superior temporal gyrus, which, in less developed species
and the early embryonic stages, are oriented into the same
horizontal-longitudinal axes. The ventral movement of the
temporal lobe might be responsible for this vertical direction
(Table 1).

The SLF I anteroposterior longitudinal shape seems not to
be affected by the flexure itself as the implicated cortical areas
remain dorsal during the telencephalic bending.

The MLF shows a posterior and dorsal curve as joins
the superior temporal gyrus with the superior temporal lobe.
Before the tremendous telencephalic development happens, the
rudimental temporal lobe is situated posterior and lateral to
the parietal lobe, so probably, during this early stage these
connections would be running horizontally, but anterior and
dorsal from the temporal to the parietal rudiments.

Regarding the ILE, and according to the connected cortical
areas (temporal pole and occipital lobe), the rudimental axons
of this tract should have probably turned 180° as the temporal
appears initially dorsal to the occipital lobe.

The human AF shows an increased number of temporal
lobe connections, being responsible for a wider language
specialization. When compared with macaques, we observe
a longitudinal tract without a large number of temporal
connections, mainly connecting the frontal and parietal cortices
(24, 25). The ventrolateral movement of the neocortex of the
temporal lobe is responsible for the C shape of the arcuate
fascicle, as it is connecting the inferior frontal and superior
temporal gyri, which were previously aligned in the same
‘X" horizontal axis. The embryological development of such a
highly specialized fiber tract is quite special, as it is not clearly
visible until the 30 gw, being fully evident around the second
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TABLE 1 | Summary of white matter tracts encountered during the lateral-to-medial and medial-to-lateral dissection.

White matter tract Type Shape Orientation Connections
Lateral aspect SLF 1 Association Longitudinal AP SFG-SPL
SLF Il Association Longitudinal AP MFG-AG
SLF 1l Association Longitudinal AP IFG-SMG
vcSLF Association Longitudinal CC post.1/3 STG-SPL
Arcuate Association Curved AP/CC/LM IFG-STG
MLF Association Curved AP/CC mid.1/3 STG-SPL
IFOF Association Curved AP/CC FBL-OL
ILF Association Longitudinal AP TP-OL
Uncinate Association Curved AP/CC FBL-TML
Ant. Commissure Commissural Curved AP/CC/LM TML-TOL bilat.
Optic radiations Projection Curved LM/AP LGB-OL
IC/cr Projection Longitudinal CC Cortex-(BG,Tha,Brst,SC)
Corpus callosum Commissural Curved AP/CC/LM Both hemispheres
Medial aspect Cingulum Association Curved AP/CC/LM Subcallosal area -Parahippocampal
Fornix Association Curved AP/CC/LM Hippoc.-MB
Lateral long. stria Association Curved AP/CC/LM FC-indusium griseum
Stria terminalis Association Curved AP/CC/LM Amygdala-septal area
Stria medularis Association Curved AP/CC Habenula-septal & hypothal. Nuclei

Their shape (longitudinal/curved), orientation/main axis (antero-posterior, craneo-caudal, latero-medial) and principal connections are detailed. AG, angular gyrus; AR, antero-posterior;
BG, basal ganglia; Brst, brainstem,; CC, cranio-caudal; cr, corona radiata; FBL, fronto-basal lobe; FC, fasciola cinerea; IC, internal capsule; IFG, inferior frontal gyrus; IFOF, inferior
fronto-occipital fascicle; LGB, lateral geniculate body, LM, latero-medial; MB, mammillary body; MFG, middle fontal gyrus; MLF, middle longitudinal fasciculus; OL, occipital lobe; SC,
spinal cord; SFG, superior frontal gyrus; SLF I, superior longitudinal fasciculus I; SLF Il, superior longitudinal fasciculus Il; SLF Ill, superior longitudinal fasciculus Ill; SMG, supramarginal
gyrus; SPL, superior parietal lobe; STG, superior temporal gyrus; TML, temporomesial lobe; TOL, temporo-occipital lobes; TR, temporal pole; Tha, thalamus; vcSLF, vertical component

of SLF.

year of age. Some pathological conditions during the Sylvian
fissure development such as lissencephaly, polymicrogyria (26),
or Perisylvian Syndrome (27), are related to alterations of
development or even the absence of the AF. Most of the
aforementioned tracts are located in between interconnected
structures that initially were adjacent, becoming more distant as
the telencephalic flexure proceeds, requiring their pathways to
elongate and curve into a loop (8).

The changes suffered by the uncinate are the same suffered
by the arcuate. Indeed, both are connecting temporal and frontal
regions, with a big difference, as the uncinate connects the
most rudimental areas of the human cortex (frontoorbital and
temporomesial), related to the olfactory and mnesic functions,
while the arcuate is related to one of the most advanced and
complex human functions as speech is. Thus, the bending forces
and the intrinsic anatomy of these different archicortical and
neocortical areas are progressively separated by the appearance
and development of the insular lobe, which will finally be
responsible to push the uncinate to a ventral and the arcuate to
a dorsal position into the telencephalic flexure.

Most of the relevant fibers in the medial aspect (cingulum,
fornix. lateral longitudinal stria, stria terminalis, stria medularis),
show a similar “C-shape” wrapping around the corpus callosum,
ventricular system, and thalamus. This shape is the result of
the telencephalic flexure, as most of these fiber tracts are
longitudinally oriented in the first stages of development (11).
One illustrative disease is the alobar and semilobar forms of

holoprosencephaly where telencephalic fissure is absent due to
uncleavage of the interhemisferic fissure. This causes the absence
of temporal lobe rotation, becoming the most posterior aspect of
the hemispheres, and therefore, the hippocampus does not rotate,
having a linear disposition in the medial aspect, as it happens
in rodents. This fact could explain a direct relationship between
the telencephalic flexure and the curved shape of some of these
tracts (8).

The internal capsule, and its cortical ascending and
descending projections, are probably the fibers most affected
by the telencephalic growth in primates. While the genu,
anterior and posterior limbs are somehow oriented in the same
sagittal plane, the aforementioned ventrolateral movement
of the temporal lobe influences the appearing of the sub-
and retrolenticular fibers in a more lateral position, curving
its direction posteriorly to the temporal and occipital lobes
respectively, and covering the lateral wall of the temporal horn,
atrium and occipital horn of the lateral ventricles. Thus, the final
shape of the internal capsule is a reminder of a baseball glove
hugging the lenticular core.

A relevant part of the internal capsule, regarding these specific
changes in shape and direction, is the optic radiations. As
thalamic corticopetal fibers, they run from the lateral geniculate
toward the occipital lobe in a horizontal longitudinal direction.
The visual projection system runs dorsally and superiorly in
fishes and even in rodents to reach the dorsally located occipital
region regarding the central position of the thalamus (28).
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However, and probably due to the expansive lateral growing of
the lateral ventricles and the telencephalic bending in primates,
the occipital lobe is moved to the posterior pole of the brain.
Therefore, the optic radiations are pushed inferiorly and laterally
being forced to travel through the depth of the temporal lobe on
its way to the visual areas.

Important attention must be given to the commissural
fibers. The anterior commissure is the primordial commissural
tract, connecting both temporomesial (medial component) and
temporo-occipital areas (lateral component). Its posteriorly
directed shape might have happened due to the fragmentation
of the primordium of the temporo-occipital cortex, the temporal
areas moving ventral, anterior, and lateral, and the occipital ones
moving dorsally. As the corpus callosum connects the neocortex
of both telencephalic hemispheres, it perfectly describes the way
in which the wide development of the neocortex has covered
the central core. Thus, it shows a lateromedial direction in the
coronal plane, as well as an anterior curve (genu-forceps minor)
and a posterior one (splenium-forceps major) in the sagittal
plane. These two curves contain fibers connecting basal and polar
areas of the frontal lobe, as well as the medial and basal aspects
of the occipital lobe respectively. A special part of the corpus
callosum is the tapetum, which, as connects both temporal lobes,
runs in a ventrolateral direction in the lateral wall of the atrium
and temporal horn. The corpus callosum is mainly developed
once the flexure has happened (8).

Performing the simple exercise of “drawing” these fibers in
some animals’ brains, one might realize that ‘older CNS’ (in
phylogenetic terms), have more longitudinally oriented tracts
(specifically in one plane). However, the primates’ CNS evolution
added the acquisition of more complex functions. This was the
result of evolutional genetic expressions, giving rise to a brain in
which the lobes are morphologically located in the three different
planes due to the telencephalic movements (Figures 1, 9). These
growth forces taking place in the human brain during its
development, as well as the flexure that will hide the insular lobe,
involve important implications for the 3D understanding of the
white fibers (Figure 1).

Our dissections have shown the complex anatomical
arrangement and relationships among the different association,
projection, and commissural fiber tracts around the central core.
Interestingly, we mainly found anteroposterior longitudinally
oriented fibers in the frontal region. However, posteriorly
(parietooccipital) and basally (temporal), some fibers appear
curving around the flexure, ventrally (IFOF, UE and AC), and
dorsally (MLE vertical SLE, and AF) (Figure 4). Some of those
fiber tracts, especially those connecting relatively ‘distant’ cortical
areas (AF, IFOF, UC) show a specific curved shape. Those tracts
connecting adjacent lobes, predominantly show a longitudinal
direction as the SLE, MLE and ILF. This pattern of shapes could
be related to the fact that the temporal lobe has been pushed
laterally, anteriorly, and ventrally from its posterior position, and
the occipital lobe has moved posteriorly from a dorsal location
during the embryological development. On the other hand, the
medial movement of the ventral cortex could be ascribed to the
insula being pushed to the depth of the Sylvian fissure, being
responsible for the curved shape of the aforementioned fascicles,

as well as for the fan-shape radiations of the corona radiata
(Table 1). Therefore, while there exists a clear relationship
between the white matter tracts’ disposition and the formation
of the Sylvian fissure in humans, it is not yet known if this is the
cause or the effect.

Surgical Implications

Oncological surgery for intra-axial lesions deep to the perisylvian
cortices, especially for the dominant hemisphere, requires
a profound knowledge of the anatomy of the cortex and
of the subjacent WMT, some of which are of curvilinear
morphology and the others longitudinal. Analysis of pre-
operative MR imaging (including DTT and fMRI) and its use
for neuronavigation are standard techniques to allow maximal
preservation of the WMT connectivity. The 3D anatomical
appreciation of this region may be particularly complex and
the performance of cadaveric dissection studies as well as
case-to-case analysis of preoperative images to evaluate the
distortion of the normal anatomy provoked by the tumor
are essential to tailor the surgical procedure. To perform a
maximally safe resection, intraoperative monitoring through the
performance of awake craniotomies is often used to perform
a direct study of the WMT and thereby obtain a functionally-
guided resection.

The anatomy of this region is also of particular importance for
the planning of sub- hemispheric epilepsy surgery (29-33). When
dealing with lesions of the centro-parieto-occipital lobes (central
quadrant), disconnective surgery implies particular problems
because of the necessity to preserve some traversing fibers while
selectively disconnecting all afferent and efferent connections of
these lobes. White matter areas where the associative fibers are
intermingling with projection and commissural fibers should be
carefully analyzed to safely perform the disconnective epilepsy
surgery in order to obtain a favorable seizure outcome with
minimal additional neurological morbidity.

Limitations of the Study and Future

Perspectives

This cadaveric study defined the complex orientation of the
white matter anatomy of this region in adult human brains.
Ongoing development of diffusion tensor imaging techniques
in human brains with the surface rendering of these important
tracts around the flexure will help improve our understanding
of the intimate relationships of the projection, association,
and commissural fibers in this region. We have attempted
to provide correlations from existing literature using human
embryological data and cross-species studies of the region of
the telencephalic flexure. However, this can be further enhanced
with human embryological studies using histological and/or
neuroimaging methods.

CONCLUSIONS

A precise knowledge of the connectome of the region
around the telencephalic flexure is crucial to safe surgery for
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intra-axial pathologies in the area. A 3D appreciation of the
WMT topography allows the identification and preservation
of eloquent tracts during the removal of intra-axial tumors in
this region. This is also crucial while performing disconnective
epilepsy surgery of the centro-parieto-occipital lobes that
aim to achieve a complete disconnection while preserving
important white matter tracts that adjoin or traverse the
telencephalic flexure.
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The superior longitudinal fasciculus (SLF) is part of the longitudinal association fiber
system, which lays connections between the frontal lobe and other areas of the
ipsilateral hemisphere. As a dominant association fiber bundle, it should correspond
to a well-defined structure with a clear anatomical definition. However, this is not the
case, and a lot of confusion and overlap surrounds this entity. In this review/opinion
study, we survey relevant current literature on the topic and try to clarify the definition
of SLF in each hemisphere. After a comparison of postmortem dissections and data
obtained from diffusion MRI studies, we discuss the specifics of this bundle regarding
its anatomical landmarks, differences in lateralization, as well as individual variability. We
also discuss the confusion regarding the arcuate fasciculus in relation to the SLF. Finally,
we recommend a nomenclature based on the findings exposed in this review and finalize
with a discussion on relevant functional correlates of the structure.

Keywords: superior longitudinal fascicle (SLF), association fibers, white matter tracts, diffusion imaging, MRI

INTRODUCTION

Although brain surgery for intrinsic glial tumor has greatly evolved in the last decades, progress in
this discipline has been hampered by incomplete knowledge of the brain functional anatomy (1).
One of the main challenges of glioma brain tumor surgery is to follow the principle of maximal
safe resection, which is to remove as much of the tumor as possible while preserving the healthy
surrounding tissue to minimize functional loss and preserve the quality of life (2). This is especially
challenging for infiltrative or diffuse tumors such as gliomas, which present no clear boundaries
between tumor and normal brain parenchyma. To achieve this goal, it is paramount to protect the
integrity of relevant cortices as well as intact peritumoral white matter bundles. As such, a pursuit
in improving the anatomical and functional knowledge of cortical and subcortical structures is in
keeping with this objective.

The superior longitudinal fasciculus (SLF) is considered to be the largest associative fiber bundle
system in the brain. The SLF is a part of the longitudinal association fiber system, which lays
connections between the frontal lobe and other areas of the ipsilateral hemisphere. To put it
simply, it connects the perisylvian areas in the hemisphere (frontal, temporal, and parietal). As
such, this fiber bundle is likely to be one of the most affected whenever we undertake a surgery for
an intrinsic brain tumor. Although our interest in refining the definition of the SLF stems from our
work in infiltrative glial brain tumors, a clearer definition would also benefit all spheres of clinical
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neurosciences. Hence, the goal of this study is to review SLF
anatomy, nomenclature, and function. Interestingly, one would
expect that this fiber bundle would already be thoroughly
portrayed and delineated by now, and that this modelization
would meet with a large consensus; as we will see, nothing could
be further from the truth!

A Brief History of the Birth and
Characterization of the SLF Anatomy

Reil and Autenrieth, pioneers of connectional anatomy,
identified the SLF using postmortem brain dissections at the
beginning of the 19th century. The first description coined it as
a group of fibers located in the white matter of the temporal,
parietal, and frontal lobes (3). This initial description was further
refined by Burdach, a contemporary of Autenrieth, followed by
Dejerine in 1895 (3, 4). These authors unveiled a peri-Sylvian
arch-shaped fiber tract connecting the posterior temporal lobe
with the frontal lobe. They named this bundle the arcuate
fasciculus (AF) because of its shape and used the term “superior
longitudinal fasciculus” as a synonym, introducing a confusion
that still persists today (3, 5). A century later, studying the rhesus
monkey by means of autoradiographic technique, Petrides and
Pandya divided the SLF into three distinct segments (6, 7).
These authors distinguished the SLF and AF as two distinct
entities with different pathways, blurring the classical description
prevailing at the time (6).

Until the early 1990s and the advent of diffusion magnetic
resonance imaging (MRI), the anatomy of the SLF was studied
in non-human primates using axonal tracing, a technique
considered the “gold standard” in unveiling connectional
anatomy of white matter in vivo (7, 8). Hence, this led to a
paucity in human-derived data for this period (7-10). The arrival
of diffusion imaging and fiber tractography changed all that,
allowing the study of the human brain connection modelization
in vivo (11-13). The use of this technology has helped elucidate
some controversies regarding the SLF anatomy data derived from
postmortem dissection (14, 15).

Anatomical Description Derived From

Postmortem Dissections

Martino et al. (16) developed a modification to the classical
fiber dissection methodology, initially designed by Klinger (15).
The idea was to preserve the cortex by removing minimal
tissue during dissection, hence producing a cortex-sparing fiber
dissection. In the first step of the cortex-sparing fiber dissection,
a wooden spatula is used to remove the cortex within the depth
of the sulci only, preserving the cortex of the convexity surface
of the gyri. This is crucial as it skeletonizes the stems of the gyri,
providing space to dissect the white matter while preserving the
cortical anatomical landmarks. This allowed the study of the fiber
trajectory and the orientation within the white matter, as well
as an estimate of cortical anatomical connectivity that diffusion
imaging is still unable to produce. Using this approach, two
superficial segments of the SLF were identified: the first, which
is horizontally oriented connects the inferior parietal lobe and
the posterior portion of the superior temporal gyrus with the

frontal operculum. The second component runs along the AF and
connects the posterior portion of the middle temporal gyrus with
the posterior portion of the inferior parietal lobe (the angular
gyrus). A deeper fiber segment that corresponds to the classical
AF was also identified (3).

However, not all investigators found evidence of the presence
of SLF during their dissection. Studying 10 consecutive cadaveric
brains in search of long horizontal fronto-parietal association
bundle in the white matter, Maldonado et al. (17) could not
identify the SLF after having removed the short “U fibers”.
This illustrates the limitations of postmortem dissection, a
technique fraught by constraints adversely impacting its validity
(7). Indeed, this macroscopic dissection can not only resolve
fibers crossing or follow fibers for a long distance but is also
unable to identify the distal terminations of bundles (3, 7).
As the brain commonly used are from elderly subjects, the
technique is inherently biased toward old age, and potential
effects of exposure to pharmacological treatment, nutritional
status, medical condition, and cause of death also represent other
potential biases. Postmortem factors, such as the interval between
death and fixation, as well as the known effects of the fixative on
the tissue can also alter results (18-21). Hence, the necessity to
use an in vivo method to carry these studies (22, 23). Moreover,
it obviously is a macroscopic approach for the resolution of a
microscopic architecture!

Anatomical Description Derived From
Diffusion MRI Studies

MRI is based on the fact that hydrogen atoms in water molecules
act like protons having a spin that can respond to a magnetic field
or gradient. Protons align to this external field, and it is possible
to assess their spin and their decay back to their relaxed state
after having been excited by an RF pulse (24). Investigators are
constantly pushing the boundaries of the technique to design new
imaging sequences and applications.

What Is Diffusion MRI?

