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Where are higher-order cognitive
functions? The paradox of
non-locality in awake cognitive
mapping using a complex
dynamic system framework
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Esteban Félez?°, Natalia Navarro-Peris?, Pedro Pérez del Rosario'?,
Raul Hernandez Bisshopp! and Jaime Dominguez-Baez!
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Sciences, Universidad Europea de Canarias, Tenerife, Spain, *Institute of Neuroinformatics: University
of Zurich and ETH, Zurich, Switzerland

This study addresses the challenge in identifying and preserving higher-order cognitive
functions within a complex dynamic systems framework during neurosurgery. Traditionally,
neurosurgical practice has prioritized avoiding language and motor deficits, while
higher-order functions—such as social cognition and executive processes—remain
underexplored. These functions arise from dynamic large-scale networks operating
in an optimal balance between synchronization and metastability rather than from
isolated and localized cortical regions. This complexity highlights a paradox of
non-locality in awake cognitive mapping: no single area “contains” a function, but
certain “critical points” can transiently disrupt network dynamics when stimulated
intraoperatively. Direct electrical stimulation provides unique real-time insights by
inducing brief dyssynchronizations that elicit observable behavioral changes, allowing
neurosurgeons and neuropsychologists to pinpoint crucial cortical and subcortical
“connectome-stop points” and minimize damage. Preserving deep white-matter tracts
is essential, given their limited neuroplasticity and the profound, often irreversible
impact of tract lesions on cognition. To address these challenges, we propose a three-
step awake cognitive mapping approach: (1) localizing critical points of networks via
DES-driven behavioral impairment, (2) constant monitoring of multiple cognitive
domains as tumor resection progresses, and (3) halting resection at connectome-
stop points to prevent irreversible deficits. An illustrative case involving a right parietal
glioma demonstrates how this methodology integrates computational neuroscience,
network theory, and clinical practice to achieve optimal functional preservation and
maintain the patient’s quality of life.

KEYWORDS

cognitive mapping, computational neurosciences, awake neurosurgery, emotions,
network neuroscience, connectomics

“Coordination in the brain is like a Balanchine ballet. Neural groups briefly couple, some join
as others leave, new groups form and dissolve, creating fleeting dynamical coordination
patterns of mind that are always meaningful but do not stick around for very long”—Kelso
and Engstrom (Kelso and Engstrom, 2006).
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Introduction

Where are higher-order functions located within the brain? Can
we identify and preserve the critical regions responsible for
cognitive-emotional functions in vivo? Why has neurosurgery
mainly focused on avoiding language and motor deficits while
we still observe up to 30-35% of long-lasting deficits in social
cognition and other higher-order functions? (Duffau, 2021; Pertz
etal., 2022).

One of the main reasons has been the prevalence of a rigid and
modular vision (localizationism) of the central nervous system,
tethering our understanding of the human brain to structure
without recognizing that structure only influences but does not
define function (Shine et al., 2016; Cabral et al., 2017). Shortly
after Paul Broca described the case of Victor Louis Leborgne
(Broca, 1861), other eminent neuroscientists began exploring
ideas beyond a network perspective. For instance, Pierre Marie
stated, “Patients could be aphasic not due to a lesion in a specific
region of the brain, but because of a set of complex anatomical
structures” (Brais, 1992). However, these papers did not have
enough impact until network neuroscience emerged much later
(Mandonnet and Duffau, 2021). Another significant reason is the
persistent lack of understanding of the neural underpinnings of
conation, cognition, and emotion—those functions that enable us
to generate an immense repertoire of goal-directed behaviors in
response to internal and external stimuli from an ever-changing
world (Duffau, 2017; Martin-Fernandez et al., 2024). In this
domain, awake mapping and cognitive neuropsychology have
been working to fill this gap, a challenge for neuropsychologists
and neurosurgeons in the operating theater: Where and how
should cognitive functions be located and preserved during
surgery? Unlike some functions that are modular and based on
local-level networks, such as top-down (motor functions) and
bottom-up (visual and sensory), higher-order cognitive functions
are context-sensitive functions that arise as emergent properties
resulting from the interaction and reconfiguration of several
dynamic large-scale networks (Shine et al., 2016; Herbet and
Duffau, 2020). This complicates the identification of complex
cognitive areas involved in these functions. Although we have
attempted to rely on recent advances in neuroimaging, it is
important to highlight its spatiotemporal limitations since fMRI
processing depends on hemodynamic responses (the BOLD
signal) and does not directly detect electrical activity or rapid
metabolic changes across widespread brain regions (Ogawa et al.,
1993; Menon et al., 1999).

Over the last decade, computational neuroscience has led us to a
more integrative, systems-level understanding of the connectome
provided by complex dynamic systems theory. Within this
framework, the brain operates like a flock of starlings during a
murmuration, where each brain node—part of several large-scale
networks—interacts in a state of self-organized criticality, that is,
between order and chaos (Shine et al,, 2021; Cabral et al., 2022). This
state is known in computational neuroscience as the optimal state of
synchronization and metastability of the central nervous system
(Vasa et al, 2015). Altered metastability has been implicated in
various psychiatric illnesses, such as Alzheimers disease or
schizophrenia (Lee et al., 2018; Anyaeji et al., 2021). Though limited,
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these models can help us relate structural connectivity, neural
dynamics, and behavior.

