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Abstract

Computational strategies to characterize topological properties of
pathologically altered functional brain networks

Consciousness alterations, including disorders of consciousness (DOC), propose a de ant sce-
nario from the prognosis and diagnosis perspectives. Brain resting-state functional imaging
mitigates this challenge, o ering alternatives to explore brain activity in altered conscious-
ness states. Furthermore, connectivity functional variations in resting have been linked
with consciousness alterations. So, considering the evidence of connectivity alterations in
altered consciousness states, this thesis inquires new computational approximations to de-
scribe topological characteristics associated with the resting-state connectivity in altered
states of consciousness.

This work introduces two computational strategies for the characterization of topological
features underlying the graph representation model. The rst strategy describes graph con-
nectivity properties of the so-called functional connectome, linking its alterations to the
patients’ level of consciousness. Despite the capacity characterization of this approach, it
is limited only to describe pair-wise interactions, which is the base of the graph model.
The second strategy characterizes both low and high-order connectivity properties from the
topological perspective using Persistent Homology (PH), resulting in a richer representation
of the brain functional interactions. These properties include the number of holes (0 and 1
dimensions) emerging in the resting-state dynamic across di erent scales. This strategy was
investigated in healthy control (HC) subjects and later extended to patients with altered
states of consciousness.

The rststrategy (graph-based) suggests variations in critical properties related to conscious-
ness, such as integration, segregation, and centrality, when comparing HC and patients with
DOC. In HC, the second strategy (PH-based) provided evidence of persistent 1-dimensional
holes, indicating that resting-state connectivity exhibits high-order interactions. Results also
suggest that brain regions associated with the appearance of these 1-holes have a marked
symmetry in both cerebral hemispheres. In patients with altered states of consciousness,
results related to 0-dimensional holes indicate dissimilarities among the time courses, likely
linking to particular integration mechanisms in these conditions. Additionally, 1-dimensional
holes were also identi ed in the pathological population. However, brain regions involved in
the appearance of these features di ered from the ones observed for HC. In particular, no
symmetry was observed.

These results shows topological changes in the functional connectome of patients with al-
tered states of consciousness, suggesting that high-order functional interaction mechanisms
may play an important role in the emergence of consciousness in patients with DOC.
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Resumen

Estrategias computacionales para caracterizar las propiedades topologicas de
las redes cerebrales funcionales patolégicamente alteradas

Las alteraciones de la conciencia, incluyendo los desordenes de conciencia (DOC), proponen
un escenario desa ante desde la perspectiva del pronostico y el diagnostico. Las imagenes
funcionales del cerebro en estado de reposo reducen este desaf o, ofreciendo alternativas para
explorar la actividad cerebral en estados alterados de conciencia. Ademas, variaciones en
la conectividad funcional en reposo han sido relacionadas con alteraciones de la concien-
cia. Entonces, considerando la evidencia de cambios de la conectividad en estados alterados
de conciencia, esta tesis indaga en nuevas aproximaciones computacionales para describir
caracter sticas topologicas asociadas con la conectividad en estado de reposo para estados
alterados de conciencia.

Este trabajo presenta dos estrategias para la caracterizacion de rasgos topologicos suby-
acentes a los modelos de grafos. La primera estrategia mide las propiedades del grafo o
conectoma funcional, vinculando sus variaciones con el nivel de conciencia. Sin embargo,
este enfoque esta limitado por la base de interaccion por pares del modelo de grafos. La se-
gunda estrategia describe propiedades de alto orden de una representacion de interacciones
simultaneas a traves del complejo simplicial mediante el uso de la homolog a persistente
(PH). Las propiedades de alto orden son las fronteras de los huecos de dimension 0 y 1 del
estado de reposo. Esta estrategia se implementa para sujetos controles (HC) sanos y se
ajusta para pacientes con estados alterados de conciencia.

Los resultados del primer metodo, basado en medidas de grafos, muestran variaciones en
propiedades clave relacionadas con la conciencia, como la integracion, la segregacion y la cen-
tralidad. La segunda estrategia en HC identi caron huecos 1 dimensionales persistentes, in-
dicando que la conectividad en estado de reposo exhibe interacciones de alto orden. Ademas,
hay regiones cerebrales asociadas con la aparicion de estos huecos que muestran simetr a al
ser vistos sobre los hemisferios cerebrales. En pacientes con estados alterados de conciencia,
el metodo incluye la descripcion de los huecos 0 dimensionales, denotando la integracion
entre las senales en estado de reposo. Los resultados de los huecos 0 dimensionales indican
distancias mayores entre las senales. Ademas, en esta poblacion tambien se identi caron
huecos 1 dimensionales. Su persistencia es comparable a la de los sujetos HC, pero las re-
giones cerebrales involucradas en su ocurrencia son distintas y no se observa simetr a. Estos
resultados sugieren que efectivamente existen variaciones topologicas de orden bajo y alto
asociadas con la alteracion de la conciencia. Ademas, estas variaciones pueden servir para
nuevas investigaciones en conciencia.
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1. Introduction

The understanding of brain functions represents a highly challenging area. In the last
decades, this scienti c endeavor has been the main focus of many pieces of research. In
particular, the connectome characterization, both functional and structural [126], and the
use of the complex network analysis to characterize brain [85], have increased advances in
this area. These tools have improved our knowledge about brain alterations in pathological
conditions [85]. Remarkably, they allowed associating variations on graph properties from
healthy to pathological states. That is the case of altered states of consciousness, which in-
cludes pharmacological sedation, and Disorder Of Consciousness (DOC). DOC encompasses
a set of brain conditions, including acute comatose state, Minimally Conscious State (MCS),
and Unresponsive Wakefulness Syndrome (UWS). Formally, DOC is the name given to a
group of related disorders which are linked by disruption to some common underlying sys-
tem known as consciousness [128]. The patients with altered consciousness do not respond
to external stimuli; then, distinct approaches to measuring brain activity are needed to get
clues about their brain state.