Diffusion MRI is an imaging modality that scrutinizes the
diffusion of water in the brain. In a free medium, water molecules
normally display Brownian motion, i.e., they diffuse equally in
all directions. When these molecules are in and around axons,
however, their movement is hindered and restricted by axonal
and dendritic membranes, glial cells, and myelin sheaths (25).
As a result, their net diffusion is higher in the direction parallel
to the fibers. This directional diffusion can be surveyed by
the MRI scanner by applying magnetic gradients and taking
measurements from different directions. The more structured
and organized the axonal tissue is within a voxel, the more it
is said to be anisotropic, and the more likely there is a white
matter bundle going through this voxel in a singular direction
(26-29). Diffusion MRI is classically modeled by a diffusion
tensor, which is a single-fiber model per voxel projecting an
estimate of the principal direction of diffusion in 3D. This
model is at the heart of diffusion tensor imaging (DTI) (28).
Classically, fractional anisotropy (FA) map or red-green-blue
(RGB) colored directional images are used to represent diffusion
data (24, 30) (Figure 1). Once the data is acquired, it is processed
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FIGURE 1 | Examples of coronal, sagittal, and axial MRl and DTl images. T1:
T1-weighted image. BO: BO image. FA: Fractionnal anisotropy image;
Representation of the level of anisotropy in each voxel on a scale of 0 to 1, as
shown in the lower left corner. RGB: Red-Green-Blue Color-coded FA image;
Color-coded representation of the main direction of diffusion in each voxel, as
shown in the lower right corner.

using mathematical deterministic or probabilistic algorithms to
“connect” coherent diffusion tensors from adjacent voxels to
produce a simulation of tracts; this process is called tractography.

Since the inception of DTI, newer techniques have emerged
(advanced dMRI), refining both the scanning sequences, as well
as the tractography algorithms (31, 32). Indeed, increasing the
number of directions measured per voxel allowed the creation
of high angular resolution diffusion imaging (HARDI), in which
the resolution of multiple fiber populations crossing within the
same voxel is now possible (33). Other such next-generation of
refined techniques are diffusion spectrum imaging (DSI) (34-36),
diffusion kurtosis imaging, (37-39) and q-ball imaging (40, 41).
These newer approaches were designed to solve the problems
generated by cases where fibers are crossing, kissing, fanning,
or bending within a singular voxel (42). This is a problem of
considerable importance since it is estimated that 63-90% of
white matter volume contains crossing fibers (43).

Is DMRI Reliable in Revealing White Matter
Anatomical Structures?

To this complex question, we can now safely answer yes, but
with a few distinctions. Classical DTI postmortem histological

validation studies have shown that fiber orientation is correctly
represented in large unidirectional fiber bundles, but fails in
complex regions with fiber crossings and low anisotropy (44-46).
Newer studies using refinements to dMRI mentioned earlier are
promising in solving these complex issues (47).

Fernandez-Mirannda et al. (48) mapped the whole brain
using advanced dMRI and validated the tractography findings
by dissecting 20 normal brains. Their results showed that
advanced dMRI overcame DTI challenges in multiple areas
such as the cortical and subcortical termination of fibers,
decussation of fibers, zones of triple crossings, high and complex
angulations, terminal arborization of fascicules, and cortical
connectivity. Various investigators have studied specific white
matter bundles with dMRI by comparing and validating results
with the anatomy observed by postmortem microdissection
(7, 47). Overall, the results were in support of an adequate
validity and reproducibility of the technique with some nuances.
However, there is one domain where histological postmortem
studies have shown a consistent failure of dMRI, which is in
regions of transition between white and gray matter, where
orientation errors of as much as 90° have been observed (49, 50).

Hence, this imaging technique is greatly evolving and
shows great promise (51). However, certain methodological
pitfalls remain, and validation with other measures should be
encouraged, as the technique is not entirely mature yet. The
essence is to distinguish the extent to which these methodological
shortcomings impact the validity of the tractography results. As
a warning, Maier-Hein et al. (52) reported that this impact could
be considerable. Indeed, these authors organized an international
tractography competition and drew several striking conclusions.
One of them was that current state-of-the-art tractography
algorithms do not control for false positives. And false positive
there are! Indeed, they found that most tractograms produced in
this competition were made up of more invalid than valid bundles
(52). Hence, they suggested using brain dissection for validation
to avoid anatomy misrepresentation (16). These results instruct
us to be cautious about dMRI data interpretation.

In terms of validation, ex vivo dMRI in cadaveric samples
appears ideally suited to the study of normal anatomy as it can
be obtained with maximal quality. There is no movement of
artifacts, a very strong magnetic field can be used, and the scan
can last many hours, which allows for a very small voxel size
and high signal-to-noise ratio compared to clinical scans (53). A
potential new method for validation was presented by Zemmoura
et al. (54) Fibrascan is an approach designed by the authors
allowing 3D white matter tract dissection in the cadaveric brain
while using the ex vivo MR reference space to allow adequate
correspondence.

What Diffusion Imaging Revealed About the SLF
Initial in vivo studies in non-human primates concluded that
the SLF can structurally be divided into four independent
components, the SLF I, SLF II, SLF III, and arcuate fasciculus
(15). Yet, as the human brain is significantly different from other
primates, especially in the peri-Sylvian areas, this nomenclature
should obviously not be extrapolated to humans without
confirmation (5, 55, 56).
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FIGURE 2 | In vivo fiber tractography of the right SLF | (pink), SLF Il (green),
and SLF Il (blue). A three-dimensional reconstruction of the three segments of
the SLF is displayed at the left of the figure. The coronal sections of it (A, B,
and C) are represented on the right. The dorso-ventral as well as medio-lateral
localization of each sub-segment can be visualized on the coronal planes.

Hence, the first step in human imaging studies was to survey
for the presence of these 4 SLF subdivisions (15). Makris et al.
successfully segmented the four SLF subcomponents in humans.
In their nomenclature, the SLF I represents the dorsal division.
It connects the superior parietal and superior frontal lobes. The
SLF II takes its origin from the angular gyrus, passes through
the core of the centrum semi-ovale above the insula, and ends
in the caudal-lateral prefrontal region. The SLF III extends from
the supramarginal gyrus, anterior to the angular gyrus, to the
ventral premotor and prefrontal areas. SLF III is the most ventral
of these three subdivisions. The fourth subcomponent of the SLF
is homologous to the SLF IV described previously in non-human
primates and corresponds to the AF. Its trajectory connects
the caudal part of the superior temporal gyrus with the lateral
prefrontal cortex, passing through the caudal end of the Sylvian
fissure (15). Similar parcellation of the SLF that comprises the
AF has also been described by subsequent investigators (57, 58).
However, the inclusion of the AF as the 4th component of the SLF
is far from unanimous and remains a subject of controversy in the
nomenclature that is addressed in a later section of this study.

The first three SLF subdivisions are usually reported alike
in most studies, except for a few minor differences (Figure 2).
For example, Cabeen et al. (59) noted that the trajectory of the
SLF I passes through the corona radiata and the superior lateral
projections of the corpus callosum. Additionally, they found that
the SLF II crosses the frontal lateral projections of the corpus
callosum. It is as if, in this study, these two subdivisions were
more dorsal than in the traditional description. In a distinctive
description, Thiebaut de Schotten described the SLF as follows:
the SLF I connects the precuneus, the superior parietal lobule,
and Brodmann areas (BA) 5 and 7 to the superior frontal and
anterior cingulate gyri, BA 8, 9, and 32. The SLF II originates at
the angular gyrus and the anterior intraparietal sulcus, BA 39 and
40, and projects toward the posterior portions of the superior

and middle frontal gyri, BA 8 and 9. The SLF III connects the
temporoparietal junction, BA 40, with the inferior frontal gyrus,
BA 44, 45, and 47, where Broca’s area is localized (56). According
to Schurr et al,, SLF 2 and 3 would display different signatures
when performing diffusion MRI. This discrepancy would be
attributable to the fact that SLF 2 crosses the corona radiata fibers
that run caudo-rostrally whereas SLF-3 obviously does not (60).
Hence according to these authors, this anatomical divergence can
be exploited to reliably identify SLF 2 and SLF3.

However, disparities in the description of this important
fasciculus are not limited to these minor discrepancies. Indeed,
some studies even describe a fifth division of the SLF comprised
of a distinct fasciculus (61-63) that would connect the superior
temporal gyrus to the superior parietal. This subdivision has been
named “the temporoparietal SLF” (SLF TP) by Kamali (64). The
SLF TP represents a distinct subcomponent of the SLF since it has
a cranio-caudal orientation and is not in the longitudinal plane.

Furthermore, to emphasize how much this literature is still
controversial, Bernal & Altman reported results calling into
question much of the anatomical descriptions described above
(57). Indeed, their study challenges the anatomical and functional
foundation of the SLF. In this diffusion tensor imaging study,
the SLF of 12 normal right-handed participants was assessed to
find that projection to Broca’s area was minimal or absent in the
majority of cases. The only rostral endpoint of the SLF in this
study was in the precentral gyrus. This finding contradicts the
preconceived SLF structure and role, and does not represent the
dominant consensus.

The high variability in the definition of the different divisions
of the SLF between studies can probably be explained by a
number of factors: the high individual variability combined with
a limited number of participants accrued in the studies (65-
68), as well as extreme variability in tractography algorithms
and segmentation technique, leading to many false positives, are
probably the major limitations (52). Recently, Schilling et al.
studied the variability in results obtained by the segmentation of
up to 14 bundles by 42 different groups (69). Even when given the
same set of underlying streamlines, variability across protocols
for bundle segmentation was found to be greater than all other
sources of potential unevenness. The authors concluded that
this extreme variance arose because of the poor inter-protocol
agreements for the segmentation of many pathways. This is an
illustration of the poor consensus on the precise anatomical
definition of white matter bundles.

Ultimately, a study combining dMRI and a validation
approach such as dissection would be ideal. Wang et al. (7)
designed such a study. Before this report, few studies comparing
diffusion imaging and postmortem dissection of the SLF had
been published. Integrating both dMRI datasets (n = 10) and
anatomical dissections (n = 5), this group analyzed the trajectory,
volume, length, asymmetry, and cortical connectivity of the SLF
in normal human brains. Their findings are rather provocative,
differing from the rest of the literature and challenging the
current knowledge on the SLF. The first conclusion is that
there is a high discrepancy between the simian and human
anatomy; hence, all conclusions derived from the study of the
former cannot be applied to the latter. The second conclusion
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FIGURE 3 | In vivo fiber tractography of the right SLF [ (pink) and the right
cingulum (light blue) represented by volume. A three-dimensional
reconstruction of the SLF | and the cingulum is displayed at the left of the
figure. The coronal sections of it (A, B and C) are represented on the right. On
the coronal planes, it is possible to appreciate the great proximity between the
fibers of the SLF | and those of the cingulum.

is more disturbing as it questions the actual nomenclature. In
their opinion, the SLF I should no longer be considered as it
depicts a spatial relationship so close to the cingulum to be
indistinguishable from it (Figure 3). The cingulum is described
in the literature as being the communication bundle between
different regions of the limbic system (7). It forms the main
component of the white matter corpus of the cingulate gyrus,
running around the medial aspect of the frontal and parietal
lobe, just above the corpus callosum. It projects its cingulate
gyrus afferences to the entorhinal cortex of the temporal lobe.
In a very close anatomical relationship, the SLF1 connects the
superior frontal gyrus to the precuneus. Hence, they consider the
SLF as only composed of a dorsal (SLF II) and a ventral (SLF
III) segment. In this construct, the SLF II represents 66% of the
total volume, whereas the SLF III about 33%. Although the SLF
was present in both hemispheres, a distinct asymmetry was also
observed. This asymmetric pattern affects mostly the SLF II. In
the left hemisphere, the connectivity pattern was in keeping with
a predominant functional role in speech (connections between
the supramarginal gyrus with the dorsal precentral gyrus and
caudal middle frontal gyrus). Interestingly, these frontal areas
also receive connections from the AF. Hence, this connectivity
profile supports the notion that the left SLF II (dorsal) is involved
in the motor planning of language and/or syntactic processing
during language production, and its role is distinct from the AF.

Interestingly, the connectivity pattern identified on the right
was divergent, with the SLF II connecting the angular gyrus and
the superior parietal lobe with the caudal and rostral middle
frontal gyrus. This anatomical scheme, according to the authors,
was congruent with a role in regulating the focus of attention
in a spatial orientation. The main contribution of cadaveric
dissections in this study was the characterization of the proximity

between SLF I, cingulum, and AF explaining the frequent
confusion in the definition of these bundles in prior studies,
according to the authors. Finally, when discussing the potential
biases and limitations in their study, the authors highlighted
the low number of subjects that could not balance the inter-
individual variability.

Other authors also support the idea that the SLF is indeed
comprised of two main divisions. Martino et al. used dMRI and
cortex-sparing fiber dissection and came to the conclusion that
there were two segments to the SLE, an anterior and a posterior
segment, much like Martino et al. and Wang et al. (3, 7).

A summary of dissection and imaging studies relative to the
characteristics of the SLF subdivisions is presented in Table 1.

LATERALIZATION

We briefly touched on this aspect in the prior section with the
study by Wang et al. But several other studies have investigated
this with different conclusions. Let us first consider the non-
controversial findings. If we are to still consider the SLF I as part
of the SLEF, then this trunk appears to be distributed symmetrically
between the right and left hemispheres (9). The other finding has
to do with the volume of the bundles; overall, the right-sided SLF
as a whole appears more voluminous than on the left (3, 55).
This is not consensual; however, as other researchers found the
SLF II subcomponents’ lateralization to be dominant in the left
hemisphere (7, 56, 72). This would functionally be related to its
role in language. Wang et al., on the other hand, found a slight
asymmetric difference in all SLF sub-component with a tendency
toward right-hemispheric dominance (7).

It stands to reason that there would be asymmetric
findings between both SLF. As there is a clear asymmetry in
speech function (left-sided characteristically) and visuospatial
functioning (right-sided characteristically), some difference in
connectivity is expected. Maybe SLF right and left are two
completely different entities.

INDIVIDUAL VARIABILITY

The inherent anatomical variability between an individual’s brain
cannot be emphasized enough. This variability can be observed at
different levels such as in cortical morphology, cytoarchitecture,
task-evoked activation, or in dMRI connectivity pattern (65-
68). Hence, the idea of a prototypic universal brain blueprint
is reductive. Although some areas and connectivity routes are
highly conserved amongst individuals (such as primary areas
and large projection bundles), others are more variable. This
variability is a correlate of the phenotypic variability in general,
determined by the genetic substrates and the environmental
exposure that shapes this diversity for any trait, including the
brain’s anatomy, (68) and in fact, it goes even further than
interindividual variability, as there is a clear intraindividual
variability over time. Indeed, the brain connectivity pattern of
an individual is constantly changing, and the density of white
matter has been shown to change during the development of the
individual. More so, later in life, the degradation of associative
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TABLE 1 | A summary of dissection and imaging studies relative to the characteristics of the SLF subdivisions.

Number of SLF  Studies
divisions

Technique used

Name of the bundle

Origin

Projection

Potential function

2 or 2 and the
AF

Zhang et al. (63)

Martino et al. (16)

Martino et al. (3)

Zemmoura et al. (54)

de Benedictis et al.
(58)

Wang et al. (7)

dMRI

dMRI and
dissections

dMRI and
dissections

dMRI and
dissections

dMRI and
dissections

dMRI and
dissections

Anterior segment

Posterior segment
Long segment

Horizontal segment of the
SLF

Vertical segment of the SLF

AF

Anterior segment

Posterior segment

AF (long segment)

Anterior horizontal segment

Posterior vertical segment

Long segment or AF

SLF Il (Anterior component
of the indirect component of
the SLF)

SLF Il (Posterior component
of the indirect component of
the SLF)

AF (Direct component of the
SLF)

Dorsal segment (SLF 1) in
the left hemisphere

Dorsal segment (SLF 1) in
the right hemisphere
Ventral segment (SLF Ill) in
the left hemisphere

Medial and inferior frontal lobe

Angular and supramarginal gyri
Medial and inferior frontal lobe

Inferior parietal lobe and posterior
portion of the superior temporal gyrus

Posterior portion of the middle
temporal gyrus

Middle and inferior temporal gyrus

Supramarginal and superior temporal
gyri

Posterior portion of the middle
temporal gyrus

Middle and inferior temporal gyri
Ventral premotor cortex

Inferior parietal lobule

Pars opercularis and pars triangularis

of the inferior frontal gyrus

Inferior frontal gyrus (Broca ‘s territory)

Inferior parietal lobule

Inferior frontal gyrus (Broca ‘s territory)

Angular gyrus, Brodmann Areas (BA)
39

Angular gyrus and the superior
parietal lobe

Supramarginal gyrus (BA 40)

Angular and supramarginal gyri

Temporal lobe
Temporal lobe

Frontal operculum

Angular gyrus

Posterior portion of the frontal
operculum

Precentral gyrus

Angular gyrus

Precentral gyrus and posterior portion
of the inferior and middle frontal gyri

Inferior parietal lobule

Posterior superior and middle
temporal gyri

Posterior middle temporal gyrus

Inferior parietal lobule

Posterior part of the superior and
middle temporal gyrus (Wernicke ‘s
territory)

Posterior part of the superior and
middle temporal gyrus (Wernicke ‘s
territory)

Caudal middle frontal gyrus and
dorsal precentral gyrus

Caudal and rostral middle frontal
gyrus

Ventral precentral gyrus and pars
opercularis

Monitoring of speech articulation

Language perception (syllabe
discrimination and identification)

Language function

Motor planning of language function
and/or syntactic processing during
language production

regulating the focusing of attention in
spatial orientation

Language function
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TABLE 1 | Continued

Number of SLF  Studies Technique used Name of the bundle Origin Projection Potential function
divisions
Ventral segment (SLF Ill) in Supramarginal gyrus (BA 40) Pars triangularis Spatial awareness
the right hemisphere
3 De Schotten et al. (9) dMRI SLF | - - -
SLF I - - Visuospatial for the right SLF Il
SLF Il - - -
Catani and Thiebaut ~ dMRI SLF | Parietal precuneus Medial and superior surface of the Processes the spatial coordinates of
de Schotten (70) superior frontal gyrus trunk and inferior limbs, movement
planning, oculomotor coordination
and visual reaching
SLF I Posterior region of the inferior parietal  Lateral aspect of the superior and Processes the spatial coordinates of
lobule middle frontal gyrus upper limbs and other functions
similar to the SLF |
SLF Il Supramarginal and anterior angular Posterior region of the inferior frontal Sensory-motor function or language
gyrus gyrus function
Thiebaut de dMRI SLF | Superior parietal lobule and Superior frontal and anterior cingulate -
Schotten et al. (56) precuneus (BA 5, 7) areas (BA 8, 9, 32)
and Lunven and
Bartolomeo (71)
SLF I Angular gyrus and the anterior Posterior regions of the superior and  Visuospatial for the right SLF I
intraparietal sulcus (BA 39, 40) middle frontal gyri (BA 6, 8, 9)
SLF Il Intraparietal sulcus and inferior Inferior frontal gyrus (BA 44, 45, 47) -
parietal lobule (BA 40)
Hecht et al. (55) dMRI SLF | Superior parietal cortex Superior frontal gyrus Motor regulation
SLF I Posterior inferior parietal cortex Middle frontal gyrus and dorsolateral ~ Overt and imagined mouvements,
prefrontal cortex spatial orienting and spacial attention
SLF Il Anterior inferior parietal cortex Inferior frontal gyrus Tool use and social learning mainly for
the right SLF Il
Cabeen et al. (59) dMRI SLF | Parietal cortex Superior frontal gyrus -
SLF I Middle frontal gyrus -
SLF Il Inferior frontal gyrus -
Schurr et al. (60) dVRI SLFI - - -
SLF I - - -
SLF Il Supramarginal gyrus and angular Opecular and triangular parts of the -
gyrus inferior frontal gyrus for the left SLF
and inferior frontal gyrus for the right
SLF
3 and the AF Makris et al. (15) dMRI SLF | Superior parietal and superior frontal  Dorsal premotor and dorsolateral Regulation of higher aspects of motor

lobes

prefrontal regions

behavior
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TABLE 1 | Continued