But how could neurosurgery go one step further? Here,
we propose a perspective about how we could move to the
emergentism of higher-order cognitive functions under the complex
dynamic systems framework to better understand how to preserve
those neural networks involved in conation, cognition, and emotion
during awake mapping. For this purpose, three points will be the
backbone of this perspective: (1) The brain understood from complex
dynamic system theory; (2) the importance of white-matter tracts
considered as stop points during the surgery; and (3) awake cognitive
mapping in three steps showing an illustrative case.

The paradox of non-locality: the
uncertainty of critical regions of
higher-order networks

Since Scott Sherrington’s experiments, which inspired Wilder
Penfield in the 1950s (Feindel, 2007), it has been understood that the
application of low-frequency input to the cerebral cortex can help
identify areas responsible for modular functions such as movement.
Therefore, neurosurgeons have historically associated DES with (1)
transient motor or language impairment within a (2) discrete cortical
area of less than 1 cm (Ojemann et al., 1989). This has led us to
associate specific points within the brain with specific functions—a
concept known as “one-to-one single mapping.” However, this direct
association applies only to modular functions, such as sensorimotor
functions, which depend on unimodal and localized networks (Herbet
and Duffau, 2020). Since these are top-down or bottom-up functions,
DES would generate disruption and consequent first-level neural
disruption according to the three-level model recently proposed by
Duffau (2020). This is not the case with higher-order cognitive
functions, which are strongly interrelated (Konigs et al., 2021) and
provide Homo sapiens the flexibility to exhibit a plethora of goal-
directed behaviors (Cabral et al., 2022; Vohryzek et al., 2022). These
higher-order functions rely on large-scale neural networks that are
partially delocalized and constantly reconfiguring.

When we apply DES to identify critical points while the patient
performs cognitive tasks, a second or third-level neural disruption
(Duffau, 2020) is generated in these concrete points, leading to a
paradox: in that discrete area, a network—such as the default mode
network during social cognition tasks—is distorted. However,
we cannot directly conclude that point as “containing” the higher-
order cognitive function under study. Instead, it should be considered
a critical point where the network dynamics are interrupted,
generating what we will term in this study the paradox of the
non-locality of cognitive mapping (Figure 1A).

Understanding this conceptual paradox is crucial because (1)
these critical points exhibit significant inter-individual and even intra-
subject variability during mapping and remapping situations (Ng
et al., 2023; Coletta et al., 2024); (2) DES during awake cognitive
mapping is the gold standard for preserving higher-order networks by
identifying those critical points (Ramirez-Ferrer et al., 2024); (3) the
uncertainty obtained by reconstructing higher-order networks
through resting-state fMRI, since we can reliably map the main hubs
of each network but not these critical points that enable us to create a
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A The brain understood as a complex dynamic system where higher-order functions arise as emergent properties
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FIGURE 1
(A) From the perspective of complex dynamic systems theory, the human connectome, like other complex biological systems in nature, is
characterized by several key features. (A) It is composed of individual elements that do not operate in isolation, but rather as networks governed by

(B) non-linear interactions, tending (C) toward self-organization across different scales (micro-, meso-, and macroscopic). For optimal functioning, the
system must remain (D) in a state of criticality (balanced between order and chaos), thus generating (E) mesoscopic patterns of connectivity—
commonly referred to as “brain states”—that dynamically emerge across space and time within a metastable regime. (F) As a result, higher-order
cognitive functions would arise as emergent properties of the system. (B) An illustrative model shows the main hubs of a higher-order cognitive
network, specifically the default mode network: the ventromedial prefrontal cortex, temporoparietal junctions, and the precuneus-posterior cingulate
cortex. When (DES) is applied within these hubs, only certain points (red dots) exhibit transient network distortions induced by low-frequency
stimulation, resulting in behavioral impairments such as difficulties with theory of mind or emotion recognition. Rather than interpreting these discrete
points as “containing” the cognitive function, they should be viewed as critical, high-hierarchy nodes where the network becomes destabilized. We
assume that similar critical points exist throughout various hubs. This conceptual framework, which we propose as the paradox of non-locality in
cognitive mapping, suggests that the critical region does not inherently contain the function. Instead, it represents a hierarchically significant point
whose perturbation is sufficient to induce behavioral deficits. Recognizing this would enable the preservation of higher-order networks during
neurosurgical interventions.
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safe cortical map before performing the tumor resection (Figure 1B).
Therefore, those critical points need to be identified in vivo during
surgery, as DES is the most assertive way to preserve higher-order
networks at the individual level (Coletta et al., 2024).