Advances in functional neuroimaging provide a way to assess brain activity, and resting-state
protocols emerge as an alternative to measure brain function in altered states of consciousness
without the need of a patient response [18, 17]. The brain's spontaneous activity without
stimuli constitutes the base of the resting-state signal, which provides a resting functional
connectome [64]. This connectome represents a suitable description of brain function for
subjects which not respond to stimuli, as in patients with altered states of consciousness,
such as DOC. The study of this connectome on these patients suggests that some graph
properties variations are associated with functional brain changes under states of conscious-
ness alterations [12, 49]. These variations can be understood more generally as changes on
the topological features of the functional resting connectome [29]. However, these topological
descriptions are based on network construction, i.e., the existence of pair-wise relationships
between elements. This assumption may oversimplify brain dynamics descriptions by only
considering the connection of pairs of elements, putting aside the potential existence of high-
order topological structures [35], which may play an important role in the consciousness
phenomena emergence. This thesis aims to overcome limitations on the topological char-
acterization imposed by the graph representation of the resting functional connectome for
characterizing patients with altered states of consciousness.
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1.1. Brain function description and variation in
pathological states

Anatomical and functional characterization of the distinct brain injuries, particularly those
related to alterations of consciousness, has emerged as an area of high research activity in
diverse elds. For instance, in health, because of the clinical implications of diagnosis and
prognosis in these patients [129], in ethics, due to the issues of life of patients with con-
sciousness alterations [140], and social, because of the impact in the public health system of
care of these patients [13, 63]. Some of the principal research objectives in the area include
diagnosis support based on the structural and physiological [49] alterations caused by brain
damage [83], prognosis in accordance with the severity of the damage based on functional
and biomechanical models of characterization of consciousness states [90], among others.

Recently, studies based on dynamic neuroimaging (functional Magnetic Resonance Imaging
- fMRI) have established the existence of functional brain networks activated during resting
state [41]. Some of these studies have suggested that in normal conditions, the brain in
resting-state is organized in regions of sensory-cognitive relevance, in the so-called resting-
state networks (RSNs). These regions are functionally co-activated, i.e., spatially segregated
areas show functional activation simultaneously. The resting-state fMRI (R-fMRI) has been
employed as an objective alternative to study the alterations of consciousness because it
registers brain activity without patient collaboration, and it is not restricted by the avail-
ability of sensory channels of stimulation [46]. Alterations in connectivity on these entities
have been proposed as biomarkers of di erent pathological brain conditions [170, 6, 84, 192].
Investigating functional activation dynamics and patterns of these resting-state networks
constitutes open research areas [61]. In particular, these connectivity variations have been
proposed for the characterization and classi cation of distinct brain disorders [141]. How-
ever, despite advances, the processing, analysis, and understanding of these signals and the
extraction of features to build bio-markers linked to speci ¢c neuro-pathologies are open prob-
lems in the information processing of brain functional data [2, 82].

Graph theory has been employed to characterize resting-state networks, notably functional
and structural interactions, variations, and relationships with specic brain development
and alterations [192]. Recently, it has been suggested that brain function is organized in
specialized and segregated brain areas or hubs of fast processing [158, 89]. Also, functional
and anatomical brain networks have been proposed to be organized in small-world and
rich-club topologies [28]. Besides, variations of brain network properties have been linked
to speci c brain diseased conditions, for example, the increment of the hub's e ciency in
comatose patients [1].
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1.2. Problem statement

fMRI studies have established the existence of functional brain networks which are activated
in resting-state [139]. The alterations of connectivity levels in these entities have been pro-
posed as biomarkers for the study of various pathological conditions, including Alzheimer's
disease, Autism, Parkinson's disease, Schizophrenia, and DOC, among others [87, 85]. Thus,
studies of brain functional connectivity in combination with the so-called complex network
analysis have been established as a strategy to get knowledge about brain function in healthy
and diseased conditions. It gives many descriptors, including topological, which rely on a
unitary element of analysis, the network. Identifying the bio-markers and incorporating the
assessment of variations produced by the pathology. It is commonly performed by comparing
against healthy brain networks. However, the brain structure and function of patients diag-
nosed with disorders of consciousness are severely damaged. This deterioration is thought to
result in a complete recon guration of the functional brain networks [128, 50, 82]. Conditions
associated with altered states of consciousness could lead to scenarios where the compari-
son with healthy control subjects is not suitable, resulting in an unsatisfactory description
and posterior examination of its connectivity. The challenge here is the characterization
of functional connectivity in severely damaged brains. In particular, the identi cation of
topological variations in functional network connectivity for patients with altered states of
consciousness. Therefore, the development of computational strategies that use functional
information of severely damaged brains and its emergent properties could improve our cur-
rent knowledge about brain function, in particular those that include a recent strategy called
Topological Data Analysis (TDA) to describe the topology of the resting functional connec-
tome for patients with altered states of consciousness.