Number of SLF  Studies Technique used Name of the bundle Origin Projection Potential function
divisions
SLF I Angular gyrus Caudal-lateral prefrontal regions Perception of the visual space
SLF Il Supramarginal gyrus Ventral premotor and prefrontal Articulatory component of langage
regions and working memory
AF Caudal part of the superior temporal Lateral prefrontal cortex Receive and modulate audiospatial
gyrus information
Makris et al. (62) dVRI SLFI - - -
SLF I - Anterior part of the angular gyrus -
SLF Il - - -
AF - Caudal part of the superior and -
middle temporal gyri
Bernal and Altman dMRI SLF | Posterior temporoparietal area Frontal areas (mainly in the precentral -
(57) (Posterior langage areas) gyrus and minimally in Broca’s area)
SLF I _
SLF Il -
AF Temporal lobe Involved in langage fonction, but not
necessary for it.
5 Kamali et al. (64) dMRI SLF | Superior parietal lobule along the Dorsal and medial cortex of the frontal  Language
cingulate gyri (BA 7, 5, 4) lobe and premotor areas (BA 6, 8, 9)
SLF I Angular gyrus (BA 39) Passes through the post central gyrus
(BA 3, 1, 2), the precentral gyrus (BA
4), the middle frontal gyrus (BA 6, 46)
and terminates in the dorsolateral
prefrontal cortex (BA 6, 8, 46)
SLF Il Supramarginal gyrus Ventral premotor and prefrontal cortex
(BA 6, 44)
AF Posterior part of the superior temporal  Dorsal prefrontal cortex (BA 8, 46)

Temporoparietal SLF

gyrus at the temporoparietal junction

Posterior part of the superior temporal
gyrus at the temporoparietal junction

Angular gyrus and superior parietal
lobule (BA 7)
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pathways due to lesions or neurodegenerative diseases is another
cause of intraindividual variability (73).

With regard to the SLF specifically, there is diversity within
the population. More precisely, from one individual to another,
the volume of the SLF appears different. Fractional anisotropy
of SLF also varies between individuals, but less importantly,
than volume (67, 68). Hence, we need to apply a precautionary
principle to the conclusions from all these anatomical studies,
acknowledging the inherent variability from patient to patient.
There is no such thing as a singular brain blueprint! Although
these efforts to characterize the long associative fibers in the brain
are paramount, it must be viewed with humility, considering
that these long associative axons comprise only 2% of the total
intrahemispheric cortico-cortical fibers and that 98% of the fibers
are short U-fibers (74).

IS THE AF PART OF THE SLF?

Sometimes, various descriptions from different authors can give
rise to confusion in anatomical classifications and subdivisions.
Hence, clarifications in terms are in order. Such appears to be the
case for the arcuate fasciculus (AF). As discussed earlier in this
study, ever since the term Arcuate Fasciculus (AF) was incepted
in the literature, confusion with the SLF was entertained.
However, if we use adequate definition in terms, some clarity
emerges. Indeed, the SLF is in its essence a fronto-parietal tract,
hence connecting the frontal and parietal cortices, whereas the
AF is a fronto-temporal tract that passes through the parietal
white matter beneath the SLF (55, 56). As such, the AF is
recognized as a distinctive bundle with connection areas and
a trajectory different from that of the SLF; if the 2 bundles
are sometimes confused as synonyms, it is only because of an
outdated nomenclature which should be abandoned. A great
many studies clearly distinguish the 2 bundles as distinct entities,
both anatomically and functionally (56, 59, 70, 71, 75, 76).
However, this does not entirely solve the controversy.
Surveying the literature on the AF with scrutiny, a detailed
description emerges where this bundle can be divided into
three segments (a long, anterior, and posterior segment), each
connecting two regions of either Broca, Wernicke, or the
territory of Geschwind (inferior parietal lobule). In this detailed
description by Catani and Thiebaut de Schotten (70), the anterior
segment of the AF appears to somehow correspond to the SLF
I11, and the two terms are used interchangeably. Hence, although
these 2 bundles are distinct entities, some of their subcomponents
appear to overlap as if they each share a subdivision: the SLF IIT
and the anterior segment of the AF (Figure 4). This issue will
require further insight from anatomico-functional studies.

NOMENCLATURE

Based on all that was discussed in this study, we feel compelled
to recommend the adoption of a careful definition in the
nomenclature of the SLF. There are clear and obvious reasons
as to why the definition of the SLF remains controversial
despite numerous studies. The persisting confusion regarding

FIGURE 4 | In vivo fiber tractography of the right SLF | (pink), SLF Il (green),
SLF Il (blue), and AF (red) represented by volume. A three-dimensional
reconstruction of these bundles is displayed at the left of the figure. The AF is
slightly transparent to let appear the SLF I, being inside the latter. On the
right, the coronal sections (A, B, and C) are represented. This figure confirms
that the SLF Il also corresponds to a sub-division of the AF. Indeed,
throughout its length, the SLF il is located inside the AF.

the distinction between the SLF and the AF up to this day is
the epitome of this confusion. Moreover, a lot of the prior work
which has made its way in the literature and anatomy textbooks is
based on non-human primates, which present a rather different
connectivity anatomy, thus steering the nomenclature toward
a biased pattern (5, 56). Finally, as mentioned before, the
individual variability had been underestimated in the past. The
recognition of this fact foreshadows a future take on brain study
connectivity that will key in this variability in study design
and conclusions.

The confusion regarding the actual nomenclature is such that
some authors actually suggest erasing the historical connotations
and starting from scratch. Recently, Mandonnet et al. (5)
suggested the use of anatomical corridors available for the
fanning of longitudinal fibers in the brain, in relation to brain
landmarks (such as ventricles, grey nuclei, external/extreme
capsule) to define a stem-based white-matter nomenclature
(Figure 5). Hence, they propose seven white matter systems:
the superior (SLS), inferior (ILS), and middle longitudinal
system MidLS), the basal (BSL) and mesial longitudinal system
(MesLS), and the anterior (ATS) and posterior transverse
system (PTS). This classification is further complexified by
a second level to more precisely identify the cortical areas
connected by the fasciculi. As an example, the SLS and the
ILS each have 5 divisions. In this scheme, SLS I is equivalent
to SLF I, SLS II to SLF II, and SLS III to SLF III. The
authors chose to voluntarily ignore historical references by
erasing commonly used terms in the literature. Hence, the
AF becomes the SLS IV (Figure 6), the uncinate fasciculus
becomes the ILS IV, the cingulum the MesLS I, and so
forth (5). The rationale of defining “anatomical corridors” as
a correlate for naming white matter fibers’ propagation is
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interesting. Now, whether this new classification will succeed
in erasing centuries of historical references remains to be seen.
However, this might be beneficial, allowing us to redefine better
the longitudinal connection pathways in the human using data
from recently designed studies, and burying old misconceptions
still blurring our literature. Vavassori et al. adopt a similar
approach, rewriting the superior longitudinal system in terms of
wiring diagram describing the connecting cortices and following
a medio-lateral distribution, instead of focusing on specific
bundles (77). As an additional distinction, we would also urge
investigators to consider the left and right hemispheres as distinct
entities in their analyses.

Corona
radiata

SLS

ILS/MidLs/
BLS

e

FIGURE 5 | Coronal section of a color-coded FA map. The green associative
fibers, representing the fibers perpendicular to the plane, can be grouped into
two main systems according to the classification by Mandonnet et al. (5), the
SLS and the common stem for the ILS/MidLs and BLS.

FUNCTIONAL CORRELATES OF SLF

The SLF is a massive bundle connecting widespread areas
of the frontal and the parietal lobes. As such, it is likely
involved in different functional correlates. As the bundle depicts
clear asymmetry between both hemispheres, this must translate
into obvious functional implications. Hence, although still a
controversial matter, the SLF III shares similar connectivity with
the AF linking the inferior frontal gyrus with the ventral pre-
central gyrus. This suggests, in the left hemisphere, a role in
speech. This view has been confirmed by Maldonado et al. (78)
through a brain electrostimulation study. Wang et al. (7) also
reported a specific connectivity pattern for the right SLF III
terminating at the right pars triangularis. According to some
authors, this connectivity pattern is probably involved in spatial
awareness functioning (7).

A strong asymmetry also seems to characterize the SLF II.
Wang et al. (7) identified a strong bias in leftward connections
between the supramarginal gyrus with the dorsal precentral gyrus
and the caudal middle frontal gyrus. This would be in keeping
with a role for the left SLF II in motor planning of speech and/or
syntax processing. In a similar predicament as for the SLF III,
the right SLF II preferentially connects the angular gyrus and the
superior parietal lobe with the caudal and rostral middle frontal
gyrus, respectively. It is presumed that this system plays a role
in the regulation of the attention in a spatial orientation. This
is in keeping with the fact that the right SLF II is responsible
for a faster and preferential visuospatial processing in the right
hemisphere (9).

CONCLUSION

“There is no such thing as absolute certainty, but there is
assurance sufficient for the purposes of human life” as once said

SLS

’l

N W

..

FIGURE 6 | Schematization of the SLS and its sub-systems of the proposed nomenclature by Mandonnet et al. (5) for the human white matter association pathways.

SLS |

sLs

3
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by John Stuart Mill. Through this review and analysis of data
regarding the state-of-the-art knowledge on the anatomical and
functional correlates of the SLE, we can come to the conclusion
that there is only one certainty: we do not know for sure!

Indeed, the SLF itself in its current definition is not a
consensual entity. However, we can stand up on some of the
groundwork cited in this article, and presumably conclude the
following: (1) that the very definition of the SLF, connecting
the frontal to the parietal lobe, allows a clear distinction with
the AE connecting the frontal lobe to the temporal lobe.
Hence, all classifications including the AF as part of the SLF
are misleading. (2) Traditionally, the SLF has been divided
into 3 segments. However, the SLF I connecting the parietal
precuneus to the superior frontal gyrus appears assimilable
to the cingulum. Hence, its existence, as well as its role is
unclear at this time. (3) The SLF II and III are clearly defined
as distinct entities that are asymmetrical in their function
as well as presumably in their role: the left-sided SLF II
and III would definitely be involved in speech processing,
whereas the right-sided SLF II and III would contribute to
visuospatial functioning. (4) The inter as well as intra-individual
variability in connectivity is more important than previously
suspected. Hence, we need to apply a precautionary principle
to the conclusions from the connectivity studies, acknowledging
the inherent variability from patient to patient. Mitigation
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Supratotal Resection of Gliomas With
Awake Brain Mapping: Maximal
Tumor Resection Preserving Motor,
Language, and Neurocognitive
Functions

Kazuya Motomura*, Fumiharu Ohka, Kosuke Aoki and Ryuta Saito

Department of Neurosurgery, Nagoya University School of Medicine, Nagoya, Japan

Gliomas are a category of infiltrating glial neoplasms that are often located within or near
the eloquent areas involved in motor, language, and neurocognitive functions. Surgical
resection being the first-line treatment for gliomas, plays a crucial role in patient outcome.
The role of the extent of resection (EOR) was evaluated, and we reported significant
correlations between a higher EOR and better clinical prognosis of gliomas. However,
recurrence is inevitable, even after aggressive tumor removal. Thus, efforts have been
made to achieve extended tumor resection beyond contrast-enhanced mass lesions
in magnetic resonance imaging (MRI)-defined areas, a process known as supratotal
resection. Since it has been reported that tumor cells invade beyond regions visible
as abnormal areas on MRI, imaging underestimates the true spatial extent of tumors.
Furthermore, tumor cells have the potential to spread 10-20 mm away from the MRI-
verified tumor boundary. The primary goal of supratotal resection is to maximize EOR
and prolong the progression-free and overall survival of patients with gliomas. The
available data, as well as our own work, clearly show that supratotal resection of
gliomas is a feasible technique that has improved with the aid of awake functional
mapping using intraoperative direct electrical stimulation. Awake brain mapping has
enabled neurosurgeons achieve supratotal resection with favorable motor, language, and
neurocognitive outcomes, ensuring a better quality of life in patients with gliomas.

Keywords: gliomas, overall survival, progression-free survival, extent of resection, subcortical fiber, supratotal
resection, awake brain mapping

INTRODUCTION

Gliomas are a heterogeneous population of intrinsic brain tumors of the central nervous
system (1-4). Among malignant histological subtypes such as glioblastoma [GBM; World Health
Organization (WHO) grade IV], and WHO grade II and III gliomas, GBM is the most aggressive
and common form of malignant primary brain tumor. The clinical prognosis of GBM is poor
and the median overall survival (OS) is only 12-18 months after diagnosis, even with intensive
treatments such as surgery and chemoradiotherapy (5, 6). Surgical intervention plays a crucial
role in the treatment of GBM; tumors invariably recur even after aggressive tumor resection and
most patients eventually succumb to the disease. The slow-growing primary brain tumors (1, 2),

Frontiers in Neurology | www.frontiersin.org

131 May 2022 | Volume 13 | Article 874826


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.874826
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.874826&domain=pdf&date_stamp=2022-05-12
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kmotomura@med.nagoya-u.ac.jp
https://doi.org/10.3389/fneur.2022.874826
https://www.frontiersin.org/articles/10.3389/fneur.2022.874826/full

Motomura et al.

Supratotal Resection of Gliomas With Awake Surgery

WHO grade II and III gliomas (hereon, referred to as, lower-
grade gliomas) are diagnosed based on molecular features
(presence or absence of IDH1/2 mutations and 1p/19q co-
deletion) (1, 2). Over time, lower-grade gliomas typically undergo
malignant transformation to GBMs, and the median survival is
only 7.8-31 months, even with intensive treatment including
surgery, chemotherapy, and radiotherapy (7, 8).

Several studies have reported a significant relationship
between the extent of resection (EOR) in patients with gliomas
and survival rate (3, 4, 9-14). Recent studies also provided
evidence that increased EOR and decreased postsurgical tumor
volume are related to increased progression-free survival (PFS)
and OS in diffuse gliomas (4, 14, 15). Therefore, quantifying the
EOR is of particular interest for patients with diffuse gliomas. To
achieve increased survival rates, an increase in the EOR of tumors
has been achieved using modalities such as ultrasound-guided
resection (16), neuro-navigation (16), intraoperative magnetic
resonance imaging (iMRI) (17, 18), and 5-aminolevulinic acid (5-
ALA) (19). Furthermore, Duffau et al. reported that aggressive
resection of low-grade gliomas using intraoperative awake
mapping to identify functional areas in the brain, can result in
supratotal resection and improved patient survival (20-22).

Here, we present a systematic review of the literature on
supratotal resection in patients with gliomas with the aim of
evaluating the survival benefit of supratotal resection for diffuse
gliomas. In particular, we focused on the effects of supratotal
resection on glioma survival outcomes.

METHODS

We performed an extensive systematic literature review of the
PubMed, Web of Science, and Scopus databases. We used
the following keywords: “supratotal resection,” “supramarginal
resection,” “awake brain mapping” for searching original articles,
meta-analyses, reviews, clinical series, and case reports.

RESULTS

The literature search yielded 3,341 studies regarding supratotal
resection using awake brain mapping. Duplicates were removed
from 2301 studies. In total, 21 full texts were reviewed for
eligibility. Eleven clinical studies were included in the final
review, as shown in the PRISMA flowchart (23) (Figure 1).

DISCUSSION

Glioblastomas and EOR

Several studies evaluating the EOR for GBM have shown
that maximal tumor removal is significantly associated with
better clinical outcomes (3, 24). The correlation between EOR
and improved survival is widely agreed upon in the field
of surgical neuro-oncology. Many retrospective cohort studies
have revealed that increased EOR, ranging from 78 to 98%,
improves OS in patients with newly diagnosed GBM (3, 25).
Lacroix et al. analyzed 416 consecutive patients with GBM
who underwent tumor resection and reported that tumor
resection of 98% or more was associated with a survival

advantage (25). While they used the outcome scale based on
age, Karnofsky Performance Scale (KPS) score, and tumor
necrosis on MRI, they concluded that patients with lower
scores who underwent aggressive resections were associated with
significantly longer survival. Multivariate analysis using a Cox
proportional hazards model demonstrated that age (<45, 45-64,
>64 years), performance score (<80), necrosis, enhancement,
and EOR (>98%) were significantly related to the survival of
GBM patients. Stummer et al. performed a randomized phase
II trial of 270 newly diagnosed patients with GBM to evaluate
the effect of fluorescence-guided resection with 5-aminolevulinic
acid (5-ALA) on clinical outcomes (26). A total of 139 patients
were assigned to surgical resection with the fluorescent adjunct
5-ALA and 131 patients were assigned to the white-light control
group. The clinical outcome revealed that complete resection was
achieved in 65% of 5-ALA cases and 36% of white-light cases.
Patients treated with 5-ALA had significantly higher 6-month
PES (41.0%) than in those treated with white light (21.1%).

WHO Grade Il Gliomas and EOR

Some studies investigating the role of EOR in gliomas have
revealed that extensive surgical resection favors longer survival
in WHO grade II gliomas (9-13, 24, 27). A large cohort study
including 216 patients with WHO grade II gliomas revealed that
patients with an EOR > 90% had 5- and 8-year OS rates of 97 and
91%, respectively, whereas those with an EOR < 90% had 5- and
8-year OS rates of 76 and 60%, respectively (9). Another study in
Norway examined survival in population-based cohorts of WHO
grade II gliomas from two university hospitals by distinct surgical
treatment strategies. Early surgical resection was performed at
one university hospital, whereas biopsy and watchful waiting
were preferred for WHO grade II gliomas at the other hospital.
Notably, this study revealed 5-year OS rates of 60% and 74%
in patients in the “biopsy and observation” and “early surgical
resection” groups, respectively (12, 13). The survival data of
patients treated with biopsy showed significantly better OS than
for those treated with early surgical resection. Moreover, another
research group reported a significant survival benefit for patients
who underwent “early tumor resection” compared to those who
underwent only “biopsy” (5-year OS: 82 vs. 54%) at two distinct
departments acting independently at the same university medical
center (27). These findings suggest that glioma neurosurgeons
should attempt to perform maximal safe tumor resection by
increasing the EOR to prolong survival in patients with WHO
grade II gliomas.