What represents those critical points from a network perspective?
From the complex dynamic systems theory (Figure 1B), upon which
we conceptually propose the paradox of the non-locality of cognitive
mapping, two characteristics could explain these phenomena: (1)
Hierarchy: In any complex system, not all points of influence carry the
same weight in influencing other parts of the system (Briggs and Peat,
1989; Bassett and Gazzaniga, 2011), existing, therefore, certain points
where the leverage effect on the rest of the system is greater (Boccaletti
et al,, 2006); and (2) the non-linear interactions (Figure 1A) among
the different elements of the networks could explain how the electrical
perturbation of these higher-hierarchy points affects other regions
that, although distant, are functionally connected (butterfly effect)
(Palmer et al., 2014). However, it is important to note that future
studies are needed to analyze the electrical perturbations induced by
DES and correlate them with the different kinds of behavioral
impairments. This will help verify whether the framework we propose
from the physics of dynamic systems can aid in deciphering the neural
underpinnings of the higher-order cognitive networks that govern our
behavior. It is currently challenging to electrically determine whether
a low-frequency bipolar stimulus can disrupt the short-lived
metastability and multistability that subserve higher-order cognitive
functions (Mandonnet, 2021).

The crucial role of white-matter tracts
in large-scale network dynamics:
connectome-stop points

Due to the localizationist trend that has guided clinical practice in
recent decades, brain function has often been understood in terms of
isolated and static cortical modules, overshadowing the importance of
deep white matter in higher-order cognitive functions (Sarubbo et al.,,
2015; Filley and Fields, 2016). Due to novel imaging techniques such
as diffusion tensor imaging (DTI), neuroanatomical studies (Martino
etal, 2010; Mandonnet et al., 2017), and computational approaches
(Vohryzek et al., 2022), we understood that white-matter tracts enable
the emergence of higher-order cognitive functions by mediating the
way the cortex is connected (Duffau, 2015; Filley and Fields, 2016).
These findings have been supported in vivo by DES procedures, which
overcome some of the limitations intrinsic to the other methods: (i)
some DTI algorithms generate a high percentage of false streamlines,
potentially leading to white-matter injuries (Christidi et al., 2016); (ii)
the brain shift reported in some series ranges from millimeters to
centimeters (Duffau, 2023); (iii) the inability to investigate tract
function using the BOLD signal (Menon et al., 1999). All these factors
combined make DES the only tool capable of providing in vivo
information by inducing a transient dyssynchronization within the
mosaic of cortical areas involved in one or multiple neural networks
(Duffau, 2023). This brief disruption, lasting only a few seconds, elicits
behavioral disturbances that the neuropsychologist can identify. This
is critically important, as lesions to white matter tracts—unlike cortical
lesions—have a limited potential for recovery due to low neuroplasticity,
as described in white matter atlases (Herbet and Duffau, 2020).
Consequently, preserving the integrity of these tracts during surgery is
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crucial for maintaining normal cognitive function. In this line, the
surgical procedure is considered complete once these points are
reached, recently proposed as “connectome-stop points” (Martin-
Fernandez et al., 2024), the surgical procedure is considered complete.

Awake cognitive mapping in three
steps from a dynamic an _
connectomic-centric perspective

Considering this paradigm shift, we propose understanding the
brain as a complex dynamic system where: (1) Higher-order cognitive
functions are emergent properties arising from the interaction of
several large-scale networks (Thicbaut de Schotten and Forkel, 2022),
for which it is crucial. (2) The preservation of deep white-matter tracts
that enable synchronization across networks (Filley and Fields, 2016),
to the extent that even small cuts in white matter can lead to
disconnection syndromes (Herbet and Mandonnet, 2023), means
we need to move from a modular-based perspective of awake surgery
to a dynamic, individualized, and systems-level-based approach. To
this end, an awake multimodal cognitive mapping in three phases with
in vivo neuropsychological monitoring of higher-order cognitive
functions—from social cognition to executive functions—from a
meta-networking perspective (Duffau et al., 2022; Martin-Fernandez
et al., 2024) would allow us to achieve an optimal once-functional
balance dynamically and assertively.

Step 1: mapping critical regions of neural
networks

In the first phase, we performed an electrical mapping of the
critical regions of those networks around the tumor at risk of damage.
Given the non-locality paradox of higher-order functions driven by
constant across-network dynamics, it is necessary to identify the exact
and discrete critical points within those networks by eliciting a
behavioral impairment during the task. To find these critical points at
the cortical surface, as mentioned above, DES is the gold standard. The
mapping is performed following the widely known positive
stimulation technique (Szelényi et al., 2010), in which the milliampere
threshold is established upon generating a speech arrest in the ventral
premotor cortex (VPMc). This approach minimizes the risk of
electrically induced seizures while allowing a temporary distortion of
neural networks to identify critical regions as the patient engages in
various language, cognitive, and motor tasks.

Step 2: multitask monitoring of cognitive
functions during resection

A custom non-serial multitasking approach with a 4-s time
constraint, designed around tumor-affected circuits, provides real-
time information regarding intra-network and cross-network
dynamics (Martin-Fernandez et al., 2024). This enhances the
sensitivity of behavioral monitoring, in accordance with the three-
level neural disruption model (Duffau, 2020), by increasing cognitive
demand throughout the resection and, therefore, optimizing the
possibility of returning to work (Duffau et al., 2022). During this
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phase, time becomes the main limitation: after 1 h and a half, fatigue
appears in the patient. The proposed constant multitasking approach
would reveal or unmask the neural organization of the nervous system
in terms of meta-networks and transient equilibrium states generated
by specialized neural systems (Herbet and Duffau, 2020). This
provides information on possible desynchronization between systems,
allowing the neurosurgeon to adjust planning, proceed, or halt the
surgery. In this way, we further optimize the once-functional balance
achieved with awake surgery, which is necessary for the patient to
return to a normal life.