1.3. Justi cation

Severe alterations of brain function in altered states of consciousness could lead to chal-
lenging neuroimaging analysis scenarios. Neuroimaging approaches may not di erentiate
the resulting brain activity patterns in extremely damaged brains. In particular with those
which use a global perspective of the functional brain network. Global network properties
capture dynamic and topological information through statistical measurements [19]. They
are computed over the whole network as a unique entity, leading to analysis conditions that
hide local properties which may be relevant in DOC and other altered states of consciousness
studies. For instance, scenarios with apparent disconnections represent topological changes
probably hidden in the global strategy. Recently, TDA has emerged as an alternative to
overcome these limitations. The aim of TDA is to understand the shape of data in order
to extract meaningful insights [112]. It includes the classi cation of loops and higher di-
mensional voids within the space [33], providing a high-order connectivity-based description.
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Then, TDA represents an alternative to study the brain function of severely damaged brains.
Even more for those brains with apparent disconnections and other topological variations.

1.4. Contributions

This thesis investigates the topological properties of altered functional brain networks. In
particular, brain networks of patients with consciousness alterations. It begins with a pair-
wise interaction representation of the functional activity at rest, forming a graph. This graph
representation allows describing interactions and topological properties from the connection
distributions. In a set of segregated areas, the RSNs describe topological connectivity al-
terations associated with the level of consciousness, allowing to characterize key properties
related to consciousness in the R-fMRI, such as integration, segregation, and centrality.
However, despite the richness of this characterization, high-order topological features can
not be described from the graph perspective. Therefore, later persistent homology (PH)
is used as a tool to describe high-order topological features in R-fMRI for healthy people.
This approach found by the rst time high-order 1-holes features appearing robustly in this
population. The brain regions involved in the emergence of these high-order features were
also investigated, nding that particular brain regions were more frequently involved in the
occurrence of these features. The existence of these topological features, 1-holes or loops, in
association with the identi cation of the involved brain regions in healthy subjects may pro-
vide a new perspective for functional connectivity. But, does this approach powerful enough
to describe R-fMRI functional connectivity in pathological conditions? To answer this ques-
tion, we improve classic description coming from PH method to describe key high-order
features for patients with an acute altered state of consciousness. The improved description
considered the characterization of the rate of integration of 0-holes to examine the functional
disruption attributed to the pathological condition. We found that this 0-holes description
suggests a displacement due to dissimilarities in R-fMRI patients' time courses. Also, we
found 1-holes appearing robustly in patients, but the regions implicated in their occurrence
were di erent from brain regions obtained in healthy subjects. To summarize, we describe
high-order features through 0-holes and 1-holes of R-fMRI functional connectivity, which
may provide new insights about consciousness alterations in patients with DOC. Figutel
presents an illustration of the properties identi ed in the di erent settings.

1.5. Thesis structure

This thesis is organized as follows: Section 1.6 provides the basics about disorders of con-
sciousness, imaging and diagnosis. Next, Chapter 2 provides a rst topological description
of resting-state alterations through graph measurements, nding di erences between pop-
ulations due to pathological conditions. Chapter 3 addresses the use of TDA as a tool
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Figure 1-1.: lllustration of process and contributions of this thesis. (a) Representation of
the graph-based approach studied in Chapter 2. Edges describe topological fea-
tures. The blue network represents healthy people while magenta and orange
represent patients with DOC. (b) Representation of the persistent 1-holes de-
scription for healthy subjects examined in Chapter 3. Similar loops found in
both hemispheres. (c) Representation of the 0-holes and 1-holes in the R-fMRI
of patients with an acute altered state of consciousness studied in Chapter 4,
no hemisphere similarities were found.

to describe resting topology on HC subjects and reports the regions involved in functional
topological structures. Chapter 4 investigates the use of TDA on patients with acute alter-
ations of consciousness and compares these features with the ones identi ed for HC. Finally,
Chapter 5 covers the main conclusions and recommendations.
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1.6. Disorders of consciousness, imaging and diagnosis

Consciousness refers to the state of awareness of self and one's relationship with the en-
vironment. From a clinical view, it commonly consists of two components, wakefulness or
arousal and awareness [24]. Both features seem to link to anatomic structures and their
speci ¢ functions [115]. DOC encompasses a set of particular conditions occurring after a
coma state, a ecting these dimensions [153, 24]. Patients with brain injuries can remain
in a coma state for several weeks, and the recovery from this state may lead to distinct
consciousness levels [153, 24]. These levels include the minimally conscious state (MCS) and
the unresponsive wakefulness syndrome (UWS). Patients in MCS exhibit signs of uctuat-
ing yet, reproducible remnants of non-re ex behavior. UWS is related to patients that open
their eyes but remain unresponsive to external stimuli [128, 153, 103, 138]. Also, a sub-
categorization of MCS was recently proposed to classify patients into MCS+ or MCS- based
on the level of observed behavioral responses [25]. Figure illustrate how these states
locate in the two dimensions that de ne consciousness, awareness, and vigilance. Recent ev-
idence suggests that these DOC conditions link to particular a ectations of brain structure
and function [74]. For instance, the breakdown of particular circuits like the mesocircuit is
related to the loss of neurons from the central thalamus, causing functional a ectations in
the thalamostriatal and thalamocortical paths.