WHO Grade lll Gliomas and EOR

Several studies on WHO grade III gliomas have shown that
extensive tumor resection affects the OS of patients (28-30).
The EOR of tumors had been reported to be significantly
related to OS in WHO grade III anaplastic oligodendroglial
tumors in a European phase III clinical trial (EORTC-26951)
(28). Nomiya et al. evaluated the prognostic parameters of
170 patients with WHO grade III anaplastic astrocytoma (30).
Patients who achieved total or subtotal tumor resection showed
a significantly more favorable clinical outcome with a median
OS of 62.9 months than those patients who underwent partial
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FIGURE 1 | PRISMA flow diagram.

resection or biopsy alone, with a median OS of 22.9 months.
The authors emphasized that the EOR of tumors was the most
powerful prognostic factor for the treatment of WHO grade III
anaplastic astrocytomas in their cohort study. Kawaguchi et al.
demonstrated the clinical importance of surgical tumor resection
by investigating 124 consecutive patients with WHO grade III
gliomas treated at a single institution (29). Among the group
with IDH1/2 mutations and non-1p/19q co-deletions, survival
was significantly longer in those with gross total removal than
in those in whom gross total removal was not accomplished
(median OS: not reached vs. 77 months). Therefore, extensive
surgical tumor removal is essential to improve the prognosis
of patients with WHO grade III gliomas, especially for
astrocytic tumors with the IDH1/2 mutation lacking the
1p/19q co-deletion.

WHO Grade Il and lll Gliomas and EOR

In this context, surgical tumor resection is considered the first-
line treatment for WHO grade II and grade III gliomas. To
date, several clinical studies have provided evidence supporting
maximum safe tumor resection and early surgical intervention,
which prolong survival in patients with WHO grade II and grade

III gliomas (9, 11-13, 24, 27, 31, 32). From an ethical perspective,
we could not perform randomized controlled trials examining
the relationship between a higher EOR and better outcomes of
WHO grade II and grade III gliomas, as extensive radiological
tumor resection of WHO grade II and grade III gliomas is a
better choice.

Supratotal Resection and Awake Brain
Mapping

MRI diftusion tractography (DT) is used to estimate subcortical
fiber tracts before awake surgery. Voets et al. evaluated DT
sensitivity, specificity, and accuracy for five subcortical fiber
tracts, including the corticospinal tract (CST), arcuate fasciculus
(AF), inferior fronto-occipital fasciculus (IFOF), optic radiation
(OR), and inferior longitudinal fasciculus (ILF) (33). The
sensitivity and specificity of preoperative DT predictions were
very high, at 92.2 and 69.2%, respectively, and it varied across
tracts. The authors concluded that preoperative DT of the
navigation system is a reliable tool for accurately predicting
the spatial location of subcortical fiber tracts in relation to
a tumor during awake surgery. However, the information
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of some subcortical fiber tracts by DT cannot inform its
neurological functions. Moreover, DT does not provide a
critical surgical strategy directly during tumor resection in the
operating room. Therefore, this technique is difficult to replace
intraoperative direct cortical and subcortical stimulation during
awake brain mapping.

Considering the infiltrative behavior of gliomas, the goal
of maximal tumor removal should be balanced against the
risk of neurological dysfunctions such as motor, language, and
neurocognitive impairment (34, 35). Awake functional mapping
has been proposed as the optimal strategy for patients with
gliomas to accomplish maximal safe resection and preservation of
neurological functions (36-40). Using awake surgical techniques
with both cortical and subcortical functional mapping, a
maximum degree of resection is possible while determining
the functional boundaries (37, 41). Direct electrical stimulation
in glioma patients triggers an increase in the EOR of tumors
(42), an improvement in OS and PFS (43), and a significant
decrease in the rate of postoperative permanent neurological
deficits, including motor, language, and neurocognitive functions
(38). When combined with intraoperative tasks for motor
and language, awake mapping can detect possible anatomo-
functional associations, allowing a deeper understanding of
neuroconnectivity in the human brain. In particular, as surgery
carries a high risk of injury to subcortical pathways, resulting
in permanent neurological impairments, for which functional
connectivity is a central limitation of neural regeneration, a better
understanding of the connectome is essential for comprehending
cortico-subcortical pathways and their relevance to tumor
resection during awake surgery.

Although awake brain mapping represents the gold standard
technique for identifying and preserving the eloquent areas,
it must be acknowledged that awake surgery has some risks
and complications. There are some problems regarding the
risk of intraoperative seizures (44, 45), variability in anesthetic
techniques (46, 47), difficulty in the selection and interpretation
of intraoperative tasks (48, 49), and intraoperative pain and
discomfort during the procedure (50, 51). In particular, the
occurrence of intraoperative seizures is especially crucial, as it is
related to procedure failure, reduction of the EOR, and a high
incidence of postoperative motor and speech disturbance (52).
Furthermore, the risk of intraoperative seizures has been reported
to be higher in patients with intra-axial brain tumors during
awake surgery (44). Therefore, the decision to perform awake
mapping should be considered with caution.

In cases where functional boundaries are detected inside a
tumor mass, surgical resection should involve subtotal or partial
removal. When functional boundaries are observed outside the
tumor mass, gross total or supratotal resection can be performed.
Extended resection beyond the tumor margins of abnormalities
in MRI-defined areas is termed supratotal resection (20, 53).
Supratotal resection of GBM or WHO grade II or grade
III gliomas is a newly developed concept that may improve
the survival of patients with gliomas. Even with aggressive
and intensive tumor surgery, awake brain mapping enables
safe maximal resection of language-dominant or non-dominant
tumors, preserving both the cortical and subcortical fibers.

A clinical study by Duffau et al. reported that supratotal
resection may improve the clinical outcomes of patients with
WHO grade II gliomas who underwent awake brain surgery
after a long-term period, of a mean follow-up period of 11
years (20). This study demonstrates that supratotal resection,
extending beyond the abnormalities detected by T2- or FLAIR-
weighted MRI, provides a survival benefit, as tumor cells
may be present at a distance of 10-20mm from the tumor
boundaries on MRI (54). As a greater EOR of tumors,
including gross total or supratotal removal, could increase
PES and OS in patients with WHO grade II gliomas, many
neurosurgeons worldwide have recently attempted to perform
supratotal resection of tumors whenever possible with the
use of awake functional mapping. A conceptual overview of
supratotal resection for diffuse gliomas with awake functional
mapping is shown in Figure2. To achieve margin removal
around MRI-detected abnormalities, performing classical motor
and/or language mapping throughout surgical resection is
recommended. Furthermore, to evaluate working memory and
spatial cognition, stimulation of the fibers associated with
cognitive functions has been proposed.

Supratotal Resection and Tumor Location
in the Dominant or Non-dominant

Hemispheres

When the tumor is located in the non-dominant hemisphere,
such as in the frontal and temporal poles, or inside the occipital
lobes of patients who already show visual deficits before surgery,
supratotal resection via lobectomy can be performed without
difficulty. Shah et al. reported that lobectomy for GBM of the
non-dominant hemisphere significantly improved PFS and OS,
compared to the GTR group (55). Moreover, the authors found
no increase in postoperative complications in these patients and
concluded that supratotal resection is the best tailored technique
for small lesions arising in the non-dominant frontal, temporal,
and occipital poles.

In contrast, if the tumor is within the dominant hemisphere
for motor and language functions, supratotal resection and
gross total removal cannot be accomplished. Yordanova et al.
attempted to perform supratotal resection of WHO grade
II gliomas within non-eloquent areas of the left language-
dominant hemisphere, and reported that four out of 15
patients experienced tumor recurrence without anaplastic
transformation, with a mean postoperative follow-up duration
of 357 months (21). The authors emphasized that it is
crucial to delay anaplastic transformation and delay the
use of adjuvant therapy, such as chemoradiotherapy, by
supratotal resection.

Supratotal Resection and Subcortical

Fibers

Our research group assessed the efficacy of awake functional
mapping for supratotal resection of frontal WHO grade II and
grade III gliomas in both the dominant and non-dominant
hemispheres (53). In total, 11 patients with diffuse frontal
WHO grade II and grade III gliomas who underwent awake
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FIGURE 2 | Conceptual diagram of supratotal resection of diffuse gliomas with awake brain mapping.

brain surgery and supratotal resection were analyzed. The
oral and written language functions of the tumors in the
language-dominant frontal lobe were preserved using counting
and picture-naming tasks. Using such intraoperative language
tasks, awake functional mapping can detect anatomy-functional
associations, which has revealed the “language connectivity” in
the human brain. In language-associated subcortical fibers in
the frontal lobe, the IFOF is one of the longest association fiber
tracts, which constructs a ventral pathway that passes through
the deep areas of the temporal lobe and insula, connecting the
occipital cortex and posterior temporo-occipitoparietal regions
to the orbitofrontal, prefrontal, and dorsolateral prefrontal
areas (56). This ventral pathway is related to semantic
processing, and stimulation of the IFOF during awake surgery
using picture-naming tasks leads to semantic paraphasia (57).
Furthermore, the superior longitudinal fasciculus (SLF) connects
the inferior frontal gyrus (IFG) and ventral premotor cortex
to temporoparietal language regions, which construct a dorsal
pathway in the left frontal lobe (58). During awake surgery,
phonemic paraphasia and articulatory disorders are elicited
during direct stimulation. The frontal aslant tract (FAT), which

was discovered only in the last decade, connects the pre-
supplementary motor area (pre-SMA) and SMA in the medial
frontal areas of the superior frontal gyrus (SFG), and posterior
inferior frontal gyrus, which is part of Broca’s area in the frontal
lobe (59). The FAT is believed to play a role in self-initiated
speech, involving the pre-SMA, SMA, and IFG. Our group
performed resection extending to the functional boundaries,
defined by the white matter fibers FAT, IFOF, and SLF (Figure 3),
to perform extended resection of a tumor margin beyond MRI
abnormalities in left frontal WHO grade II and grade III gliomas.

In contrast, the SLF/arcuate fasciculus complex and the
IFOF were mainly associated with parietal tumors when
attempting to achieve supratotal resection (Figure4) (60).
Subcortical stimulation of the SLF/arcuate fasciculus complex
induces disturbances in spatial attention. Furthermore, rightward
deviation was generated using a line bisection test. In the deep
area of the parietal lobe, semantic paraphasia was induced by
stimulating the deep side of the tumor cavity, which was caused
by the stimulation of the IFOF.

During awake brain mapping of the temporal tumor for
supratotal resection, direct electrical stimulation detects the
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FIGURE 3 | A case of left frontal lower-grade glioma in a 30-year-old right-handed female with no relevant medical history. Preoperative axial (A), sagittal (B), and
coronal (C) T2-weighted MRI show a high intensity mass in the left frontal lobe. Preoperative three-dimensional tractography (D) shows the tumor itself (orange) and
the planned resection area (violet; supratotal resection) surrounded by FAT (red; arrow in panel A), SLF (green; arrow in panel A) and IFOF (blue; arrowhead in panel C).
Red, FAT; green, SLF; blue, IFOF; FAT, frontal aslant tract; SLF, superior longitudinal fasciculus; IFOF, fronto-occipital fasciculus. Intraoperative photograph prior to
resection (E), showing letter tags that indicate tumor boundaries (A-D) and the planned resection area for supratotal resection (E-H). Stimulation over the precentral
gyrus induced speech arrest (number tags: 2 and 4), as did stimulation over the opercular part of the inferior frontal gyrus (number tags: 1 and 3). (F) Intraoperative
photograph obtained after supratotal resection. Stimulation over the IFOF induced semantic paraphasia (number tag: 31), and stimulation over the FAT induced
speech arrest (number tags: 33, 34). FAT, frontal anterior tract; IFOF, fronto-occipital fasciculus. Postoperative sagittal T1-weighted MRI with gadolinium enhancement

(G) showing supratotal resection with awake brain mapping.

IFOF, temporal part of the SLF, inferior longitudinal fascicle,
and optic radiation. When the IFOF is stimulated, semantic
paraphasia is also induced. Phonological disorders are elicited
when the temporal SLF subserves the dorsal stream of the
brain. The detection of the inferior longitudinal fascicle generates
reading disturbances during stimulation. Optic radiation,
which is deeply located, induces transient visual disturbances
via stimulation.

Role of Supratotal Resection for

Glioblastoma

Several studies have reported that a greater EOR, such as
that achieved by supratotal resection, might improve the
survival of patients with GBM by decreasing postoperative
neurological deficits, while preserving white matter fibers

associated with motor, language, and neurocognitive functions
(60-66) (Figure 4). A systematic review of several clinical studies
on the supratotal resection of GBM was therefore conducted
(Table 1).

Eyiipoglo et al. evaluated the role of supra-complete resection
surgery using a dual intraoperative visualization approach
combining intraoperative MRI with neuro-navigation and 5-
ALA in GBM (61). In this study, 75 patients underwent gross
total resection using intraoperative MRI and navigation. Thirty
patients underwent supratotal resection using a surgical strategy
with 5-aminolevulinic acid (5-ALA) and intraoperative MRI.
The median OS of patients treated according to the surgical
strategy using intraoperative MRI with navigation was 14
months, whereas those who underwent surgery with 5-ALA and
intraoperative MRI had a significantly longer median survival
time of 18.5 months. Thus, it was concluded that supra-complete
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FIGURE 4 | A 48-year-old right-handed male with /DH-wildtype glioblastoma (GBM). Preoperative axial T2-weighted (A) and axial T1-weighted MRI with gadolinium
enhancement (B), showing a high-intensity abnormal area in the left inferior parietal lobule including an enhancing region at the superficial area. Preoperative
three-dimensional tractography (C) showing a yellow-colored fiber tract bundle showing the corticospinal tract. The green area shows the superior longitudinal
fasciculus, the blue fiber tract bundle shows the inferior fronto-occipital fasciculus, and the high-intensity area on T2-weighted MRl is highlighted in orange. The
violet-colored lesion in the orange-colored area showed an enhancing mass. (D) Intraoperative photograph obtained before tumor resection, with letter tags indicating
tumor boundaries (A-D). Stimulation over the postcentral gyrus induced convulsions around the mouth (number tags: 1, 2); stimulation over the left superior parietal
lobule induced cessation of right upper limb movement (number tags: 4-7); arrowhead: intraparietal sulcus. (E) Intraoperative photograph obtained after supratotal
resection. Stimulation over the IFOF induced semantic paraphasia (number tag: 31). Postoperative axial T2-weighted MRI (F) revealed no tumor following supratotal
resection.

glioma resection leads to significantly prolonged OS in patients
with GBM.

Li et al. (62) assessed the role of supratotal resection in 876
GBM patients. In this study, supratotal resection was defined

showed that resection of > 53.21% of the surrounding FLAIR
abnormality beyond contrast-enhanced areas was associated with
a significant prolongation of survival, compared to less extensive
tumor resection (median OS: 20.7 and 15.5 months, respectively).

as complete resection of the T1-enhancing regions with a small
portion, with additional resection of the surrounding fluid-
attenuated inversion recovery (FLAIR) abnormality. The authors

These results suggest that supratotal resection with the resection
of the FLAIR abnormality region can lead to longer survival of
patients with GBM, without increases in postoperative morbidity.
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TABLE 1 | Supratotal resection of glioblastomas (literature review).

Number of Definition of supratotal Number and rate os PFS Adjuvant therapy
patients resection of supratotal
resection cases
(%)

EyUpoglu et al. (61) 105 Beyond obvious contrast 30 (29%) 18.5vs. 14 NA RT + TMZ
enhancement using 5-ALA months (vs. GTR)
and iIMRI

Lietal. (62) 643 Resection over 53.21% of 159 (25%) 20.7 vs. 156.5 NA NA
FLAIR months (vs.

<53.21% of
FLAIR)

Esquenazi et al. (63) 86 Beyond the zone of 25 (29%) 54 vs. 16.5 NA RT + TMZ +
enhancement using subpial months (vs. GTR) BCNU wafer
technique

Grossmann et al. (66) 108 < 46% of remnant FLAIR (3 NA 26.7 vs. 13.4 NA RT + TMZ
months post operation) months (vs. GTR)

Pessina et al. [65) 282 Resection 100% of FLAIR 21 (7%) 28.6 +£ 5.2 vs. 245+ 2.4 vs. TMZ + RT, 6-8
162+ 1.2 11.9+06 cycles TMZ
months (vs. GTR) months (vs. GTR)

Glenn et al. (64) 32 Removal of at least 1 cm of 7 (21.9%) 24 vs. 11 months 15 vs. 7 months NA

brain tissue surrounding the
enhancement

(vs. GTR) (vs. GTR)

OS, overall survival; PFS, progression free survival; GTR, gross total resection; TMZ, temozolomide; RT, radiotherapy; NA, not available; BCNU, carmustine; 5-ALA. aminolevulinic acid;
iMRI, intraoperative magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery; DC, dendritic cell.

Esquenazi et al. retrospectively evaluated 86 patients with
primary GBM with or without carmustine (BCNU) wafer
implantation (63). They concluded that the effect of supratotal
resection on OS surpassed the effects of tumor volume, age, and
KPS score.

Pessina et al. evaluated the role of FLAIR abnormality removal
in a retrospective study of 282 newly diagnosed GBM patients.
They reported that the median OS for supratotal resection
was 28.6 months, compared with a gross total resection OS of
16.2 months. Furthermore, fewer patients showed worsening
neurological deficits after supratotal resection (4.8%) than after
gross total (13.3%) or subtotal resection (5.6%). This large
clinical study suggests that supratotal resection beyond contrast-
enhanced boundaries could represent a promising strategy for
improving the survival of GBM patients (65).

Glenn et al. reported that patients undergoing supratotal
resection for temporal lobe GBM showed a significantly
improved median PFS (15 months) compared to those who
underwent gross total resection (7 months) (64). Moreover, a
median OS advantage was also found in the supratotal resection
group at 24 months compared to the gross total resection group
at 11 months.

Role of Supratotal Resection in the

Treatment of WHO Grade Il Gliomas

The first reports on supratotal resection of WHO grade II gliomas
were published by Yordanova and Duffau et al. (21) (Table 2).
Fifteen right-handed patients with 17 tumors underwent the
resection of WHO grade II gliomas using intraoperative awake
brain mapping. In this series, total resection was accomplished
for all 17 tumors, whereas supratotal resection was performed

for 15 tumors. Only four of the 15 patients in whom
supratotal resection was achieved experienced tumor recurrence
without malignant transformation, and the mean time to tumor
recurrence was 38 months. The recurrence rate in the control
group was 41%, whereas that in the supratotal resection group
was 26%.