Step 3: identification and preservation of
connectome-stop points

Even small injuries to the white-matter tracts during tumor
resection could result in the disconnection of various brain areas,
leading to the cessation of activity in one or several neural networks—
for example, what might result from resecting the uncinate fasciculus
and its contribution to the salience network or resecting the SLF-II
and its implication in hemineglect provoked by attentional networks
damage (Duffau, 2015; Herbet and Duffau, 2020)—. For all these
reasons, we propose that this third phase—looking for the
connectome-stop points—is necessary to guide the functional limits
of our resection, thus addressing the key question of modern neuro-
oncology: where to stop the resection given the fact that gliomas will
constantly be growing, that is to say, there are no tumor limits? To
achieve this, we must understand the behavioral impairment that DES
will produce on each tract to have a better preoperative planification
between neurosurgeons and neuropsychologists (Herbet and Moritz-
Gasser, 2019; Martin-Fernandez et al., 2024).

Illustrative case: right inferior parietal lobe
glioma

In this study, we present the case of a 66-year-old right-handed
woman married without previous medical history who dedicates her
life to her family and her work as a lawyer. After a first left faciobrachial
motor seizure, an MRI was performed, showing a hyperintense signal
on the FLAIR sequence in the right inferior parietal lobe without
contrast enhancement, suggestive of a lower-grade glioma (Figure 2A).
At that time, it was agreed with the patient to perform an awake
surgery with multimodal cognitive mapping to achieve an optimal
once-functional balance, considering the patient’s primary desire to
resume her professional activity. The preoperative neuropsychological
assessment revealed some impairments in social cognition: mild-
moderate impairment in low-level mentalizing (Reading the Mind in
the Eyes Test, or RME) and moderate in high-level mentalizing
(assessed using the Movie for the Assessment of Social Cognition). No
deficits were found in the remaining higher-order cognitive functions
or sensorimotor functions (see Supplementary Table 1).

A right fronto-temporo-parietal craniotomy was performed. After
opening the dura, the anatomical boundaries of the tumor were
delineated using intraoperative ultrasound imaging (Figure 2A tags
A, B, C). Cortical mapping began with counting numbers and flexion
extension of the left upper limb. Stimulation of the VPMc elicited a
speech arrest at 2 mA (Figure 2, fuchsia tag). Slightly posteriorly, at
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the level of the postcentral gyrus, DES-induced dysesthesias of the left
hemiface and mouth correspond to the primary sensory area, with the
arm area found dorsally (Figure 2A, yellow tags). After that,
we commenced the cognitive mapping to find critical regions involved
in higher-order functions such as spatial cognition, semantic
cognition, and low-level mentalizing. Along the supramarginal gyrus,
a critical region for unimodal semantics was identified using the
Pyramids and Palm Trees (PPT) test (Figure 2A, violet tag). In the
posterior part of the angular gyrus, DES-induced reproducible
transient deficits in low-level mentalizing during the RME test in two
cortical regions (three face tags): a reproducible distortion in the
ability to recognize the emotion displayed on faces was observed in
both sites. Slightly superiorly, a critical region for hemineglect was
detected, evoking consistent deviations of 15 mm to the right during
the Line Bisection Task (LBT). Every critical region was triple-checked
in a non-consecutive manner to avoid stimulating the same
area consecutively.

At this point, it seems crucial to highlight that although awake
mapping has demonstrated its specificity and sensibility in identifying
critical regions (Coletta et al,, 2024), it is evident that cognitive
mapping is constrained by the focal nature of stimulation sites and the
inherent complexity of assessing higher-order functions
intraoperatively, as many higher-order functions share overlapping
cognitive subprocesses, which can sometimes make it challenging to
associate critical points with specific cognitive functions (Konigs et al.,
2021). Consequently, a systems-based perspective of human brain
function is essential to accurately utilize data from awake mapping to
advance our understanding of higher-order processes. For this
purpose, we proposed a perspective of a conceptual paradox of
non-locality of higher-order functions striving to establish a bridge
between computational neuroscience and awake mapping. This
approach draws upon the principles of complex dynamic systems
theory, a framework that has not been previously proposed from a
neurosurgical perspective.