Diagnosis of DOC conditions is commonly performed by using neurophysiological assess-
ments, such as the Coma Recovery Scale (CRS) [73, 152] or the Rancho Los amigos scale [182],
that aim to assess the behavioral response of the patient. Nevertheless, these patients may
present substantial motor de cits, sensory losses, language impairments, and vigilance uc-
tuations resulting in a ectations of this response capacity. Therefore, these clinical evalua-
tions may lead to a high rate of misdiagnoses and non-appropriate treatments [153]. Despite
this, the knowledge of diagnostic criteria and the use of valid and sensitive standardized
scales are necessary and crucial to establish a precise diagnosis of DOC [153]. Recently, ap-
proaches for DOC diagnosis incorporate various neuroimaging techniques in addition to the
scale-based behavioral assessments, aiming to reduce misclassi cation rates. The following
section presents an introduction to neuroimaging in DOC.

1.6.1. Neuroimaging to support DOC diagnosis

Neuroimaging is the name given to a variety of techniques that directly or indirectly record in
an image the structure or function of the nervous system [62]. These techniques include di er-
ent brain function and structure assessments [40] like Electroencephalography (EEG) [133],
magnetic resonance imaging (MRI) [105], fMRI [7, 31], di usion-weighted magnetic reso-
nance imaging (di usion MRI) [113, 59], Diusion Tensor Imaging [8], positron emission
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Figure 1-2.: Level and contents of consciousness. The level of consciousness can be disso-
ciated from behaviors that are traditionally regarded as a sign of vigilance or
arousal (such as the opening of eyes, command following, among others). Typ-
ically, high conscious levels are associated with an increased range of conscious
contents. Whether or not a high level of consciousness without any conscious
contents is possible remains unclear [22]
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tomography (PET) [91, 104], among others. In general, neuroimaging allows observing the
structure and function of the brain of living organisms. Two of the techniques widely used
to study brain function are PET and fMRI. PET is an image acquisition technique that
captures the metabolism of glucose in the brain [104, 128], and fMRI is a technique that
captures the hemodynamic brain activity [31].

Neuroimaging techniques can be used to study conditions of DOC. For instance, the levels
of metabolized glucose per minute in DOC are illustrated in gurel-3. This image shows
how the brain consumes glucose caused by its activity. Particularly, healthy individuals
and patients with Lock-in syndrome evidence high metabolic activity compared to patients
with DOC. However, the acquisition, analysis, and interpretation of neuroimaging data from
patients with severe brain damage are challenging [104]. For example, in quantitative PET
studies, the absolute value of cerebral metabolic rates depends on many assumptions, and
in cases of cerebral pathology, a consensus for diagnosis using this tool has not been yet
established [104, 103]. In fact, for patients with DOC is more extended the use of relative
value metabolism [161].

Figure 1-3.: Resting cerebral metabolism in healthy individuals and patients in unrespon-
sive wakefulness syndrome/vegetative state, locked-in syndrome and minimally
conscious state [104].

Brain imaging, acquisition protocols, and posterior analysis and interpretations, of patients
with severe brain damage, as in patients diagnosed with a DOC, is challenging because the



1.6 Disorders of consciousness, imaging and diagnosis 9

protocols are commonly proposed and adjusted to healthy controls subjects. For instance,
many fMRI studies require the subjects' active participation in the so-called evoked protocols.
They record the activation produced after some form of stimuli. Those evoked protocols are
not suitable for DOC patients because their condition implies the unresponsive to external
stimuli. As an alternative to overcome this limitation, the resting-state protocols emerge to
register brain activity without a requirement of external stimuli.

1.6.2. Resting-State Networks and functional network connectivity of
DOC diagnosed patients

During the last two decades, the brain activity registered at rest, i.e., while the brain is
not exposed to any stimuli [46], has been studied. The main advantage of the protocol is
that it does not require sophisticated experimental setups and overcomes the need for ac-
tive participation of the subject. Therefore, this protocol has been explored as an objective
alternative to characterize brain dynamics further and construct bio-markers for di erent
pathological brain conditions [17]. For instance, research in brain activity in resting condi-
tions suggests that healthy brains organize into large-scale functionally connected RSNs of
sensory/cognitive relevance [41, 64, 139]. At least ten of these RSNs are consistently iden-
ti ed in healthy control subjects: default mode network (DMN), sensory/motor, executive
control left, executive control right, saliency, auditory, cerebellum, and three visual net-
works(medial, lateral, and occipital) [41]. Alterations on these networks correlate to DOC,
i.e., the dynamic of some of these networks links to DOC condition. For instance, DMN is
the principal network activated in an awake state at rest [136, 26] whose alterations have
related to the disorder of consciousness [177, 60, 44].

Di erent analysis methods at resting-state have been explored in consciousness alterations re-
search [45, 196]. Including di erent imaging modalities, such as EEG and fMRI [88, 66, 148],
among others. To identify RSNs and to link them to distinct pathologies, including DOC,

it is necessary to talk about the interactions. Both EEG and fMRI provide a set of signals
associated with speci c brain regions. Then, each brain region has an associated time-course
that represents the activity at the region. In fMRI, each voxel has an associated time-course.
This way, it is possible to compute the functional interaction between pairs of regions by
computing an interaction measure between its corresponding time courses. The interaction
between regions is normally computed by correlation. Two kinds of approaches are used to
study the brain region interactions, seed-driven and data-driven [82, 130]. In the seed-driven
approach, a speci c region is chosen and characterized by estimating the correlation between
this prede ned area, the seed, and all other voxels around the brain. This strategy is used in
DOC analysis [44, 22, 49], showing that consciousness in these patients is related to specic
regions connection. Consciousness is associated with the emergence of speci c circuits into
the brain, involving regions inside the DMN [21, 44, 82]. Region selection in this approach
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is critical because incorrect choices of seeds may result in wrong characterizations. Further-
more, consciousness does not seem to be a phenomenon of isolated circuits [44, 168], even if
some speci c circuits have been related to this emergence. It is a phenomenon of underly-
ing global processes [99], which local, seed-based approaches can poorly characterize. Then,
a complete connectivity scenario that accounts for the whole brain regions becomes necessary.