Duffau et al. analyzed 11 asymptomatic patients with
WHO grade II gliomas in the language-dominant hemisphere
(67). Supratotal resection was achieved in three patients by
intraoperative awake mapping. No mortality or permanent
postoperative neurological deficits were observed in any patient.
Furthermore, no anaplastic transformation was observed in
these cases, with a mean follow-up period of 40 months after
tumor resection.

Lima et al. reported the efficacy of supratotal resection based
on functional boundaries for incidental WHO grade II gliomas in
a group of 19 patients (68, 69). Supratotal resection was achieved
in five patients in this study. The PFS rate was significantly higher
in patients who underwent total or supratotal resection than in
those who underwent partial or subtotal resection (not reached
vs. 65 months, respectively). Six months after surgery, all 19
patients were free of permanent neurological disturbances, and
18 had a postoperative KPS of 100.

Role of Supratotal Resection in the
Treatment of WHO Grade lll Gliomas

Rossi et al. assessed the association between supratotal resection
and 319 IDH-mutated WHO grade II and grade III gliomas
(70) (Table 3). This large retrospective study evaluated the
relationship between supratotal resection and survival, including
PEF and OS, in a series of WHO grade II and grade III gliomas.
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TABLE 2 | Supratotal resection of WHO grade Il gliomas (literature review).

Number Tumor Definition of supratotal Number of Adjuvant therapy Clinical outcome Mean follow-up
of classification resection supratotal duration and
patients (WHO grading) resection case outcomes
(%)
Yordanova et al. (21) 15 WHO grade Il Resection extending beyond the 15 (100%) None after the Adjuvant 35.7 months
glioma area of MRl signal abnormalities surgery (1 patient treatment, Average time to
received anaplastic recurrence: 38 months
radiotherapy at the transformation,
relapse 6 years KPS, postop
after the surgery) seizures,
recurrence rate
Duffau et al. (67) iR WHO grade Il A margin of parenchyma was 3(27.2%) None after the Adjuvant 40.0 months
glioma removed around the surgery treatment, KPS, No
preoperative FLAIR-weighted postop seizures anaplastic transformation
signal abnormality with a larger
volume of the surgical cavity as
compared with the presurgical
tumor volume
Duffau et al. (20) 16 WHO grade Il A complete removal of any signal 16 (100%) None after the Adjuvant 132 months
glioma abnormalities with a volume of surgery, treatment, KPS, Average time to
the postoperative cavity larger chemotherapy (n malignant relapse: 70.3 months
than the preoperative tumor = 3), radiotherapy transformation,
volume h=2) postop seizures,
relapse time
Lima et al. (69) 21 WHO grade Il A margin of parenchyma was 4 (19.0%) Chemotherapy (n Adjuvant 49 months
glioma removed around the preoperative = 6), radiotherapy treatment, KPS, Alive, enjoy a normal life
FLAIR or T2-weighted sequence (hn="1) postop seizures,
signal abnormality, with a larger tumor regrowth
volume of the surgical cavity as
compared with the presurgical
tumor volume
Lima et al. (68) 19 WHO grade I A margin of parenchyma was 5 (26.3%) Chemotherapy (n Adjuvant 62.4 months
glioma removed around the preoperative = b), radiotherapy treatment, KPS, PFS: not reached

FLAIR or T2-weighted sequence
signal abnormality, with a larger
volume of the surgical cavity as
compared with the presurgical
tumor volume

n=2)

postop seizures

WHO, World Health Organization; KPS, Karnofsky Performance Status; NA, not available; MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery.
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TABLE 3 | Supratotal resection of WHO grade Il gliomas (literature review).

Mean follow-up
duration and
outcomes

Number of Adjuvant therapy Clinical outcome

supratotal
resection case

Definition of supratotal

resection

Tumor

Number

classification

of
patients

(WHO grading)

(%)

NA
NA

WMS-R, SLTA,
FAB, WAIS-III

NA

9 (100%)

Tumor resection extending

beyond the abnormal

WHO grade Il

Motomura et al. (53)

glioma, WHO

MRI-verified area, which

grade Il glioma

indicated that the volume of the
postoperative cavity was larger
than the preoperative tumor

volume

Adjuvant 6.8 years

Chemoradiotherapy

(17.6%),

Complete removal of any signal 110 (35%)

WHO grade Il

319

Rossi et al. (70)

PFS at 92

treatment,
anaplastic

abnormalities, with the volume of
the postoperative cavity larger

glioma, WHO

months; 94%

chemotherapy
only (41.2%)

grade Il glioma

transformation,

than preoperative tumor volume

postop seizures,
recurrence rate,

OS, PFS, MPFS

WHO, World Health Organization; WMS-R; Wechsler memory scale revised, SLTA; Standard Language Test of Aphasia, FAB; Frontal Assessment Battery, WAIS-III; the third version of Wechsler adult intelligence score; OS, overall

survival; PFS, progression free survival; MPFS, malignant progression free survival, NA, not available.

They showed that PFS was significantly longer in patients with
IDH-mutated WHO grade II and grade III gliomas, including
astrocytomas and oligodendrogliomas, who achieved supratotal
resection than in those who underwent gross total resection.
Furthermore, supratotal resection was significantly associated
with a reduced rate of better OS and malignant transformation
(28, 71).

Motomura et al. found that an EOR threshold of 85.3% was
beneficial for the treatment of WHO grade II and grade III
gliomas. Improved PFS among patients with WHO grade II and
grade III gliomas is predicted by a greater EOR (> 85.3%) as
a result of aiming for supratotal or gross total resection (72).
Their findings also indicated that an EOR of > 100%, including
supratotal resection, was significantly correlated with a favorable
PES in patients with WHO grade II and grade III gliomas. Based
on these results, maximal safe tumor resection can be considered
an important prognostic factor for improving the survival of
patients with WHO grade II and grade III gliomas. Moreover,
this study also emphasized the efficacy of awake mapping for
supratotal resection of frontal WHO grade II and grade III
gliomas while preserving motor, language, and neurocognitive
functions (53).

Present Issues in Supratotal Resection

In GBM, supratotal resection prolongs OS by 18.5-54 months
and PES by 15-24.5 months (61-66) (Table1). In contrast,
several studies have reported that in WHO grade II gliomas,
supratotal resection provides a significant increase in PFS with
no anaplastic transformation and prolongs the average time to
recurrence (20, 21, 67-69) (Table 2). Regarding WHO grade
II and III gliomas (i.e., lower-grade gliomas), OS, PFS, and
malignant progression-free survival (MPES) were significantly
prolonged in a large retrospective study (70). However, several
issues to consider regarding the efficacy of supratotal resection
of gliomas. First, the definition of supratotal resection remains
ambiguous. Although some studies have defined supratotal
resection as resection extending beyond the area of MRI signal
abnormalities, the extent to which the tumor needs to be resected
to achieve supratotal resection and the percentages of tumor
resection that are associated with better survival of gliomas is
unclear. Second, the tumor location in relation to the eloquent
area is a confounder in terms of resectability. In cases where
the tumor is within the dominant hemisphere for neurological
function, supratotal resection cannot be achieved. Thid, it
is essential to consider tumor malignancy during supratotal
resection. Tumors with biologically less malignancy may be
more amenable to supratotal resection because the cells of such
tumors develop relatively locally compared to highly malignant
gliomas. Finally, there may be potential for significant bias when
selecting only patients eligible for supratotal resection. Such
cases feature a relatively small tumor size and location in the
non-eloquent area.

CONCLUSIONS

Despite aggressive treatment of GBM and WHO grade II
and grade III gliomas, patients are still at a risk of tumor
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recurrence. Supratotal resection may improve the survival
of patients with GBM and WHO grade II and grade III
gliomas without increasing the risk of postoperative neurological
deficits, while preserving some subcortical fibers associated
with motor, language, and neurocognitive functions. Although
several studies have provided novel information regarding the
effect of supratotal resection with awake brain mapping on
the survival of patients with gliomas, their results are limited
compared to those of prospective clinical trials, as retrospective
studies may be influenced by unrecognized biases. Therefore, a
larger prospective study involving multiple independent research
centers is required to establish the role of supratotal resection in
awake brain surgery.
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Background: Pathological brain processes may induce adaptive cortical reorganization,
however, the mechanisms underlying neuroplasticity that occurs in the presence of
lesions in eloquent areas are not fully explained. The aim of this study was to
evaluate functional compensatory cortical activations in patients with frontal brain
gliomas during a phonemic fluency task and to explore correlations with cognitive
performance, white matter tracts microstructural alterations, and tumor histopathological
and molecular characterization.

Methods: Fifteen patients with frontal glioma were preoperatively investigated with an
MRI study on a 3T scanner and a subgroup underwent an extensive neuropsychological
assessment. The hemispheric laterality index (LI) was calculated through phonemic
fluency task functional MRI (fMRI) activations in the frontal, parietal, and temporal lobe
parcellations. Diffusion-weighted images were acquired for all patients and for a group
of 24 matched healthy volunteers. Arcuate Fasciculus (AF) and Frontal Aslant Tract
(FAT) tractography was performed using constrained spherical deconvolution diffusivity
modeling and probabilistic fiber tracking. All patients were operated on with a resective
aim and underwent adjuvant therapies, depending on the final diagnosis.

Results: All patients during the phonemic fluency task fMRI showed left hemispheric
dominance in temporal and parietal regions. Regarding frontal regions (i.e., frontal
operculum) we found right hemispheric dominance that increases when considering only
those patients with tumors located on the left side. These latter activations positively
correlate with verbal and visuo-spatial short-term memory, and executive functions. No
correlations were found between the left frontal operculum and cognitive performance.
Furthermore, patients with IDH-7 mutation and without TERT mutation, showed higher
rightward frontal operculum fMRI activations and better cognitive performance in tests
measuring general cognitive abilities, semantic fluency, verbal short-term memory, and
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executive functions. As for white matter tracts, we found left and right AF and FAT
microstructural alterations in patients with, respectively, left-sided and right-side glioma

compared to controls.

Conclusions: Compensatory cortical activation of the corresponding region in the
non-dominant hemisphere and its association with better cognitive performance and
more favorable histopathological and molecular tumor characteristics shed light on the
neuroplasticity mechanisms that occur in the presence of a tumor, helping to predict the
rate of post-operative deficit, with the final goal of improving patients’quality of life.

Keywords: frontal gliomas, neurosurgery, neuroplasticity, task fMRI, arcuate fasciculus (AF), frontal aslant tract

INTRODUCTION

Neuroplasticity can be defined as the ability of the nervous system
to respond to intrinsic or extrinsic stimuli by reorganizing its
structure, function, and connections (1). It is a central theme
in neuro-oncology and is currently receiving increased attention
(2). Several previous studies have suggested that the brain is
capable of remodeling itself in the presence of glioma, and it
is believed that these changes occur continuously throughout
life (3).

Surgery in the proximity of eloquent brain regions for
language is burdened by a significant risk of post-operative
speech impairment, up to complete aphasia. Therefore, the
most accurate pre-operative localization of these areas and their
relationship with the tumor is needed to achieve the maximal safe
resection, which consists of the removal of the glioma as largest
as possible with minimal risks of permanent language deficits in
order to ensure a satisfactory patients’ quality of life (4, 5).

Although not all brain regions functional for language have
been fully delineated and mapped; in the adult healthy brain,
hemispheric lateralization and specific eloquent areas have been
well-defined (6). Indeed, since the pioneeristic studies by Broca
and Wernicke, and afterward confirmed by multiple other
investigations, three main brain areas have been identified:
the inferior frontal lobe, the superior temporal lobe, and the
insula (7-9).

Pathological brain processes, such as intra-axial tumors,
may induce cortical reorganization over time, due to plasticity
phenomena (10-14). However, these mechanisms are not fully
explained. Shedding light on the potential neuroplasticity of
a given brain structure or network may be fundamental
for the neurosurgical procedure. During the preoperative
period, compensatory brain reorganization may limit/delay the
severity/onset of functional deficits, and similarly, postoperative
plasticity can help recover from potential deficits associated with
the possible removal of still-functional brain areas [e.g., (15, 16)].
In this contest, a complete neuropsychological assessment plays
an important role, helping to determine the extent of the “initial”
neurological deficit and subsequently document the degree of
functional recovery (3).

At the molecular level, single-cell genetic and epigenetic
analysis, one study (17) revealed that early genetic alterations
were associated with DNA methylation modifications which

cause altered cellular states that overcome cell stress, increase
cellular plasticity, and ultimately enhance treatment resistance.

This study aimed to evaluate functional compensatory cortical
activations in patients with frontal brain gliomas during a
phonemic fluency task and to explore correlations with cognitive
performance, white matter tracts microstructural alterations, and
histopathological and molecular characterization with the main
goal of defining a surgical paradigm that may maximize the
extension of tumor removal when contralateral compensatory
mechanism is present.

MATERIALS AND METHODS

Participants

A total of 15 patients (mean age: 46.24 £ 16.37 years; 10 M;
14 right-handed and one ambidextrous, monolingual native
speaker Italian) with frontal intra-axial tumors operated in
our Institution from September 2019 to June 2021 have been
prospectively collected. In all patients with left-sided glioma
(N = 10), the tumor presented an intimal spatial relationship
with the frontal aslant tract (FAT). For six of these patients,
the tumor was also in close relationship with the arcuate
fasciculus (AF), and for four of them were adjacent to the
frontal operculum. Inclusion criteria were as follows: age >18
years; the presence of a frontal intra-axial lesion in a language-
related area; and planned surgery with resective aim. Exclusion
criteria were as follows: absence of histological demonstration
of glioma; previous resective brain surgery or radiation or
medical oncological treatment; and biopsy (open or stereotactic
frameless) not followed by surgery. Demographic and clinical
features are reported in Table1; a frequency map of tumor
distribution is reported in Supplementary Materials.

As controls, a cohort of 24 healthy volunteers (mean age:
46 £ 15.9 years; 12 M; 23 right-handed and one ambidextrous)
monolingual native speakers of Italian was also recruited for
this study (Table 2). Healthy controls were selected from the
database of the Neuroimaging Laboratory, designed to collect
normative values of quantitative MR parameters for clinical and
research purposes.

The study was approved by the Local Ethical Committee
(183/2019/0OSS/AUSLBO - 19027 (20/03/19), and written
informed consent was obtained from all participants.
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TABLE 1 | Demographic and clinical features of patients with frontal intra-axial tumor.

Patient Age Sex Education EHI Tumor location Tumor volume Tumor grade Histopathology Genetic analysis MGMT methylation
(years) (years) (cm?®) status

F_L_II 58 M 13 0.68 Left -IFG,MFG, SFG 18.08 3 Anaplastic oligodendroglioma IDH1 p.R132H; Del1p19q Methylated
F_L IV 40 F NA NA  Left -SMA 10.12 4 Glioblastoma IDH1-2:WT; TERT C205T Unmethylated
F_L_II 30 F 13 1 Left -IFG,MFG, SFG 22.05 2 Diffuse astrocytoma IDH1 p.R132H Unmethylated
F_LIl 40 M 18 0.89 Left IFG, MFG, Insula 114.09 2 Astrocytoma IDH1 p.R132H Methylated
F_R_I 38 F 1 1 Right IFG, Insula 29.34 2 Oligodendroglioma IDH1 p.R132H, Del1p19q Methylated
FLIV 41 M 19 0.78 Left -IFG,MFG, SFG 55.85 4 Glioblastoma IDH1 p.R132H Methylated
F_L_II 38 F 18 0.89 Left- SFG 37.37 2 Diffuse astrocytoma IDH1 p.R132H Unmethylated
F L 55 M 13 0.84 Left- SMA 46.2 3 Oligodendroglioma IDH1 p.R132H; TERT C228T; Del1p19q Methylated
F_R_l 54 M 8 0.89 Right- Motor Area 75.66 3 Anaplastic astrocytoma IDH1 p.R132H Methylated
F_R.IV 47 F 8 0.89 Right- Motor Area (subcortical) N/A 4 Glioblastoma IDH1-2 WT; TERT C205T Unmethylated
F LIl 25 M 11 1 Left- IFG 9.07 2 Diffuse astrocytoma IDH1 p.R132H Methylated
F_R_IIl 37 M 18 0.95 Right-SMA 35.92 3 Diffuse astrocytoma IDH1 p.R132H Methylated
F_L_II 50 M 21 —0.37 Left IFG, Insula 141.47 3 Oligodendroglioma IDH1 p.R132H; TERT C228T; Del 1p19q Methylated

F LIV 65 M 10 1 Left-SMA 37.03 4 Glioblastoma IDH1: WT; TERT C228T Methylated
F_R_I 76 M 8 0.95 Right IFG, MFG, Insula 116.55 2 Oligodendroglioma IDH1 p.R132H; TERT C228T; Del1p19q Methylated

In the first column, patients are labeled according to the tumor’s (lobe)_(hemisphere)_(grade). NA, not available. EHI, Edinburgh Handedness Inventory (scores between —1 and —0.5 were considered indices of left-handedness;
right-handedness was defined by scores between 0.5 and 1, and scores between —0.5 and 0.5 indicated ambidextrousness). IFG, inferior frontal gyrus; MFG, middle frontal gyrus;, SFG, superior frontal gyrus; SMA, supplementary

motor area.
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TABLE 2 | Demographic features of healthy control (HC).

Education EHI
(years)

HC Age (years) Sex

N=24 46 +£16.37 N =12 males
N =12 females

19.60 + 4.49 N = 23 left-handedness
N = 1 ambidextrousness

Mean + standard deviations are shown. EHI, Edinburgh Handedness Inventory (scores
between —1 and —0.5 were considered indices of left-handedness; right-handedness
was defined by scores between 0.5 and 1, and scores between —0.5 and 0.5
indicated ambidextrousness).

Pre-surgery Protocol

Neurological and Neurophysiological Evaluation
Initially, the medical history of all 15 patients was collected
with specific attention to neurological symptoms and signs,
with a focus on possible language impairments, such as
aphasia, anomia, paraphasia, or grammatical or syntactic
mistakes. In addition, a complete neurophysiological assessment,
including somatosensorial, motor, and brainstem auditory
evoked responses was performed 24 h before surgery.

Neuropsychological Assessment

Years of education, and handedness dominance using the
Edinburgh Handedness Inventory (EHI), were calculated in all
patients (18). EHI scores between —1 and 0.5 were considered
indices of left-handedness, right-handedness was defined by
scores between 0.5 and 1, and scores between —0.5 and 0.5
indicated ambidextrousness.

A subgroup of patients (N = 10) also underwent an
extensive neuropsychological evaluation with a standardized
neuropsychological battery that included the following tests: a
general screening test [Mini-Mental State Examination MMSE,
(19)] and a non-verbal test of general intelligence [Raven’s
Colored Progressive Matrices CPM'47, (20)]; language skills
were assessed using a naming test [The Boston Naming Test
short 30-items version, (21, 22)], a Phonemic Verbal Fluency
Test (23) and a Category Fluency Test (24). Short-term verbal
memory and episodic memory were assessed using the Digit
Span forward test (25) and the immediate and delayed recall
of Babcock Story Recall Test (BSRT), (26, 27); instead, visuo-
spatial short-term memory span and visuo-spatial long-term
memory were investigated using, respectively, the Corsi’s Block
Test (25) and the delayed recall of the Rey-Osterrieth complex
figure [ROCE (28)]. The copy of ROCF further explored the
patients’ visuo-constructive and planning abilities. Attention and
executive functions were first assessed by a general screening test
of frontal functions [i.e., Frontal Assessment Battery, FAB, (29);
Italian version (30)], then the Stroop test (31), the Digit Span
Backward (32), and The Trail Making Test A and B (TMT) (33)
were also administrated (Table 3).