Following cortical mapping, a corticectomy was performed guided
by the functional map while the patient engaged in tailored constant
multitasking. This included left upper limb flexion and extension
alternating between (1) LBT and Line Cancellation Test (LCT), (2) PPT
test, and (3) RME plus self-evaluation (SCI) (Ng et al,, 2021). The patient
completed multitasking throughout the resection until we approached
the deep white matter, where the connectome “stop-points” were
identified (Figure 2B): (1) Posterior margin of the surgical cavity: the
inferior fronto-occipital fasciculus (IFOF) was identified by inducing
reproducible errors in unimodal semantics (PPT test) associated with
loss of self-evaluation (SCI) during DES; (2) anteroinferior region: the
arcuate fasciculus was identified through reproducible difficulties in face-
based mentalizing (RME); (3) Slightly superior and superficially, the
SLF-III was identified, eliciting both anarthria and anomia; and (4)
deeper and posteriorly: three reproducible deviations of 25 mm to the
right during LBT were provoked during DES probably related to SLF-II
transient disconnection.

After experiencing a brief episode of transient allocentric left
hemineglect (see Supplementary Figure 1), the patient was discharged
with outpatient rehabilitation. The postoperative MRI showed a
supratotal resection (Figure 2B). She resumed a normal social-familiar
and professional life 6 weeks post-surgery. Detailed preoperative and
postoperative neuropsychological assessments: day 0, 1 month, and
3 months post-surgery is provided in Supplementary Table 1.
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FIGURE 2

Multimodal cognitive mapping in three steps from a connectomic-centric perspective. (A) Images of awake cortical and subcortical cognitive mapping
for a right parietal glioma. On the left, the postoperative MRI demonstrates complete resection with preservation of deep white matter. On the right,
subcortical mapping shows the “connectome-stop” points, identifying each tract according to the behavioral impairments elicited by DES. Below, each
observed behavioral impairment is explained in relation to its corresponding tract. (B) On the left, the preoperative MRI is suggestive of a glioma. On
the right, cortical mapping reveals critical regions for sensorimotor functions (yellow tags), language (fuchsia tags for speech arrest, violet tags for
unimodal semantics), and higher-order networks (three-face tags for emotion recognition and brown tags for hemineglect). Below, the differences in
the neural underpinnings between mapping modular functions (such as left hemisensory regions in this case) and higher-order functions are
highlighted: While modular functions (e.g., left hemisensory processing) imply that each critical region inherently controls sensitivity in these areas,
allowing for the assignment of x, y, z coordinates, higher-order cognitive functions—such as emotion recognition—do not necessarily reside in these
critical points. Rather, these points (also with their own coordinates) represent hypothesized network-critical nodes where electrical stimulation
induces a transient disruption in network dynamics. This leads to a conceptual paradox for neurosurgeons, as the bipolar stimulator targets an
apparently isolated, discrete point less than one centimeter in size, illustrating the need to distinguish between modular and cognitive mapping.
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Limitations and perspectives

The presented paradox would be a useful conceptual tool to keep on
disentangling neural and behavioral underpinnings of awake cognitive
mapping and, as a result, a key to obtaining a better understanding of the
relationship between complex network dynamics across spacetime and
the emergence of higher-order functions. However, it should be noted
that DES is an invasive method that can only be studied in patients with
intracranial pathologies such as gliomas due to ethical reasons. Despite
the well-known neural reorganization due to neuroplasticity and the
limitation that this could suppose in drawing conclusions, previous large
databases in patients with brain tumors have been shedding some light
on connectomics (Sarubbo et al., 2015; Herbet and Duffau, 2020).
Performing in silico experiments with those databases using novel
computational approaches is a promising way to study the role of these
critical points inside the different networks. However, the creation of
reliable databases and a standardization of all the processes is mandatory.
Current imaging and non-invasive mapping technologies still face
significant temporal and spatial limitations, limiting their ability to
capture the full complexity and temporal dynamics of brain networks.
Lastly, the varijability in individual brain connectomes adds another layer
of complexity, making generalized conclusions difficult and emphasizing
the need for personalized approaches. To address these challenges, new
fMRI techniques under development aim to minimize spatiotemporal
limitations by capturing the time-varying aspects of network dynamics,
such as the dynamic conditional correlation approach or the sliding
window correlation approach (Lindquist et al., 2014; Zalesky and
Breakspear, 2015).

Conclusion

A paradigm shift from a modular-based vision of brain
functioning to a dynamic, connectomic-centric perspective is essential
to enhance our understanding of higher-order functions, given its
implication for neurosurgery to preserve the quality of life. The
application of complex dynamic system theory would help us to fill
the gap between computational neurosciences and neurosurgical
practices, facilitating awake cognitive mapping that transcends glioma
topography. The proposed three-phase cognitive mapping includes (1)
identifying critical points from local to large-scale networks, (2)
implementing dynamic non-serial multitasking during resection, and
(3) identifying connectome-stop points. This approach appears to
be the most effective method to dynamically and flexibly monitor
brain functions within a complex systems-based framework.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by Institutional
Review Board of the ethical committee of research from the Complejo

Frontiers in Psychology

10.3389/fpsyg.2025.1542505

Hospitalario Universitario de Canarias with the identification code
CHUNSC_2023_115. The studies were conducted in accordance with
the local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included in
this article.