An alternative that considers relations between the entire brain regions is the independent
component analysis (ICA) [121, 12, 41]. In fMRI, ICA is a data-driven approach to decom-
pose the whole-brain BOLD signals into a number of contributing volumetric spatial maps
and their associated time-courses [130], ICA assumes that the time series on each voxel
is a mixture of a set of statistically independent hemodynamic sources of activity in the
brain [31], considering the signal as a global feature. ICA looks for functional activity of
spatially segregated but correlated brain areas by using higher-order statistics to enforce spa-
tial independence between components [193, 170]. Other approaches to analyze RSN signal
include seed based methods [102], principal component analysis (PCA) [68], and clustering
techniques [86], among others. The use of these methods has improved the understanding
of the RSN's dynamic and activation patterns for healthy controls. Functional connectivity
alterations within RSNs serve as biomarkers for the study of a variety of pathological condi-
tions [17] including, Alzheimer [170, 23] and Schizophrenia [192], among others. However, in
patients with pathological conditions, these phenomena are still poorly understood [84]. The
following section illustrates the standard processing of time-courses to create the functional
connectivity network.

Functional connectivity network computation

fMRI detects small changes in the MRI signal, which is associated with neuronal activity.
MRI signal measures the excitation of hydrogen atoms in the brain the exposure to a mag-
netic eld. Speci cally, fMRI detects the variations associated with the depolarization of the
neuron. When neurons depolarize, a hemodynamic response is triggered that increases the
amount of oxygenated blood relative to deoxygenated blood. In particular, deoxygenated
blood is paramagnetic and distorts the MRI signal from hydrogen atoms in the surrounding
tissue, while oxygenated blood is diamagnetic. When the ratio of oxygenated over deoxy-
genated blood increases, the MRI signal also increase, see Figli#. This phenomenon
results in a blood oxygen level-dependent contrast (BOLD) in a region of increased neuronal
activity [20]. Furthermore, when the brain is in a resting wakeful state (R-fMRI), regions of
correlated low-frequency uctuations can be detected in the time series of the BOLD signal
( 0.1 Hz) [18].

Preprocessing of the BOLD signal usually includes a correction for temporal shifts and
section-dependent intensity di erences. This is followed by regression of head motion and
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Figure 1-4.: Physiological and physical processes leading to the measured fMRI signal. fMRI
signal depends on both blood oxygenation and volume as a function of physical
acquisition parameters, such as magnetic eld strength and MRI sequence [175]

other nuisance regressors, including signal time courses for regions of interest located in
the ventricles and white matter, which are related to high proportions of noise associated
with cardiac and respiratory signals [173]. Spatial smoothing and low-pass Itering to retain
frequencies 0.1 Hz let remove the signal from non-neural causes and improve the signal-
to-noise ratio. Then images are registered in atlas space to achieve spatial agreement with
coordinate systems and between subjects [106]. Some approaches in data preprocessing
include whole-brain regression and head motion correction. Whole-brain regression, which
regresses the mean time course of the whole brain, has been proposed as a method to improve
the speci city of correlations and reduce noise [64]. Both become a subject of debate because
whole-brain regression may produce spurious negative correlations that have no physiolog-
ical signi cance, and inadequate head motion correction can result in spurious correlations

in fMRI analysis [106].

Distinct methods can be used to analyze the data after preprocessing. One method is a
seed-based analysis, which involves selecting regions of interest (ROIs) and correlating the
average BOLD time course of voxels within these ROIs with each other and with the time
courses of all other voxels in the brain. Typically, a threshold is determined to identify
voxels signi cantly correlated with the region of interest. However, this approach requires
an a priori selection of ROIs. Another approach is independent component analysis (ICA), a
mathematical technique that maximizes statistical independence among its components [41].
ICA can be used to identify spatially distinct RSNs of RS-fMRI data. Compared to seed-
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based methods, ICA has the advantage of requiring few a priori assumptions, but requires
the manually selection of important components and distinguish noise from physiological
signals. Nevertheless, some studies have attempted to automate this process and use ICA
as a method to identify noise within the BOLD signal [106]. Despite their di erences both
approaches exhibits similar results in analysis of healthy subjects groups [139]. Finally, func-
tional network connectivity (FNC) approach considers a collection of ROIs as nodes con-
nected by edges. This connection could be established as the correlation between ROIs [86].
Formally, Functional connectivity refers to temporal correlation between spatially remote
neurophysiological events, expressed as deviation from statistical independence across these
events in distributed neuronal groups and areas [68, 18]. Distinct correlation measures
have used to compute the FNC, for instance, Pearson's correlation [94] and distance cor-
relation [163, 143]. The graph representation of ROIS as nodes and connectivity as edges
provides a basis for characterize the connectivity of brain regions [106], see Figin® for a
FNC process summary. This representation and graph measurements reveals a small-world
topology of functional connectivity [28]. Small-world is achieved through the existence of
hubs. Hubs are critical nodes with large numbers of connections, that allow high levels of
local connectivity [28]. This way small-world networks have high clustering coe cients, i.e.
high level of local connections, and an overall short distance between any two nodes, or a
small average path length [106].