Furthermore, the severity of depression and anxiety
symptoms were evaluated using Beck Depression Inventory
(BDI-II, (37) and the State-Trait Anxiety Inventory [STAI-
Y, (38)]. Finally, the Cognitive Reserve Index [CRI, (39)]
and The Short Form (39) Health Survey [Sf-36, (40)] were
also administrated.

Brain MRI Acquisition Protocol

The MRI protocol was performed in all patients within 20 £ 22
days (mean =+ standard deviation) from surgery using a high-field
Siemens MAGNETOM Skyra 3T MRI scanner equipped with a
head-neck high-density (64 channels) array coil.

The MRI protocol included T1-weighted 3D Magnetization-
Prepared Rapid Gradient-Echo Imaging sequence [MPRAGE,
176 continuous sagittal slices, 1-mm isotropic voxel, no slice
gap, echo time (TE) = 2.98 ms, repetition time (TR) = 2,300 ms,
Inversion Time (IT) = 900ms, flip angle = 9°, acquisition
matrix = 256 x 256, pixel bandwidth = 240Hz, in-plane
acceleration factor = 2, duration ~5min] and T2-weighted 3D
fluid-attenuated inversion recovery (FLAIR) sequence (SPACE,
176 sagittal acquisition slices, 1-mm isotropic voxel, no slice
gap, TE = 428 ms, TR = 5,000 ms, IT = 1,800 ms, flip angle
= 120°, acquisition matrix = 256 x 256, pixel bandwidth =
780 Hz, in-plane acceleration factor = 2, duration ~5 min). In
patients, 3D T1-weighted MPRAGE images were also acquired
after gadolinium administration (0.1 mmol/kg).

Functional MRI (fMRI)

In order to assess hemispheric language laterality, the neural
correlates of verbal fluency were elicited via a phonemic
fluency task with a block design. In order to ensure good
understanding and performance of the required task, all patients
underwent, before the MRI exam, a training session to familiarize
themselves with the same neuropsychologists (MM and MJR)
that administrated the neuropsychological battery.

Functional MRI was based on a 2D T2*-weighted gradient
echo-planar imaging (EPI) sequence sensitive to blood
oxygenation level-dependent contrast. Single-shot EPI sequence
(56 continuous axial slices, 2.5-mm isotropic voxel, no slice gap,
TE = 37 ms, TR = 735 ms, flip angle = 53°, acquisition matrix =
94 x 94, pixel bandwidth = 2,130 Hz, no in-plane acceleration,
multiband acceleration factor = 8, phase encoding AP, duration
~5min). The block design consisted of alternated resting and
active blocks, each lasting 30s, starting and ending with the
resting condition (five resting blocks and four active task blocks
in total). The active task blocks were composed of acoustic cues
delivered at 5-s intervals through MR-compatible earphones
that isolated the background MRI noise. During active cycles of
phonemic fluency, the acoustic cue stimulus was a letter of the
alphabet, delivered every 5s. After the presentation of the cue,
subjects were prompted to covertly generate (i.e., think about)
a noun starting with the given letter. Subjects were previously
instructed to generate as many nouns as possible within the
time lapse between stimuli but not to generate proper names
or names of places (cities/lands/continents). During resting
blocks, continuous white noise was delivered, and patients
were instructed to lie quietly during the scan without active
thinking (41).

Diffusion Tensor Imaging (DTI)

For tractography analyses a high angular resolution diffusion
imaging protocol was acquired with b-value = 2.000 s/mm?
along 64 diffusion gradient directions, and five volumes without
diffusion weighting, based on a 2D single-shot EPI sequence [87
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TABLE 3 | Neuropsychological corrected scores and correlations with cortical fMRI activations and DTl measures.

Patients N Score Sd Normal values cut offs % Correlations with Correlations with
(mean) pathological right frontal left DTI measures
scores operculum
FLII FLII FLIN FLN FLNIN FLII FLIV?Y7 P-value r P-value r
Age (years) 58 30 40 55 25 50 65 46 15.03
Education (years) 13 13 18 13 iR 21 10 14 3.93
Sex M F M M M M M
Clinical tests
Cognitive screening  MMSE score 28.14 30 26.99 30 30 30 2211 7 2818 2.93 >23.8 (34) 14%
Non-verbal CPM-47 28.6 36 36 30.3 27.58 36 NA 6 3241 4.04 >18.96 (23) 0%
Intelligence
Executive functions  FAB NA NA NA 18 16.08 18 1412 4 16.55 1.86 >13.5 (30) 0%
Digit Span Backward NA NA 5 NA 5 3 3 4 400 1.15 >3 0% 0.074* 0.902
Stroop test (RT-sec) 32.28 5.5 14 10.66 1459 1955 1217 7 31.18 40.79 <36.91 (31) 14% 0.074* —0.910
Verbal memory BSRT_total items 12.8 141 513 1245 1221 16 79 7 1151 3.73 >4.75 (26) 0%
recalled
Digit span forward 5.75 5.5 6.19 6.75 5.6 413 405 7 542 1.00 >3.75 (35) 0%
Visuo-spatial memory Corsi’s block test 3.75 5.75 55 5.75 4.5 3.5 3 7 454 1.15 >3.75 (26) 29% 0.017* 0.954  0.043* (AF)  0.899
ROCF_delayed recall 12.85 19 NA 1825 242 2056 191 6 1536 6.88 >9.47 (31) 17%
Language Associative fluency test 37.1 258 2625 428 4792 2518 1968 7 32.10 10.583 >17.35 (23) 0%
Category words fluency ~ 51.6 475 35.88 63 335 3138 174 7 40.04 15.08 >25 (24) 14%
test
BNT-short version 30 30 NA 30 30 28 5 29.60 0.89 >21 0%
Attention Trail making test_A 19.2 40 NA 10 2892 385 1468 6 47.24 50.10 <93 s (36) 17%
Trail making test_B 58.22 82 NA 46 93.2 12525 4844 6 148.18 167.04 <282 s (36) 17%
Trail making test_B-A 39.02 42 NA 36 638 86.75 3376 6 100.86 117.57 <186 s (36) 17%
Visuoconstructional  ROCF_copy 36 36 NA 36 36 30.38 352 6 34.93 2.25 > 28,88 (31) 0% 0.944* (FAT)  0.037

abilities

NA, not available; MMSE, Mini-Mental State Examination; FAB, Frontal Assessment Battery; RT-sec, Reaction time, seconds; BSRT, Babcock Story Recall Test; ROCF, Rey-Osterrieth complex figure; BNT-short version, The Boston

Naming Test short 30-items version,; *p < 0.05, (FDR) < 1.
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continuous axial slices, 2-mm isotropic voxel, no slice gap, TE =
98 ms, TR = 4,300 ms, flip angle = 90°, acquisition matrix = 110
x 110, pixel bandwidth = 1,820 Hz, in-plane acceleration factor
= 2, multiband acceleration factor = 3, phase encoding anterior-
posterior (AP), duration ~8min]. To correct EPI distortion
artifacts in the diffusion-weighted scan, an additional sequence
of three null b-value volumes was acquired immediately prior to
the full diffusion data set, with the same acquisition geometry
and timing parameters but inverted phase encoding [posterior—
anterior (PA)].

Brain MRI Analysis Protocol

Functional MRI

The fMRI processing pipeline was created using FSL software
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) (42). Images were skull-
stripped using the FSL-bet function and motion correction
was performed with the tool “motion correction of functional
images using the linear image registration” (FSL-MCFLIRT).
Using the output of FSL-MCFLIRT, an automatic pipeline has
been developed for quality control of fMRI images: GE-EPI
volumes that are displaced more than 1.5 mm in one of the three
spatial directions and rotated more than 1.5° around the three
spatial axes with respect to the central volume of the temporal
fMRI series, are detected. A successive visual inspection was
performed to define the number of volumes and the number
of contiguous volumes characterized by this motion. Spatial
smoothing was performed using a full width at half maximum
(FWHM) Gaussian kernel of 5mm. High-pass filtering of task-
based fMRI time series was performed with a threshold of
60s. FSL-epi_reg permitted registration between structural and
functional images. Language-based fMRI data were processed
using the FSL-FEAT GUI (FMRI Expert Analysis Tool) (43).
Task and rest cycles in block conditions were convolved with
the hemodynamic response function to generate the general
linear model (GLM). For each subject, fixed-effect GLM was
performed using a threshold of z >3.1, and then cluster-extent-
based thresholding was used, setting p < 0.05.

In order to evaluate a hemispheric laterality index (LI), the
fMRI activation regions obtained were masked with bilateral
ROIs to evaluate activations in selected language areas. Frontal,
parietal, and temporal Regions of Interest (ROIs) were extracted
from the cortical Harvard-Oxford atlas: frontal ROIs included
the inferior frontal gyrus, pars triangularis, pars opercularis, and
the frontal operculum; parietal ROIs included the angular gyrus
and the posterior supramarginal gyrus; temporal ROIs included
the posterior portion of both superior and medial temporal gyri.
fMRI activations were non-linearly registered to the MNI-152
space, using the warp field defined by FSL-FEAT. FMRI activation
maps registered to the MNI-152 space were thresholded at Z >3.1
and then masked for each subject using the previously defined
bilateral frontal, parietal, and temporal areas. The number of
activated fMRI voxels was evaluated within each area. The LI
was calculated according to the following formula: LT = (Left
- Right)/(Left + Right), where “Left” and “Right” indicate the
number of voxels activated within the left and right homologous
areas, respectively.

These ROIs were investigated on the basis of previous studies
(44, 45), and this analysis aims to robustly extract a laterality
activation index in each lobe and quantify the reorganization of
brain activity in the presence of tumors.

Tractography
Diffusion-weighted images were skull-stripped using the FSL-
bet function, image denoising was performed with the MRtrix3-
dwidenoise function (https://www.mrtrix.org), using a principal
component analysis approach. Susceptibility-related distortions
in the EPI acquisition were estimated using the FSL-topup
function; subsequently, a combined correction for susceptibility,
eddy-current effects, and signal dropout, most commonly
induced by subject movement, was performed for the FSL-topup
estimates. The FSL-dtifit function was used to model diffusivity
along the spatial eigenvectors using the tensor model, obtaining
the fractional anisotropy (FA) and mean diffusivity (MD) maps.
The tractography pipeline was fully automatized. High-order
fiber modeling was used to evaluate crossing fibers, and a
probabilistic streamline propagation approach was adopted.
ROIs defined in the Montreal Neurological Institute (MNI)-
152 space were non-linearly registered (FSL-fnirt function) for
subject T1-weighted images. The T1-weighted images were then
registered to the diffusion-weighted images using the FSL-
epi_reg function, which aligns images, simultaneously correcting
for distortions using gray-white intensity contrast. To bilaterally
reconstruct the arcuate fasciculus (AF) a previously validated
seed target approach was used (46); the same approach was used
for the frontal aslant tract, (FAT) considering the Supplementary
Motor Area (SMA) as seed mask according to the Harvard-
Oxford probabilistic atlas and the Brodmann’s area 44 (BA 44)
as target mask both thresholded at 25% of subject probability. A
midsagittal exclusion ROI was defined at MNI-152 space X = 0.
Constrained spherical deconvolution diffusion modeling
and probabilistic tractography were performed (tckgen
ifod2- Mrtrix3) in native diffusion space, into which the
tractography ROIs defined in MNI-152 space were non-linearly
registered. Tractography results were thresholded at 10% of
the maximum connectivity within each voxel, to reduce false-
positive artifactual reconstructions. Subsequently, along-tract
mapping and statistical calculations were performed in MNI-152
space. AF and FAT tractographic reconstructions and DTT maps
were linearly aligned to the MNI-152 space (FSL-flirt, allowing
12 degrees of freedom). A linear registration approach was
preferred to preserve the native tract bundle geometry, allowing
comparisons of patients and healthy controls in a common
space. The Surflce software (https://www.nitrc.org/plugins/
mwiki/index.php/surfice:MainPage) was used for the projection
of voxel-wise data onto a surface mesh and to display the
reconstruction of tracts and the segmentation of tumor volume
in three dimensions (i.e., see an example of one patient with left
frontal glioblastoma grade IV) (Figure 1).

Tumor Segmentation

A neuroradiologist (FZ, with 10 years of experience in
neuroimaging) who was blind to the history of each patient and
tumor final diagnosis outlined the ROIs on the unenhanced 3D
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FIGURE 1 | Three-dimensional rendering of the reconstruction of the AF
(blue), FAT (green), and tumor segmentation (violet) in the same patient with left
frontal glioblastoma grade 4.

T2- weighted FLAIR sequence using an open-source dedicated
software (ITK-SNAP v3.6; www.itksnap.org). 3D T1-weighted
Fast Spoiled Gradient echo acquisition (FSPGR) acquired before
and after gadolinium administration, when available, were also
displayed alongside FLAIR images to facilitate the segmentation.
3D manual segmentation of the lesions was performed using
the three planes at the same time (axial, coronal, and sagittal).
Lesions’ boundaries were defined according to the extent of the
hyperintensity on FLAIR images; inclusion of the enhancing
lesion, if present, was confirmed by overlaying the ROIs on the
corresponding FSPGR obtained after gadolinium administration.

For subsequent analysis, the segmentation masks were saved
in nifti format and the volumes exported in an excel spreadsheet
(Table 1).

Brain Tumor Surgery
Surgery was performed with a resective aim through a
craniotomy targeted at the tumor extension. Intraoperative
neurophysiological monitoring was used in all cases, and, when
indicated, an awake setting using specific language tests [i.e.,
Boston Naming Test (21) and selected items of the Aachen
Apabhsia test (AAT) (47) chosen case-by-case] was adopted (we
opted for the sleeping-awake-sleeping technique). Anesthesia
was performed consequently, avoiding the use of myorelaxant.

All surgeries were performed with neuronavigational
guidance (StealthStation S8 Surgical Navigation System,
MEDTRONIC, Louisville, CO, USA) provided by the co-
registered data sets of morphological MRI, tractography
reconstructions, and phonemic task activations.

Operative and peri-operative complications were considered.

Post-operative Course and Follow-Up
Neurological examination, with particular regard to language
deficits, was performed at patients’ awakening and regularly
during hospitalization. An early post-operative brain MRI
before and after gadolinium administration (0.1 mmoli/Kg) was
performed within 3 days after surgery to assess the extension of
tumor removal.

Gross total resection (GTR) was considered if no remnants of
the tumor could be detected compared with preoperative MRI
scans (i.e., with respect to any residual enhancement), otherwise,

resection was considered as subtotal resection, when the residual
tumor is <10% of initial mass; and partial when it is larger than
10% of pre-operative volume.

After a case-by-case discussion at the Tumor Board
multidisciplinary meeting, adjuvant treatments (radio and
chemo-therapies) were started 1 month after surgery, based on
the final diagnosis.

Neurological examination was repeated at 15 and 30 days and
every 3 months from the discharge; neuroradiological follow-up
consisting of a morphological MRI scan was performed every
3-6 months.

Tumor Histopathological and Molecular
Characterization

Surgical specimens were formalin-fixed and paraffin-embedded
(FFPE) according to routine procedures. The diagnosis was
assessed by one neuropathologist (S.A) according to 2016 WHO
classification of tumors of the central nervous system (48).

Immunohistochemistry was performed in an automated
stainer (Ventana, Tucson, AZ, using Ventana purchased
pre-diluted antibodies): antibodies anti-GFAP (clone EP672Y,
Cell-Marquez), anti-Olig2 (clone EP112, Cell-Marquez), anti-
synaptophysin (clone MRQ-40, Cell-Marquez), anti-BRAF
V600E (clone VE1, Roche), anti-CD34 (clone QBEnd/10,
Roche), anti-IDH1 R132H (Clone HO09, Dianova), anti-ATRX
(polyclonal, Sigma), anti-p53 (clone DO-7, Roche) were used.
Ki67 labeling index (clone 30-9, Ventana Medical Systems
Inc, Tucson, AZ, US) was evaluated by counting at least 1,000
neoplastic cells.

DNA from FFPE tissues was purified by the NucleoSpin
Tissue kit (Macherey-Nagel, Germany), following the instruction
of the provider. Mutational analysis of IDHI (exon 4), IDH2
(exon 4), H3-3A (exon 1), and TERT (promoter) was performed
using locus-specific amplicon libraries with tagged primers based
on Nextera™ sequence as previously described (49, 50). Each
Next Generation Sequencings (NGS) experiment on MiSEQ
(Illumina, San Diego, CA) was designed to obtain a depth of
coverage >1,000x. FASTQ files were processed in a Galaxy
Project environment (51), with hg38 as a human reference
genome, and mutations were visualized using BWA (Burrows-
Wheeler Aligner) and IGV (Integrative Genomics Viewer).
MGMT DNA Methylation analysis was performed by treating
the genomic DNA (50-500 ng) with sodium bisulfite using the
EZ DNA Methylation-Lightning Kit (Zymo Research Europe,
Freiberg, Germany) according to the manufacturer’s protocol.
DNA methylation was evaluated using targeted bisulfite NGS for
MGMT promoter (coordinates on chromosome 10: 129466810-
129467529, reference hg38), generating libraries with the same
approach for mutation analysis. FASTQ files were processed in a
Galaxy Project environment using BWAmeth and MethylDackel,
taking the human GRCh38/hg38 as the reference genome (52).

Identification of the 1p/19q allelic status was obtained using a
dual-color FISH analysis and an Olympus BX61 epifluorescence
microscope: for each case, at least 100 neoplastic nuclei were
counted, and the copy numbers of 1p36/1q25 and 19q13/19p25
were recorded for each nucleus.
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Statistical Analyses

Paired sample T-Tests or independent sample T-Tests were used
to compare, respectively, measurements are taken from the same
group of cases (i.e., right vs left fMRI activations) or to compare
data (i.e., DTT and histopathological and molecular data) between
groups. An adaptive significance threshold was applied using the
Benjamini-Hochberg false discovery rate (FDR) procedure to
account for multiple comparisons (53).

In addition, correlations between fMRI activations,
neuropsychological data, DTI measures (i.e, for the AF
and FAT), volume, and histopathological and molecular data
were calculated using the Pearson correlation coeflicient, again
accounting for multiple comparisons using the Benjamini-
Hochberg false discovery rate, setting the FDR to 0.1 since in
our study the number of subjects was <20 (54). All statistical
analyses were performed using IBM SPSS vs.27 and Matlab
2021b Bioinformatics Toolbox functions.