Author contributions

JM-F: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing -
original draft, Writing - review & editing. NC-E: Funding acquisition,
Visualization, Writing - original draft, Writing - review & editing. EF:
Data curation, Formal analysis, Methodology, Validation, Writing —
original draft, Writing - review & editing. NN-P: Data curation,
Validation, Visualization, Writing - original draft, Writing - review &
editing. PR: Supervision, Writing - original draft, Writing - review &
editing. RB: Writing - original draft, Writing - review & editing. JD-B:
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1542505/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1542505
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1542505/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1542505/full#supplementary-material

Martin-Fernandez et al.

References

Anyaeji, C. L, Cabral, J., and Silbersweig, D. (2021). On a quantitative approach to
clinical neuroscience in psychiatry: lessons from the Kuramoto model. Harv. Rev.
Psychiatry 29, 318-326. doi: 10.1097/HRP.0000000000000301

Bassett, D. S., and Gazzaniga, M. S. (2011). Understanding complexity in the human
brain. Trends Cogn. Sci. 15, 200-209. doi: 10.1016/j.tics.2011.03.006

Boccaletti, S., Latora, V., Moreno, Y., Chavez, M., and Hwang, D.-U. (2006). Complex
networks:  structure and dynamics. Phys. Rep. 424, 175-308. doi:
10.1016/j.physrep.2005.10.009

Brais, B. (1992). The third left frontal convolution plays no role in language. Neurology
42, 690-695. doi: 10.1212/WNL.42.3.690

Briggs, J., and Peat, F. D. (1989). Turbulent mirror: An illustrated guide to chaos
theory and the science of wholeness. New York: Harper & Row.

Broca, P. (1861). Remarks on the seat of the faculty of articulated language, following
an observation of aphemia (loss of speech). Bull. Soc. Anat. 6, 330-357.

Cabral, J., Castaldo, F, Vohryzek, J., Litvak, V., Bick, C., Lambiotte, R., et al. (2022).
Metastable oscillatory modes emerge from synchronization in the brain spacetime
connectome. Commun. Phys. 5:184. doi: 10.1038/s42005-022-00950-y

Cabral, J., Vidaurre, D., Marques, P., Magalhaes, R., Silva Moreira, P., Miguel Soares, J.,
et al. (2017). Cognitive performance in healthy older adults relates to spontaneous
switching between states of functional connectivity during rest. Sci. Rep. 7:5135. doi:
10.1038/541598-017-05425-7

Christidi, E, Karavasilis, E., Samiotis, K., Bisdas, S., and Papanikolaou, N. (2016).
Fiber tracking: a qualitative and quantitative comparison between four different software
tools on the reconstruction of major white matter tracts. Eur. J. Radiol. Open 3, 153-161.
doi: 10.1016/j.€jr0.2016.06.002

Coletta, L., Avesani, P, Zigiotto, L., Venturini, M., Annicchiarico, L., Vavassori, L.,
etal. (2024). Integrating direct electrical brain stimulation with the human connectome.
Brain 147, 1100-1111. doi: 10.1093/brain/awad402

Duffau, H. (2015). Stimulation mapping of white matter tracts to study brain
functional connectivity. Nat. Rev. Neurol. 11, 255-265. doi: 10.1038/nrneurol.2015.51

Duffau, H. (2017). Mapping the connectome in awake surgery for gliomas: an update.
J. Neurosurg. Sci. 61, 612-630. doi: 10.23736/S0390-5616.17.04017-6

Duffau, H. (2020). What direct electrostimulation of the brain taught us about the
human connectome: a three-level model of neural disruption. Front. Hum. Neurosci.
14:315. doi: 10.3389/fnhum.2020.00315

Duffau, H. (2021). New philosophy, clinical pearls, and methods for intraoperative
cognition mapping and monitoring “a la carte” in brain tumor patients. Neurosurgery
88, 919-930. doi: 10.1093/neuros/nyaa363

Duffau, H. (2023). Damaging a few millimeters of the deep white matter tracts during
glioma surgery may result in a large-scale brain disconnection. J. Neurosurg. 140,
311-314. doi: 10.3171/2023.6.JNS231048

Duffau, H., Ng, S., Lemaitre, A.-L., Moritz-Gasser, S., and Herbet, G. (2022). Constant
multi-tasking with time constraint to preserve across-network dynamics throughout
awake surgery for low-grade glioma: a necessary step to enable patients resuming an
active life. Front. Oncol. 12:924762. doi: 10.3389/fonc.2022.924762

Feindel, W. (2007). The physiologist and the neurosurgeon: the enduring influence of
Charles Sherrington on the career of Wilder Penfield. Brain 130, 2758-2765. doi:
10.1093/brain/awm098

Filley, C. M., and Fields, R. D. (2016). White matter and cognition: making the
connection. J. Neurophysiol. 116, 2093-2104. doi: 10.1152/jn.00221.2016

Kelso, J., and Engstrem, D. (2006). The complementary nature. Cambridge.