Figure 1-5.: Resting state fMRI data are collected from a subject. Voxel time series are
extracted from the set of images, and a Pearson correlation analysis is performed
between all possible pairs of voxels. The correlations are represented in the
form of a correlation matrix, which is binarized at a given threshold to yield
an adjacency matrix. The functional network is thereby de ned, where each
ROl is represented by a node and connections are determined by the adjacency
matrix [96]
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Functional connectivity within RSNs

As previously mentioned, a complementary RSNs analysis strategy that considers the func-
tional relationship among RSNs is explored in FNC [82]. FNC studies focused on the as-
sessment of the level of interaction during spontaneous activity among di erent RSNs. This
dynamic brain representation results from computing pair-wise measurements of connectiv-
ity between the RSNs time-courses. Typical measurements of interaction include Pearson's
correlation coe cient that aims to capture linear relationships among the time-courses [94],
Granger causality that characterizes directional connectivity [185], and temporal slicing win-
dow that allows exploring temporal changes in the RSN connectivity [146]. Most of these ap-
proaches rely on the underlying assumption that RSN brain dynamics follow linear regimes.
However, recent evidence suggests that the neuronal function of cortical ensembles during
resting-state may follow non-linear behaviors [186]. Therefore, these interaction measure-
ments may be limited to capture this phenomenon. An alternative approach to characterize
these non-linear conditions is the distance correlation that aims to capture non-linear re-
lationships between dierent RSNs [143, 3, 71, 191]. These no-linearities could suggest
high-order interactions. In addition, this FNC has been explored as a possible biomarker of
loss of consciousness [44, 74, 82].

To summarize, the FNC provides a framework for the analysis of healthy and pathological
conditions. In altered states of consciousness, including DOC, the FNC was created based
on the connectivity of speci ¢ circuits linked to consciousness emergence. Variations in the
connectivity and topology of the nodes in these circuits have been successfully associated
with DOC, pharmacological sedation, and other conditions of altered consciousness [84, 44,
52, 79] . Then, many studies are centered on consciousness-related circuits, leaving aside
the connectivity with the rest of the brain. Furthermore, a general view of the connectivity
changes due to altered states of consciousness stills unexplored. Moreover, brain connectivity
from a general perspective could be described by the associations between RSNs, providing a
rough characterization of brain function in DOC. The next chapter develops the description

of the brain connectivity between RSNs by using network measurements. This approach
allows characterizing connectivity properties associated with altered states of consciousness,
speci cally for DOC.



2. Brain function topological description
from networks

This chapter presents a description of the topological features computed over a network
structure. First, it introduces the uses of network representations on resting-state signals as
an object that encompasses the brain regions and associations between pairs of them. Then,
the chapter presents the de nition of features used to describe a network. In particular, for

a network that represents the interactions between RSN in normal and pathological DOC
conditions. Next, it exposes the network properties variations linked to the consciousness
levels (healthy subjects, MCS, and UWS patients). The main content of this chapter were
published as an article in Brain and Behavior [119].

As described in previous chapter, due to the communication di culties imposed by the DOC
conditions, functional connectivity analyses based on R-fMRI serve as an alternative to over-
come the need to record the responses to stimuli [159, 46]. Also, the brain organization in
RSNs provides a suitable representation to study the preservation of sensory and cognitive
brain functions without any explicit stimulation [139] speci cally for DOC studies. First
analyses of RSNs in patients with DOC were focused on alterations of the functional connec-
tivity inside the DMN. This functional structure encompasses speci ¢ brain regions linked

to the consciousness emergence phenomenon [21, 44]. Decreases in functional connectivity
within this network links to modi cations of the level of consciousness in these patients.
Posterior studies showed that DOC conditions might a ect functional connectivity within
multiple RSNs [84, 80, 44, 49, 52, 130]. In particular, variations in intrinsic connectivity
for speci c RSNs relate to alterations in sensorial and awareness functions [21, 44, 49]. For
instance, in decreased connectivity levels in DMN and frontoparietal networks [122]. Addi-
tional evidence indicates changes in the connectivity between RSNs, for instance, reductions
of the connectivity strength between RSNs in patients with DOC compared to healthy con-
trols (HC) [143] and alterations in the level of anti-correlation between RSNs associated with
the recovery of consciousness [51]. These variations in the RSNs circuits were also observed in
patients with induced altered consciousness states, as in propofol sedation [80, 79]. Recently
studies which incorporate time-delay models found variations in speci ¢ talamo-cortical cir-
cuits associated with DOC [32]. Also, Bodien et al. [20] review the degree of the functional
and e ective connectivity alterations in relation with the severity of impaired consciousness.
Additionally, stimulus of specic circuits identi ed in R-fMRI and correlated with DOC
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awareness level have been used to improve diagnosis between acute and chronic DOC [156],
and the identi cation of speci c circuits as feasible targets for neuro-modulation [122]. All
these analyses converged to alterations within particular RSNs or between speci ¢ pairs of
RSNs that may have functional relevance for consciousness emergence.