RESULTS

Ten patients presented seizures, followed by language
impairment and one with transitory mild aphasia, while
the remaining were incidental findings in three asymptomatic
patients and in one with gait disturbances. Surgery was
performed in an awake setting in eight cases and was
uneventful for all but three patients. One developed a surgical
field hematoma, causing hemiparesis, which required a re-
intervention with the prompt recovery of neurological deficit
in the following days. Another presented a post-operative
seizure, that was controlled with anti-epileptic pharmacological
treatment. The last had a transitory hemineglect of the
contralateral side, which spontaneously recovered in a few
weeks. GTR was achieved in 11 cases and in 4 a remnant inferior
to 20% of the initial volume was detected at post-operative MRI.
No patients developed language deficits in the post-operative
time, and the one with pre-operative transitory aphasia improved
after surgery.

Cortical Activation Patterns at Functional

MRI

All patients during phonemic fluency task fMRI showed left
hemispheric dominance in temporal regions (mean voxel on the
left = 3835.08 £ 2624.22; mean voxel on the right = 3243.08
=+ 2526.33; LI = 0.13) and parietal regions (mean voxel on the
left = 3643.69 + 2956.89; mean voxel on the right = 3164.92
=+ 2874.19; LI = 0.09). On the other hand, we found a slightly
right hemispheric dominance in frontal regions, specifically in
the frontal operculum (mean voxel on the left = 1321.85 £
961.12; mean voxel on the right = 1552.62 + 707.99; LI =
—0.16), although not significant, when considering the whole
group of patients. Instead, when considering only those patients
with tumors located on the left side (N = 10) this difference
increases, showing significantly higher activation on the right
frontal operculum compared to the left (mean voxel on the left =
1097.78 4 974.29; mean voxel on the right = 1479.11 + 682.19;
LI = —0.27; FDR adjusted p < 0.1) (Figure 2). No significant

FIGURE 2 | Axial views of the T2-w FLAIR image superimposed the fMRI
phonemic fluency fMRI activation. Example of one patient with left frontal
glioblastoma grade 4, showing the recruitment of contralateral compensatory
activation of right frontal operculum (A) and canonical temporal activation on
the left hemisphere (B).

differences were found when considering only those patients with
tumors located on the right side (N = 5).

Moreover, right frontal operculum activations for left-sided
glioma showed significant correlation with neuropsychological
performance, specifically with verbal memory (i.e., Digit Span
Forward Test, p = 0.074; r = 0.902), visuo-spatial short-term
memory (i.e., Corsi’s Block Test, p = 0.017; r = 0.954) and
executive functions (i.e., Stroop Test - time-, p = 0.074; r
= —0.910).

No correlations were found between the left
operculum and cognitive performance.

frontal

White Matter Fiber Tracts’ Microstructural
Features

In order to evaluate to which extents frontal gliomas affect
the surrounding neural fibers’ integrity, patients’ microstructural
parameters (MD and FA) of AF and FAT were compared to
those of healthy controls. Statistical analyses were conducted by
subdividing the patients’ samples into two subgroups according
to the glioma’s localization (left hemisphere, N = 10; right
hemisphere, N = 5).

Independent samples T-test (FDR correction, adjusted < 0.1)
comparing patients with left-sided glioma with controls, showed
alterations of left AF microstructural parameters: FA (patients’
mean = 0.424 £ 0.019; healthy controls = 0.450 & 0.024; p =
0.021) and MD [patients’ mean = (0.607 & 0.019) 1073 mm? s~ };
healthy controls = (0.586 + 0.019) 10~> mm? s=%; p = 0.021]
values. Similarly, MD values of the patients’ left FAT showed
higher values compared to controls (p = 0.021).

In addition, comparing the subgroup of patients with right-
sided glioma to the controls, a reduction of FA and an increase of
MD values were detected (all FDR adjusted p < 0.1) in right AF
and in right FAT (p = 0.027 and p = 0.001, respectively) (Table 4
and Figure 3).

Correlation analyses were successively conducted between
left/right AF and FAT microstructural parameters with
neuropsychological data, and significant correlations were
only found in the subgroup of patients with left-sided gliomas.
Specifically, FA reduction in the left AF was associated with
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TABLE 4 | Comparison of DTl parameters between patients and healthy controls.

DTI features HC (N = 24) LG patients (N = 10) LG patients vs. HC RG patients (N = 5) RG patients vs. HC
Mean Sd Mean Sd P-value Mean Sd p-value
Left FAT MD  0.594 0.020 0.637 0.072 0.021* 0.598 0.038 NS
FA 0.404 0.025 0.385 0.053 NS 0.404 0.034 NS
Left AF MD  0.586 0.019 0.607 0.019 0.021* 0.595 0.030 NS
FA 0.450 0.024 0.424 0.019 0.021* 0.427 0.037 NS
Right FAT MD  0.593 0.022 0.602 0.014 NS 0.668 0.076 0.001*
FA 0.405 0.023 0.389 0.027 NS 0.340 0.050 NS
Right AF MD  0.586 0.020 0.589 0.016 NS 0.671 0.106 0.027*
FA 0.433 0.033 0.415 0.030 NS 0.385 0.075 NS

FAT, frontal aslant tract; AF, arcuate fasciculus; MD, mean diffusivity values (103 mm? s=); FA, fractional anisotropy values; HC, healthy controls; LG, left glioma; RG, right glioma; sd,

standard deviation; *p < 0.05, (FDR) < 1. NS, non-significant.

FAT, left and right frontal aslant tract; AF, arcuate fasciculus; LG, microstructural features of patient with left glioma; RG, patients with right glioma; HC, healthy controls.

FIGURE 3 | Axial and coronal views of the T2-w FLAIR image with
superimposed the reconstruction of the AF (blue) and FAT (green) of one
patient with left frontal glioblastoma grade 4, showing the spatial relationship
between the tumor and tracts and in particular the displacement of both left
AF and FAT.

worse visuospatial short-term memory (Corsi Block Test, p =
0.04, 3r = 0.899), and FA reduction in the left FAT was associated
with worse performance in visuo-constructional and planning
abilities (ROCF copy, r = 0.944, p = 0.037).

Histopathological and Molecular
Characterization

Histopathological and molecular characterization of tumors was
achieved considering tumor grade according to 2016 WHO (48)
and several biomarkers (i.e., IDH-1, TERT, MGMT, DEL1p/19q,
Ki-67). Six tumors confirmed to be grade II according to WHO,
five were grade II1I, and four were grade IV, histological diagnosis
was astrocytoma in four cases, oligodendroglioma in two,
anaplastic astrocytoma in two, anaplastic oligodendroglioma
in three and the remaining were glioblastomas. Molecular
characterization is reported in Table 1.

Independent sample t-tests were run to explore the
influence of these parameters on the frontal operculum
compensatory mechanisms, white matter tracts integrity,
and neuropsychological performance. Results showed that

compensatory activations of the right frontal operculum were
significantly higher in patient with IDH-I mutation (1,704
+ 577,897) compared to wild-type (720 4+ 1018.234) (FDR
adjusted p = 0.067), instead, no association was found with DTI
microstructural parameters. A similar difference in the right
frontal operculum activation was found between patients with
TERT mutation in comparison to wild-type (FDR adjusted p
= 0.031) and in those with deletion of 1p19q (FDR adjusted
p=0.008).

No differences in cortical fMRI activation were observed in
patients with MGMT methylation, Ki-67 values, or different
tumor grades, as well as between all these parameters of
histopathological and molecular characterization and DTI
microstructural alterations.

Significant differences in neuropsychological performance
were observed between patients with IDH-1 mutated gliomas
and wild-type. Specifically, patients with IDH-1 mutation showed
better performance in tests that measure general cognitive
abilities (i.e., MMSE, FDR adjusted p = 0.007), semantic fluency
(Category Fluency Test, FDR adjusted p = 0.093), verbal short-
term memory (Span forward, FDR adjusted p = 0.037), and
executive functions (FAB, FDR adjusted p = 0.037; TMT-B, FDR
adjusted p = 0.093).

Instead, no  significant  correlations were found
between tumor volumes and right frontal operculum
activations,  neuropsychological — performance or DTI

microstructural parameters.

DISCUSSION

Phonemic fluency is the conventional test used for the detection
of frontal lobe dysfunction (55). Converging findings from
healthy controls and lesion studies using functional fMRI
demonstrate that fluency tasks activate a left-lateralized network
of cortical regions (56). In this preliminary study, we demonstrate
that patients with frontal brain gliomas during a phonemic
fluency task showed compensatory cortical activations of the
corresponding regions in the non-dominant hemisphere. In
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particular, we found that patients with left-sided frontal gliomas,
albeit right-handed, showed significantly higher activation of the
right frontal operculum compared to the left. This emphasizes
the possible pivotal role that the contralateral frontal operculum
could play in the neurocognitive adaptive reorganization in
patients with brain gliomas. Indeed, our study shows that
the results were associated with improved neuropsychological
performance in the domains of verbal and visuo-spatial memory
and executive functions, while ipsilateral frontal operculum
presented no significant association with cognitive performance.
This is in line with the suggestions that the frontal operculum,
which contains Brocas area, is essential for language and
general cognitive functions, and previous studies that examined
patients with lesions of the frontal operculum showed a specific
association with clinical aphasias (57, 58).

Surgery of gliomas of eloquent areas is challenging for the
double aims that it poses to the surgeon. Although its goal
should be complete tumor removal, it should avoid neurological
deficits to preserve the patient’s quality of life. Particularly, frontal
gliomas, involving the dominant operculum areas (usually left-
sided), are often considered at high risk for resection. It has
been argued that compensatory plasticity mechanisms of the
brain may help the surgeon to reduce the risk of post-operative
deficit, possibly tailoring the surgical resection or, as proposed by
some authors, favoring the implementation of these processes by
means of specific stimulations also pre- or post-operatively (59).

Besides functional compensatory mechanisms, white matter
tracts (i.e., AF and FAT) play also a crucial role in language
and general cognitive processing. In this study we found that
the presence of microstructural alterations, i.e., reduction of
FA values of the FAT, is associated with worse performance in
the Rey-Osterrieth complex figure (ROCEF), a test that measure
visuo-constructive and planning abilities. This result is in line
with a recent systematic review that showed the role of the FAT in
the visuo-motor process that supports movement planning (60).

Nowadays, histopathological and molecular characterizations
are gaining a crucial role in gliomas. Indeed, many glioma
entities are defined on the basis of genetic alterations in
various driver genes such as IDHI-2, ATRX, TP53, CDKN2A/B,
TERT, and H3 K27 (61). Interestingly, we observed that the
contralateral compensatory activation of the operculum region
was mostly dependent on some molecular parameters of the
tumors, such as IDH-1 mutation, TERT mutation, and deletion
of 1p19q, instead of the pathological grade of the tumor. This
could suggest that those tumors, with a longer natural history
and, at least an initial slower growth, could induce more
effectively a contralateral cortical compensation, favoring better
neuropsychological performances, as we observed for patients
with IDH-I mutations. The demonstration of such compensatory
cortical activation and the association with better cognitive
performance would help to clarify neuroplasticity mechanisms
that occur in the presence of a tumor and thus predict the
rate of post-operative deficit, with the final goal of improving
patients’ quality of life. One of the main limitations of this
study is related to the number of patients enrolled; therefore,

inductive statistical techniques (i.e., multivariate analyses and
prediction models) are not suitable. In addition, an ad hoc
pipeline to perform multiparametric advanced analyses that fuse
fMRI and DTT data is not available for a small sample size (62).
Further studies with a larger sample and follow-ups are needed
to complement these encouraging preliminary results and to
confirm our ‘proof of concept’ study. If confirmed, the present
results enhance the role of presurgical fMRI in guiding a more
aggressive surgery of frontal lobe gliomas when a contralateral
compensation is evident.
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Introduction: The plasticity of the neural circuits after injuries has been extensively
investigated over the last decades. Transcallosal microsurgery for lesions affecting the
third ventricle offers an interesting opportunity to investigate the whole-brain white
matter reorganization occurring after a selective resection of the genu of the corpus
callosum (CC).

Method: Diffusion MRI (dMRI) data and neuropsychological testing were collected
pre- and postoperatively in six patients with colloid cysts, surgically treated with a
transcallosal-transgenual approach. Longitudinal connectometry analysis on dMRI data
and graph analysis on structural connectivity matrix were implemented to analyze how
white matter pathways and structural network topology reorganize after surgery.

Results: Although a significant worsening in cognitive functions (e.g., executive and
memory functioning) at early postoperative, a recovery to the preoperative status was
observed at 6 months. Connectometry analysis, beyond the decrease of quantitative
anisotropy (QA) near the resection cavity, showed an increase of QA in the body and
forceps major CC subregions, as well as in the left intra-hemispheric corticocortical
associative fibers. Accordingly, a reorganization of structural network topology was
observed between centrality increasing in the left hemisphere nodes together with a rise
in connectivity strength among mid and posterior CC subregions and cortical nodes.

Conclusion: A structural reorganization of intra- and inter-hemispheric connective fibers
and structural network topology were observed following the resection of the genu of
the CC. Beyond the postoperative transient cognitive impairment, it could be argued
anterior CC resection does not preclude neural plasticity and may subserve the long-term
postoperative cognitive recovery.

Keywords: diffusion MRI, anterior callosotomy, white matter, structural connectivity, network topology, graph
analysis, colloid cyst
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Brain Structural-Reorganization After Corpus-Callosum Resection

INTRODUCTION

Lesions invading the third ventricle include a wide variety of
neoplasms and cysts formation typically not affecting the brain
parenchyma. Colloid cysts are rare and slow-growing benign
lesions, most frequently located in the anterior part of the
third ventricle. Due to the increased risk of acute obstructive
hydrocephalus, or the development of chronic hydrocephalus-
related symptoms (i.e., headache, gait disturbance, and cognitive
impairment), surgical excision of these lesions is required in
symptomatic cases (1-3). The standard surgical procedures
include transcortical, transcallosal, or endoscopic surgical
approaches (4). However, when the lesion is close to the
neurovascular structures such as bringing veins, arteries, fornix,
hypothalamus, or cingulate gyrus, surgical procedures are
critical, since healthy brain tissue could be damaged (5) with a
high risk for postsurgical cognitive sequelae (6-9). In particular,
corticocortical connections such as the corpus callosum (CC)
may be damaged in the transcallosal approach as a result of
surgical access (9, 10), whereas cortico-subcortical structures, i.e.,
the fornix, may be affected in all the available surgical approaches
as result of surgical manipulation due to the close spatial
relation with the lesions (11). Damages to the fornix structures
have been widely associated with memory dysfunctions (6,
12-14), caused by the disconnection occurring within the
limbic system itself (hippocampus and mammillary bodies)
and the connection between the frontal lobes (cingulate gyrus)
and the limbic system (thalamus, hippocampus). Otherwise,
although the more common cognitive deficits after anterior
callosotomy are related to long-term memory impairment,
executive dysfunctions, and information exchange between the
cerebral hemispheres (e.g., the interhemispheric transfer of
motor learning and, to a lesser extent, processing speed) (15),
there is still a lack of consensus about permanent cognitive
deterioration after anterior body callosal resection (16, 17).
Here, we aim at investigating the clinical outcome and the
brain functional and structural reorganization after a selective
resection of the anterior part of the CC in a cohort of
patients who underwent colloidal cyst removal through a
new interhemispheric transcallosal surgical approach based on
a parallel incision on the genu of CC (18). This surgical
approach offers some technical advantages: increasing the line
of sight along the anteroposterior axis of the third ventricle,
allowing a good exposure and bimanual dissection of the
lesion, and facilitating complete lesion removal, but even
ensuring a better visualization of the closest crucial anatomical
healthy structures.

Diffusion  Tensor Imaging (DTI) together with
neuropsychological data, were collected pre- and postoperatively
to study the clinical outcome and the whole-brain structural
reorganization, investigating quantitative anisotropy (QA) index,
and also changes in the network topology reorganization after
the resection of the anterior CC.

MATERIALS AND METHODS

Study Design and Patient Selection

The study protocol was in accordance with the current STROBE
guidelines for cohort studies. A series of six consecutive patients
(4 F) were recruited at Neuromed Institute (Pozzilli, Is) during
the period between September 2019 and June 2021. Eligible
patients were those with a characteristic radiological feature of a
cystic lesion in the anterior roof of the third ventricle, confirmed
by histological findings, who completed the neuropsychological
and radiological follow-up. All the surgical procedures have been
performed by the last author (V.E.). All the patients gave their
informed consent at the moment of the hospitalization. Data
were treated in accordance with the Helsinki declaration.

MRI Acquisition and Surgical Procedure

All the patients underwent MRI examinations by using a 3-Tesla
scanner (GE SignaHDxt, GE Medical Systems, Milwaukee, USA).
A 3D T1-weighted (SPGR) structural scan with voxel size = 1 x
1 x 1 mm?3, repetition time = 7,272 ms, echo time = 300 ms and
flip angle = 13° was acquired. dMRI data were collected using
a spin-echo echo-planar imaging sequence with 30 diffusion
encoding directions with repetition time = 12,200 ms, echo
time = 91ms, slice thickness 3mm, flip angle 90°, b = 0
and 1,000 s/mm?. Both the MRI acquisitions were performed
during the week before the surgery and repeated 6 months after
surgery (postoperative).

In all the cases, the cyst was located in the anterior part of
the third ventricle. The surgical technique requires the access
through the non-dominant dura mater, incision in performed
on the genu of the CC is and runs parallel to the commissural
fibers between the two pericallosal arteries, until the frontal horn
of the lateral ventricle is accessed and the right foramen of
Monro is identified [see Esposito et al., (18) for details on the
surgical procedure].

Neuropsychological Evaluation
An extensive cognitive evaluation assessing several cognitive
domains (i.e., short-term/working memory, long-term memory,
attention, praxis abilities, language, abstract reasoning, and
executive/frontal cognitive functions) was collected 3 days before
the surgery and in two follow-ups: 1 and 6 months after surgery.
The neuropsychological battery included the Mini-Mental
State Examination (MMSE); the Frontal Assessment Battery
(FAB) for executive functions (both repeated at the second
follow-up only); a task of verbal episodic long-term memory
(Rey’s Auditory Verbal Learning Test, RAVLT and Babcock
Story Recall test, BSRT); tasks of spatial (forward Corsi Block-
Tapping Test) and verbal (forward and backward Digit Span)
short-term/working memory; a task for long-term visuospatial
memory (Rey figure recall); abstract reasoning test (Raven’s
Progressive Matrices 47, RPM '47); phonological and semantic
verbal fluency; response inhibition (Stroop interference test,
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SCWT); a task of divided visual attention (Trail Making Test
A-B); and constructional praxis (Copy of Rey figures).