Herbet, G., and Duffau, H. (2020). Revisiting the functional anatomy of the human
brain: toward a meta-networking theory of cerebral functions. Physiol. Rev. 100,
1181-1228. doi: 10.1152/physrev.00033.2019

Herbet, G., and Mandonnet, E. (2023). Letter to the Editor. Small deep white
matter cuts, big disconnections. J. Neurosurg. 140, 1208-1210. doi:
10.3171/2023.11.JNS232659

Herbet, G., and Moritz-Gasser, S. (2019). Beyond language: mapping cognition and
emotion. Neurosurg. Clin. 30, 75-83. doi: 10.1016/j.nec.2018.08.004

Konigs, M., Verhoog, E. M., and Oosterlaan, J. (2021). Exploring the neurocognome:
neurocognitive network organization in healthy young adults. Cortex 143, 12-28. doi:
10.1016/j.cortex.2021.06.011

Lee, W. H., Doucet, G. E., Leibu, E., and Frangou, S. (2018). Resting-state network
connectivity and metastability predict clinical symptoms in schizophrenia. Schizophr.
Res. 201, 208-216. doi: 10.1016/j.schres.2018.04.029

Frontiers in Psychology

08

10.3389/fpsyg.2025.1542505

Lindquist, M. A., Xu, Y., Nebel, M. B., and Caffo, B. S. (2014). Evaluating dynamic
bivariate correlations in resting-state fMRI: a comparison study and a new approach.
Neurolmage 101, 531-546. doi: 10.1016/j.neuroimage.2014.06.052

Mandonnet, E. (2021). Should complex cognitive functions be mapped with direct
electrostimulation in wide-awake surgery? A commentary. Front. Neurol. 12:721038. doi:
10.3389/fneur.2021.721038

Mandonnet, E., and Duffau, H. (2021). Broca’s area: why was neurosurgery neglected
for so long when seeking to re-establish the scientific truth? Brain 144:e60. doi:
10.1093/brain/awab195

Mandonnet, E., Martino, J., Sarubbo, S., Corrivetti, F, Bouazza, S., Bresson, D., et al.
(2017). Neuronavigated fiber dissection with pial preservation: laboratory model to
simulate opercular approaches to insular tumors. World Neurosurg. 98, 239-242. doi:
10.1016/j.wneu.2016.10.020

Martin-Fernandez, J., Moritz-Gasser, S., Herbet, G., and Duffau, H. (2024). Is
intraoperative mapping of music performance mandatory to preserve skills in
professional musicians? Awake surgery for lower-grade glioma conducted from a meta-
networking perspective. Neurosurg. Focus. 56:E9. doi: 10.3171/2023.11.FOCUS23702

Martino, J., Brogna, C., Robles, S. G., Vergani, F, and Duffau, H. (2010). Anatomic
dissection of the inferior fronto-occipital fasciculus revisited in the lights of brain
stimulation data. Cortex 46, 691-699. doi: 10.1016/j.cortex.2009.07.015

Menon, R. S., Kim, S.-G., Menon, R. S., Kim, S.-G., Menon, R. S., Kim, S.-G., et al.
(1999). Spatial and temporal limits in cognitive neuroimaging with fMRI. Trends Cogn.
Sci. 3,207-216. doi: 10.1016/S1364-6613(99)01329-7

Ng, S., Herbet, G., Lemaitre, A.-L., Moritz-Gasser, S., and Duffau, H. (2021).
Disrupting self-evaluative processing with electrostimulation mapping during awake
brain surgery. Sci. Rep. 11:9386. doi: 10.1038/s41598-021-88916-y

Ng, S., Valdes, P. A., Moritz-Gasser, S., Lemaitre, A.-L., Duffau, H., and Herbet, G.
(2023). Intraoperative functional remapping unveils evolving patterns of cortical
plasticity. Brain 146, 3088-3100. doi: 10.1093/brain/awad116

Ogawa, S., Menon, R. S., Tank, D. W, Kim, S. G., Merkle, H., Ellermann, J. M., et al.
(1993). Functional brain mapping by blood oxygenation level-dependent contrast
magnetic resonance imaging. A comparison of signal characteristics with a biophysical
model. Biophys. J. 64, 803-812. doi: 10.1016/S0006-3495(93)81441-3

Ojemann, G., Ojemann, J., Lettich, E., and Berger, M. (1989). Cortical language
localization in left, dominant hemisphere: an electrical stimulation mapping
investigation in 117 patients. J. Neurosurg. 71, 316-326. doi: 10.3171/jns.1989.71.3.0316

Palmer, T. N, Déring, A., and Seregin, G. (2014). The real butterfly effect. Nonlinearity
27, R123-R141. doi: 10.1088/0951-7715/27/9/R123

Pertz, M., Schlegel, U,, and Thoma, P. (2022). Sociocognitive functioning and psychosocial
burden in patients with brain tumors. Cancers (Basel) 14:767. doi: 10.3390/cancers14030767

Ramirez-Ferrer, E., Aguilera-Pena, M. P, and Duffau, H. (2024). Functional and
oncological outcomes after right hemisphere glioma resection in awake versus asleep
patients: a systematic review and meta-analysis. Neurosurg. Rev. 47, 1-12. doi:
10.1007/s10143-024-02370-8

Sarubbo, S., De Benedictis, A., Merler, S., Mandonnet, E., Balbi, S., Granieri, E., et al.
(2015). Towards a functional atlas of human white matter. Hum. Brain Mapp. 36,
3117-3136. doi: 10.1002/hbm.22832

Shine, J. M, Bissett, P. G., Bell, P. T,, Koyejo, O., Balsters, J. H., Gorgolewski, K. J., et al.
(2016). The dynamics of functional brain networks: integrated network states during
cognitive task performance. Neuron 92, 544-554. doi: 10.1016/j.neuron.2016.09.018

Shine, J. M., Miiller, E. ]., Munn, B., Cabral, J., Moran, R. J., and Breakspear, M. (2021).