Nevertheless, these approaches may be limited because they lack a more general view of
the brain, regarding, for instance, the existence of multiple functional units in the brain
interacting among them [87]. They instead focused on speci ¢ consciousness-related circuits
within the brain. A more general perspective would be important because consciousness
preservation in these patients may also require functional units related not only to con-
sciousness processing but also to stimuli and response, and possibly systems to orchestrate
them [169]. The understanding of interactions among these units may provide valuable in-
formation about these conditions [169]. A model of functional connectivity among RSNs has
been proposed in the so-called Functional Network Connectivity (FNC) [94], which considers
the functional interaction between these large-scale units. This model provides a network
representation in which interactions between high-order functional systems are characterized
using network measurements [28, 87]. Lately, connectivity density decreases were associated
with consciousness alterations in coma states, providing a general description of FNC al-
terations [114]. However, the speci c recon guration of FNC associated with consciousness
states remains poorly understood. In other words, how the FNC model may highlight re-
organizations of connectivity related to the underlying pathology characterizing the DOC
condition. In this section, the FNC interaction patterns were studied by assessing modi ca-
tions in integration, segregation, and centrality properties, which have been suggested to be
highly relevant for consciousness emergence [169].

Functional connectivity alterations within and between some RSNs observed in patients
with DOC may be interpreted as variations of the integration, segregation, and centrality
properties. For instance, functional connectivity changes within some RSNs could relate
to alterations in the integration levels of some particular functional systems known to be
involved in the consciousness phenomena, such as DMN [21]. Similarly, the variations of the
connectivity between functional systems might associate with variations in brain segregation
mechanisms. For example, the changes observed in the thalamocortical connectivity in
unconsciousness may result in decreases in their level of segregation [44]. Additionally,
reductions in functional connectivity of a central node as the thalamus reported in patients
with DOC would generate centrality disruptions [150]. In the network, the topology refers
to how the elements are connected and grouped from the pair-wise relation, how some of
them are integrated into clusters, and how some nodes become relevant. Thus, variations in
the connectivity levels between brain regions, or the role change of a node in the network,
are expressions of topological changes in the FNC. This way, FNC topology variations due
to the DOC pathology, patients in MCS or UWS, are described by alterations of these three
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properties on the speci ¢ consciousness circuits when compared against healthy people.

In contrast to previous studies that only focused on a limited set of RSNs, we considered
the interactions among the whole set of functional units. To reach this objective, the FNC
was computed for each subject obtaining a general brain functional representation with the
interactions between RSNs. This approach allows studying integration, segregation, and cen-
trality for the general brain by considering the interactions between high-order functional
systems. Next, we used a set of network measurements to assess the mentioned properties.
In particular, degree, strength, clustering coe cient, betweenness, and eigenvector centrali-
ties [28, 87, 27] were used to understand relevant brain functional properties modi cations
for di erent states of consciousness. Degree and strength assess the integration between func-
tional brain regions, i.e., how the brain regions are connected and how strong are connections
respectively. The clustering coe cient measures the segregation of brain regions, i.e., how
the brain regions are interconnected, creating functional units. Betweenness and eigenvector
centralities evaluate the relevance of a region in the functional connectivity model, i.e., how
important a brain region is for communication because it belongs to the shortest path, or it

is connected to other relevant brain regions respectively.

The main contributions of this chapter are: (i) A graph measurement-based method was

developed, characterizing pair-wise interactions between RSNs, and (ii) measured values
were associated with the consciousness levels, indicating topological variations in R-fMRI
related to the consciousness phenomenon.

2.1. Graph theory approximations used to gain knowledge
about brain pathologies

2.1.1. Complex network analysis

Networks are systems composed of many highly interconnected units. Initially, its study was
mainly of a branch of discrete mathematics known as graph theory. Nevertheless, during the
last two decades, the investigation of networks whose structure is irregular, complex, and
dynamically evolving in time became of research interest in the so-called complex networks.
Complex networks were rstly motivated for their use as proper representations in real prob-
lems, like transportation, Internet, protein chains, among others [19]. Therefore, the research
on complex networks was encouraged to de ne new concepts and measures to characterize
relevant network characteristics, such as its topology, i.e., structure and arrangement of the
network. Remarkably, these researches unveiled unifying principles and statistical proper-
ties, which resulted common to many existing networks [19, 162]. Then, their study, in
early stages modelling real phenomena, results in important emerging characteristics which
revives the research in graph theory but considering the properties of the real networks. The
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real networks are characterized by the same topological properties, as for instance relatively
small characteristic path, lengths, high clustering coe cients, fat tailed shapes in the de-
gree distributions, degree correlations, and the presence of motifs and community structures.
All these features make real networks radically di erent from regular lattices and random
graphs, the standard models studied in mathematical graph theory [4, 19].

Complex networks investigations mainly focused on the changing from small networks to
systems with thousands of millions of nodes, and they were initially modeled as random
graphs or generalized random graphs assuming that they were large-scale networks with no
apparent design principles [4]. However, two main directions of complex network analysis
were emerged to model its structure, small-world, and scale-free networks. Both of them
were introduced to model networks that mimic the growth of a network and to reproduce
the structural properties observed in real topologies [19].