Data were corrected for age and educational level and tests
parallel versions were adopted to minimize practice effects.
Differences among baseline vs. 1 month, 1 vs. 6 months,
and baseline vs. 6 months evaluations were analyzed by the
Wilcoxon’s test for non-parametric testing. The statistical analysis
was performed using R studio software 1.3.1. The alpha level was
set at 0.05 for statistical significance.

Image Processing

Volumetric Data Segmentation for Ventricular Volume
To establish the presence of ventriculomegaly, a volumetric
analysis was performed. The volumes of each brain structure were
extracted from 3D T1 scan by using a well-established online
software pipeline (http://volbrain.upv.es). This pipeline allows to
first improve the quality of the images and analyze and locate
them in a common geometric and intensity space and then to
perform segmentation at several anatomical levels (19). Each
subcortical structure volume was extracted as a relative value,
measured in relation to the Intracranial Volume (ICV). The
pre- and postoperative volumes of both lateral ventriculi were
extracted and analyzed using the Wilcoxon’s test.

Diffusion MRI Data Processing

The dMRI data were analyzed in DSI Studio software (http://dsi-
studio.labsolver.org/). First, the DICOM data of each participant
were loaded and renamed to generate the “SRC.gz”, a DSI
owner file format containing the raw diffusion weighted images
and the metadata associated, namely, image dimension, voxel
size and b-table, that are used for reconstruction. DTI were
corrected for subject motion and the SRC file was checked
to ensure its integrity and quality (20). For each patient and
scan (pre- and postoperative), the DTT were reconstructed in a
common stereotaxic space by applying the g-space diffeomorphic
reconstruction (QSDR) algorithm (21) on the HCP-1021 young
adult template, selecting the orientation distribution function
(ODEF), i.e., the marginal probability of diffusion in a given
direction, for mapping the orientation architecture of the
tissue. The diffusion sampling length ratio was set to 1.25.
The goodness-of-fit was evaluated using the R2 between the
warped image and template image. All the patients in this
study had R? > 0.67. The vector field (fiber orientations)
and anisotropy information (the magnitude; “FIB.gz” file)
from all the participants were included in the connectometry
database and used to conduct fiber tracking analysis. Finally, the
patients’ scans were paired between baseline scan and follow-
up scan for each patient by using the function “Modify a
Connectometry Database.”

Group Connectometry Analysis

Using the DSI studio software, the dMRI connectometry protocol
(22) was adopted to identify tracts with significant differences
in QA between longitudinal scans, by checking “intercept” as
study variables. We tested different levels of T-score (2; 2.5; 3)
at different significance levels (FDR: 0.05, 0.075 and 0.1) (23)
and we found that the results were consistent. Then, by using a

deterministic fiber tracking algorithm (24), a T-score threshold
of 2 was chosen to obtain correlational tractography. The QA
values were normalized. We used as terminative region left- and
right-cerebellum-white matter and cortex using Freesurfer atlas
and as seeding region the whole brain. The tracks were filtered
by topology-informed pruning (20) with 1 iteration. A length
threshold of 20 voxel distances was used to select tracks. Finally,
to estimate the false discovery rate, a total of 2,500 randomized
permutations were applied to the group label to obtain the null
distribution of the track length.

Graph Theory: Reorganization in Network
Topology

In order to investigate how reorganizations in the tracts drive
changes in the network topology, we extracted graph theory
measures to estimate changes between pre- and postoperative
dMRI scans, by using DSI studio software. Using the “FIB.gz” file
for each patient, two different databases were created, specifically
for pre- and postoperative scans. The whole-brain fiber tracking
of the population average for each database was calculated
(10,000,000 seeds). A connectivity matrix was generated using
FreesurferSeg atlas (25) with pass region as nodes, the number
of fibers passing through a region (i.e., count) as metric and
a threshold of 0.001. The (weighted) between centrality (BC)
metric, a network property considered as an index of the short
pathways passing through a specific node, was extracted and
computed between scans, by subtracting the preoperative value
from the postoperative value as proposed by Taylor et al. (26).

In order to evaluate whether the strength of connection
varies between the CC and the nodes of cortical parcellation,
a connectivity matrix of connectivity strength was computed.
The five subdivisions of CC (posterior, mid-posterior, central,
mid-anterior, and anterior, following the DSI studio built-in
parcellation on the FreesurferSeg atlas) were considered as nodes
and the cortical sites that show changes between pre- and
postoperative scans (55 regions for the left hemisphere and 23
regions for the right hemisphere) were extracted by subtracting
the preoperative strength value from the postoperative strength
value. Then, a 3D graph presentation was obtained from .mat file
in DSI Studio and the connectogram was generated with CIRCOS
software package (https://mkweb.bcgsc.ca/tableviewer/).

RESULTS

A total of six consecutive patients (4F; mean age 39.9 years,
ranging from 19 to 52 years, mean education was 13.6 years,
ranging 8-18 years) who completed neuropsychological and
radiological follow-up took part in the study. The transagenual
transacallosal surgical approach (18) allowed the gross total
resection of colloidal cists in the whole sample. The callosotomy
mean was 1.17 &= 0.42 mm (measured on anterior-posterior axis)
in all the patients. No disconnection syndrome was registered,
and no permanent deficit was reported in all the patients.
Although still persisting a post-surgery ventriculomegaly, the
volumetric analysis suggested a spontaneous reduction of the
preoperative hydrocephalus in five over six patients. In particular,
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the preoperative lateral ventricle mean value was 6.24% of
the total brain volume (4:3.21), while the postoperative lateral
ventricle mean value was 3.68% (£1.92; p > 0.05 between
pre- and postventricular volume). No permanent CSF diversion
was required.

Neuropsychological Outcome

Cognitive domains such as working memory, spatial memory,
abstract reasoning test, response inhibition, divided visual
attention, and constructional praxis showed a slightly worsening
1 month after surgery, with a recovery to the baseline at
the second follow-up (Table 1). The screening evaluation and
executive function battery (MMSE, FAB) remained stable
between the baseline and the follow-up evaluation (p >
0.05), suggesting no global cognitive deterioration after surgery.
Interestingly, memory performance at RAVLT immediate recall
showed a significant improvement between the first and the
second follow-up (p = 0.031), with a recovery in the short-
term memory performance. Although not reaching statistical
significance, the post-operative evaluation of RAVLT delayed
recall was considerably worse compared to the baseline and
the 6-month follow-up evaluation (p = 0.062; p = 0.059,
respectively). Similarly, the BSRT median score collected at
1 month was significantly worse compared with the baseline
and the second follow-up (p = 0.035; p = 0.035, respectively).
Moreover, fluency test scores (i.e., phonological and semantic
verbal fluency) showed a postoperative recovery: semantic
fluency performance at early post-operative was significantly
worse than the baseline and the second follow-up (p = 0.036;
p = 0.030, respectively). Finally, the verbal fluency score was
significantly worse at 1 month, compared with the 6-month
follow-up (p = 0.035). Thus, beyond the strong impact of
the surgery on the episodic memory and executive functions
performances at the early postoperative (<1 month), a cognitive
functions recovery was registered at 6 months.

Postoperative Microstructural White
Matter Reorganization and Network
Topology

We characterized surgery-induced microstructural changes
in white matter and network topology in colloidal cysts
patients considering the longitudinal acquisition of dMRI
The results of connectometry analysis showed a significant
variation in QA value (FDR < 0.05) between the baseline
dMRI and the postoperative scans. Figurel showed the
subsections of white matter tracts with significant changes
in negative and positive QA (FDR < 0.05; T-score = 2).
First, connectometry study detected widespread surgery-induced
changes corresponding to the surgical access (i.e., the genu of
CC) and in subsections of the tracts located in the frontal
areas of the right hemisphere (reticular tract, anterior thalamic
radiation Cingulum Parolfactory, FDR = 0.011). In addition to
the previously expected QA reductions, we found QA increased
(FDR = 0.071) in the body, forceps major anterior tapetum of CC
and in associative bundles of the left hemisphere (frontal Aslant
tract, optic radiation and superior longitudinal fasciculus III).

Finally, in order to evaluate whether these changes within the
white matter bundle influence the whole-brain network topology,
a graph analysis was implemented. Results showed significant
changes in BC values in the left hemisphere globally. In particular,
BC rises in the left precentral and frontal opercular gyri. It
indicates how important the left hemisphere regions are by virtue
of being on the shortest paths between other regions, due to
the information integrations across the network. By contrast, a
decrease in BC was found in the middle and superior frontal gyri
bilaterally, with a reduction of their role in passing shortest paths.

Using the connectivity matrix, indicating the connection
strength between these nodes and the five sections of CC,
we found a postoperative redistribution of fibers connection
of middle and superior frontal gyri from anterior CC toward
the middle and mid-posterior CC section. On the other hand,
considering the connection between the CC and the left
precentral region, in which an increase of BC was found, results
showed a global increase of these fibers bundles (Figure 2).
Notably, we found a global increase of fiber bundles in the mid-
anterior and central CC, whereas at the same time a reduction
was found in the anterior CC (where callosotomy occurs) as
well as in the mid-posterior and posterior CC. Importantly,
considering the connection strength between the CC subdivision
and the cortical nodes, we found an increase in the number
of connections between the mid-anterior and central CC and
the cortical nodes, especially the middle and superior frontal
gyrus bilaterally. Otherwise, considering the anterior CC, we
found a decrease in connection with the right frontomarginal
gyrus, whereas the connection with the left frontomarginal gyrus
increased considerably. In addition, we found a postoperative
reduction of strength between the superior frontal gyrus and
anterior CC. Considering the connection between the CC
central and mid posterior, we found a postoperative increase
of connection between the precentral gyrus, in particular in
the right hemisphere. Finally, considering the CC posterior,
we found a postoperative increase in connections with the
superior parietal and occipital region bilaterally and with
the left precuneus.

Taken together, beyond the change in connection strength
in the resected area, many regions have a substantial increase
in their BC and connectivity strength. It shows a postoperative
widely distributed redirection of shortest paths in the network
suggesting the existence of many alternative pathways in
the brain.

DISCUSSION

Measures derived from the whole-brain tractography are
increasingly being used to characterize the structural connectome
of the brain (27-31). This global tractography approach is
complementary to the functional connectivity between cortical
regions (i.e., resting-state functional connectivity; rsFC) and
was used in a growing number of studies investigating the
structure-cognition associations in the healthy subjects (32),
in developmental and aging studies (33, 34), and also in a
range of clinical populations (35-37). The microsurgical removal
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TABLE 1 | Neuropsychological evaluations: number of patients with out of normal range (ONR) scores and mean scores among the three evaluations are showed.

Cognitive domain Neuropsychological test Cut-off Evaluation ONR score (N) Mean score 1 vs. 6 months (p < 0.05)
Screening MMSE 23.38 Baseline 0/6 28.37
0/6 -
6 months 0/6 28.95
FAB 13.5 Baseline 1/6 15.64
0/6 -
6 months 0/6 16.50
Episodic memory RAVLT immediate recall 28.5 Baseline 2/6 29.00
1 month 4/6 21.63
6 months 2/6 31.79
RAVLT delayed recall 4.6 Baseline 2/6 5.04
1 month 5/6 2.19
6 months 3/6 5.26
BSRT 8 Baseline 0/6 13.08
1 month 3/6 9.01
6 months 0/6 16.78
Working memory DSF 4.26 Baseline 3/6 4.48
1 month 4/6 4.63
6 months 2/6 4.64
DSB 2.65 Baseline 1/6 3.37
1 month 0/6 3.40
6 months 0/6 4.35
Spatial working memory Corsi block-tapping test 3.5 Baseline 1/6 4.53
1 month 2/6 3.87
6 months 2/6 4.50
Visuo-spatial memory Rey-figure delayed recall 9.47 Baseline 1/6 15.28
1 month 0/6 14.48
6 months 0/6 19.77
Abstract reasoning RPM 47 18.96 Baseline 0/6 28.77
1 month 0/6 26.18
6 months 0/6 30.65
Language fluency Semantic verbal fluency 7.25 Baseline 0/6 14.10
1 month 0/6 712
6 months 0/6 16.52
Phonological verbal fluency 10.69 Baseline 1/6 26.73
1 month 1/6 20.42
6 months 0/6 29.16
Attention TMT A 93 Baseline 0/6 37.33
1 month 0/6 45.67
6 months 0/6 33.00
T™MT B 282 Baseline 1/6 107.11
1 month 0/6 130.44
6 months 0/6 103.10
TMT B-A 186 Baseline 0/6 69.93
1 month 0/6 85.41
6 months 0/6 70.24
Inibhition SCWT interference time 36.9 Baseline 1/6 36.84
1 month 2/6 36.33
6 months 1/6 26.80
SCWT interference errors 4.2 Baseline 1/6 1.46
1 month 1/6 1.80
6 months 1/6 1.57
Constructive apraxia Rey-figure copy 28.8 Baseline 1/6 32.47
1 month 0/6 33.07
6 months 0/6 35.48

Significative differences were found in: RAVLT immediate recall 1 month vs. 6 months;, BSRT baseline vs. 1 month and baseline vs. 6 months; Semantic fluency 1 month vs. baseline
and 1 month vs. 6 months,; Phonological fluency 1 month vs. 6 months. Out fo Normal Range (ONR).
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of lesions affecting the third ventricles (e.g., colloid cysts),
although rare, offers a unique opportunity to study how brain
plasticity occurs as a consequence of targeted lesioning of CC,
and, secondarily, how the structure-cognition relationship could
be affected.

Corpus callosum is the major commissural association
pathway in the brain, subserving the highest and most complex
cognitive functions. It exhibits a topographically functional
specialization with different callosal subregions connecting
a set of cortical areas: the genu, with small unmyelinated
fibers, connects the orbitofrontal and medial prefrontal cortices,
whereas mid and posterior regions, with large diameter fibers,
connects the temporal, parietal, and occipital regions (38, 39).
Although the different origin of the anterior and posterior CC
portions seems to correlate with different functional properties,
the resection gives rise to different effects with the splenium
excision that elicit disconnection syndrome (40), whereas
resection of the anterior CC may do not (41). Therefore, the
influence of CC lesions on clinical outcome and whether or not
the vulnerability of each region of the CC surgical resection
impacts the cognitive functions remain unclear.

Here, we investigated the cognitive functions and the
structural changes of white matter pathways in a small cohort
of patients treated with a recently proposed surgical technique,
called the transcallosal transgenual approach (18), which requires
the incision of the anterior part of the CC to surgically access
the lesion.

To this aim, we performed two complementary analyses to
study the whole-brain postoperative white matter reorganization
that occurs after a selective resection of the CC. dMRI
connectometry analysis based on the QA index and graph

analysis of brain structural connectivity was used to identify
the specific microstructural and structural changes within
subsections of fibers that may subserve the brain connectivity
or network topology reorganization (22, 42). Alongside the
cognitive recovery registered at the second neuropsychological
follow-up, the connectometry analysis of dMRI showed
significant changes in white matter structural connectivity.
Beyond the loss of fibers close to the resection cavity, an
increment in QA was registered in the region of the CC
close to the lesion, but not affected by the surgery, as well
as in long associative bundles such as Frontal Aslant Tract,
Superior Longitudinal Fasciculus and Optic Radiation in the
left hemisphere. Accordingly, a considerable change in the
structural network connectivity was registered, with an increase
of centrality in the left hemisphere nodes, particularly the
precentral and the fronto opercular gyrus, suggesting these
nodes become more important in the information flow at the
whole-brain level.

When occurring a lesion, the shortest path between nodes can
change by traversing other areas. Thus, the BC in this region can
either increase or decrease following surgery (26). Accordingly,
with the significant QA increase in the white matter tracts, most
of the regions show a BC increase involving the left hemisphere.

Even the connectivity matrix highlights a new network
topology following the surgery, with a strengthening toward the
middle and mid-posterior CC section, complementary to the loss
of strength in the anterior regions. It could be argued that the
selective lesion of the genu of the CC could allow for a brain
plastic reorganization at the structural network connectivity level.
With the disconnection of some tracts, the shortest paths redirect,
leading to an increase in BC in specific left hemisphere nodes.
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FIGURE 2 | Structural network connectivity changes. (A) Preoperative plots; (B) postoperative plots. On the top the corpus callosum subsections and surgery. CC
subsections are colored as in the CC figure. On the middle the 3D graph visualization of plot connectogram. The cerebral plot shows the brain areas involved in the
structural network connectivity changes. On the bottom the Circos plot shows the strength of connectivity among CC subsections and cortical nodes.

Moreover, the evidence on the structural white matter and
network reorganization after the resection of the genu of the CC
might drive brain plasticity and subserve the cognitive recovery
to the baseline.

Few publications deal with the neuropsychological outcomes
following colloidal cist removal and the role of the surgical
excision in the clinical conditions is still debated (43). Here, no
sign of disconnection nor attention impairment were registered,
neither at early stage, suggesting that the transgenual approach
could be safer than other transcallosal approaches. However,
tumors involving deep regions, such as the third ventricle, are
frequently associated with memory impairment. The critical role

of the fornix has been proposed in several researches, suggesting
that the more the severity of fornix damage, the more the
severity of memory impairment (7, 13, 14, 44). Notably, here
no differences in the fornix micro-structures have been reported
by the connectometry analysis between pre- and postoperative
DTI scans, indicating the integrity of these structures and
suggesting transgenual opening is fornix-sparing. Moreover, we
registered a good recovery of verbal memory functions at the
second follow-up. Although we found a worsening in-memory
performance at early postoperative, in line with the literature
demonstrating that nearly half of the patients exhibited reduced
performance in verbal recall 4 weeks postoperatively (45-50),
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longer follow-up reported an improvement in cognition (51),
as occurred in our patients. Our data can help explain the
structural basis of this established cognitive recovery, showing
that the microstructural white matter pathway and network
topology clearly reorganize following the surgery, and, at the
same time, the lesion of the genu of the CC does not prevent
this reorganization.

It is important to note that even ventriculomegaly might
influence the neuropsychological performance (43, 52),
although no patients need CSF diversion, ventriculomegaly
was still reported and might be associated with poor cognitive
performance still registered at the follow-up.

The present study has some limitations. The small size
of the sample and the patients heterogeneity (e.g., age,
ventriculomegaly) reduce its statistical power. Nevertheless,
colloid cysts are a rare clinical condition making it hard
to reach a homogeneous population. Moreover, despite using
other processing methods (i.e., macrostructural changes) [i.e.,
pre- and postoperative functional connectivity investigation
of neuropsychological outcomes (53, 54)] may help explain
how callosotomy affects brain reorganization and cognition,
actually, pre- and postoperative data collection including both
radiological and neuropsychological data are very infrequent in
the literature. Finally, we highlight the microstructural changes
and structural connectivity graph topology, however, other
structural connectivity metrics may play a role in the cognitive
recovery, such as fibers’ volume.

Further detailed pre- and postoperative neuropsychological
studies, or experimental studies investigating more cognitive
aspects of interhemispheric transfer of information (e.g.,
tachistoscopic presentation of stimuli) are required to get
deeper on how the surgical approaches, tumor location, and

the associated ventriculomegaly affect the cognitive function
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