Computational models link cellular mechanisms of neuromodulation to large-scale
neural dynamics. Nat. Neurosci. 24, 765-776. doi: 10.1038/s41593-021-00824-6

Szelényi, A., Bello, L., Duffau, H., Fava, E., Feigl, G. C., Galanda, M,, et al. (2010).
Intraoperative electrical stimulation in awake craniotomy: methodological aspects of
current practice. Neurosurg. Focus. 28:E7. doi: 10.3171/2009.12.FOCUS09237

Thiebaut de Schotten, M., and Forkel, S. J. (2022). The emergent properties of the
connected brain. Science 378, 505-510. doi: 10.1126/science.abq2591

Vasa, E, Shanahan, M., Hellyer, P. ], Scott, G., Cabral, ], and Leech, R. (2015). Effects
of lesions on synchrony and metastability in cortical networks. Neurolmage 118,
456-467. doi: 10.1016/j.neuroimage.2015.05.042

Vohryzek, J., Cabral, ], Vuust, P, Deco, G., and Kringelbach, M. L. (2022).
Understanding brain states across spacetime informed by whole-brain modelling. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 380:20210247. doi: 10.1098/rsta.2021.0247

Zalesky, A., and Breakspear, M. (2015). Towards a statistical test for functional
connectivity dynamics. NeuroImage 114,466-470. doi: 10.1016/j.neuroimage.2015.03.047

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1542505
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1097/HRP.0000000000000301
https://doi.org/10.1016/j.tics.2011.03.006
https://doi.org/10.1016/j.physrep.2005.10.009
https://doi.org/10.1212/WNL.42.3.690
https://doi.org/10.1038/s42005-022-00950-y
https://doi.org/10.1038/s41598-017-05425-7
https://doi.org/10.1016/j.ejro.2016.06.002
https://doi.org/10.1093/brain/awad402
https://doi.org/10.1038/nrneurol.2015.51
https://doi.org/10.23736/S0390-5616.17.04017-6
https://doi.org/10.3389/fnhum.2020.00315
https://doi.org/10.1093/neuros/nyaa363
https://doi.org/10.3171/2023.6.JNS231048
https://doi.org/10.3389/fonc.2022.924762
https://doi.org/10.1093/brain/awm098
https://doi.org/10.1152/jn.00221.2016
https://doi.org/10.1152/physrev.00033.2019
https://doi.org/10.3171/2023.11.JNS232659
https://doi.org/10.1016/j.nec.2018.08.004
https://doi.org/10.1016/j.cortex.2021.06.011
https://doi.org/10.1016/j.schres.2018.04.029
https://doi.org/10.1016/j.neuroimage.2014.06.052
https://doi.org/10.3389/fneur.2021.721038
https://doi.org/10.1093/brain/awab195
https://doi.org/10.1016/j.wneu.2016.10.020
https://doi.org/10.3171/2023.11.FOCUS23702
https://doi.org/10.1016/j.cortex.2009.07.015
https://doi.org/10.1016/S1364-6613(99)01329-7
https://doi.org/10.1038/s41598-021-88916-y
https://doi.org/10.1093/brain/awad116
https://doi.org/10.1016/S0006-3495(93)81441-3
https://doi.org/10.3171/jns.1989.71.3.0316
https://doi.org/10.1088/0951-7715/27/9/R123
https://doi.org/10.3390/cancers14030767
https://doi.org/10.1007/s10143-024-02370-8
https://doi.org/10.1002/hbm.22832
https://doi.org/10.1016/j.neuron.2016.09.018
https://doi.org/10.1038/s41593-021-00824-6
https://doi.org/10.3171/2009.12.FOCUS09237
https://doi.org/10.1126/science.abq2591
https://doi.org/10.1016/j.neuroimage.2015.05.042
https://doi.org/10.1098/rsta.2021.0247
https://doi.org/10.1016/j.neuroimage.2015.03.047

	Where are higher-order cognitive functions? The paradox of non-locality in awake cognitive mapping using a complex dynamic system framework
	Introduction
	The paradox of non-locality: the uncertainty of critical regions of higher-order networks
	The crucial role of white-matter tracts in large-scale network dynamics: connectome-stop points
	Awake cognitive mapping in three steps from a dynamic and connectomic-centric perspective
	Step 1: mapping critical regions of neural networks
	Step 2: multitask monitoring of cognitive functions during resection
	Step 3: identification and preservation of connectome-stop points
	Illustrative case: right inferior parietal lobe glioma

	Limitations and perspectives
	Conclusion

	References