Random graphs

A random graph is a graph in which the edges are distributed randomly, i.e. the nodes in the
graph that have the same number of links have the same probability to be selected [4]. Large-
scale networks with no apparent design principles have been described as random graphs.
They have been proposed as the simplest and most straightforward realization of a complex
network because networks with a complex topology and unknown organizing principles often
appear random [19]. Random-graph theory studies the properties of the probability space
associated with graphs. In general, properties of such random graphs can be determined
using probabilistic arguments where the attributes of graphs are studied as functions of the
increasing number of random connections [19]. Then, in a random graph, the probability
of select a node with a xed number of links follows a uniform distribution.

Small-world networks

The small-world concept in simple terms describes the fact that despite their often large
size in which most nodes are not neighbors, in most networks there is a relatively short
path between any two nodes. The distance between two nodes is de ned as the number of
edges along the shortest path connecting them. Then, in a small-world network, the distance
between two randomly chosen nodes is small, and it grows proportionally to the logarithm
of number of nodes in the network [180].

Scale-free networks

Scale-free networks are networks whose their degree distribution follows a power law [19].
The degree of a node is the number of its direct connections to other nodes. The distribu-
tion degreeP pkq gives the probability that a randomly selected node has exactly edges.
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Scale-free nature of real networks is rooted in two generic mechanisms shared by many real
networks The number of nodes increases by the subsequent addition of new nodes. The like-
lihood of connecting a new node depends of the node's degree [4]. Numerical simulations
indicated that a network with these properties evolves into a scale invariant state with the
probability that a node hask edges following a power law with an exponent 3 indepen-
dent of number of nodes already present in the network [4, 19].

As was mentioned previously, graph theory and more speci cally complex network analysis
had been used to model, to understand and to get insights about several types of real
systems. The complexity arises in the behavior of a system of interacting elements that
combines statistical randomness with regularity [28]. During the last decades, brain studies
and investigations had also adopted these kind of approaches to model brain structure and
function in healthy and pathological conditions.

2.1.2. Complex network analysis in brain imaging

The brain is a network which consists of spatially distributed, but functionally linked regions
that continuously share information with each other [89, 43]. As mentioned previously, func-
tional neuroimaging allows to explore and identify functional connections of speci c brain
regions and local connections. These connections permit to de ne a brain functional network
or functional connectome [160]. By analyzing this connectome important clues about overall
organization of functional communication in the brain network have been unveiled [89, 44].
This analysis have been mainly performed by using complex network measurements that al-
lows to capture emerging organizational principles of complex systems [28]. Complex network
measurements are supported on graph theory, see anexe taBld for a brief description

of some complex network measurements commonly employed to characterize brain networks.

Complex network measurements have been used to understand function a ectations and re-
con gurations in pathological brain conditions such as, Alzheimer [196, 23, 170], Schizophre-
nia [141, 192] and Autism [141], among other conditions, see Taldlel, for a brief reference

of network measurements used in brain pathological conditions studies. Complex network
analysis has been also applied to study relationships among resting-state networks, and their
topological structure [178]. Brain networks alterations were consistently related with some
brain a ectations, but for DOC conditions graph properties remain poorly understood [84].
Recently, approaches adopt local [118] and global [117] complex network measurements to
characterize the functional network connectivity of patients in DOC. These works link some
alterations of network topology with the consciousness variations. They mainly relate lo-
cal variations of the default mode network, and global variations of the average clustering
coe cient and average strength with the alterations of consciousness.
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Table 2-1.: Researches which use network measurements to evaluate brain conditions with
speci ¢ pathologies

Pathology Network Measurement  Alteration
Schizophrenia Connectivity Connectivity uctuations [192, 151]
Alzhei Clustering, modularity and Clustering and modularity reduc-
zheimer path length tions [23]
Strength Strength reduction [65]
Connectivity Global connectivity decrease [164]
Epilepsy Eccentricity and between- Decrease of eccentricity and between-
ness centrality ness centrality [176]

Strength, clustering coe - Decrements of strength, clustering
cient, e ciency and charac- coe cient, e ciency and increment

teristic path of characteristic path [189]
Multiple Sclerosis Modularity Increased modularity [69]
Parkinson Clustering coe cient and Higher clustering and modularity [6]
modularity
Autism Betweenness centrality Higher betweenness centrality [137]
DOC Clustering coe cient, Increment of clustering coe cient

strength, eciency and and strength [118, 117]
characteristic path

Degree and hubs High degree, hubs reorganization [1]

Measurements to quantify complex networks topological properties were used to understand
brain normal processes like aging and cognition, and pathological states like Schizophrenia,
Dementia, Alzheimer among others [94]. Alterations in complex measurements as mod-
ularity, hierarchy, centrality and the distribution of network hubs have been also related
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with speci ¢ behaviors of brain diseases. These properties modi cations can be associated
with topological changes. Then, the complex network analysis allows to understand some
topological variations of the networks induced by brain pathologies.

2.2. Functional connectivity reshape in patients with
disorders of consciousness

This section presents the characterization of a functional connectome for Healthy Control
(HC) subjects and patients with DOC [31, 87, 27, 159], in particular, a connectome with
RSNs as nodes. This connectome corresponds to a large-scale network of functional relation-
ships between functionally related brain regions. Network-based measurements computed on
this connectome provide a functional depiction of synchronized, spontaneous and segregated
activity [87, 141, 159]. There is an important methodological challenge in the characteri-
zation of the functional relationship between large-scale areas (RSNs), mainly related with
the severe brain damage of patients in DOC conditions. Particularly, brain-injured patients
may present functional and structural a ectations that may change the connectome prop-
erties. Therefore, a particular processing pipeline that accounts for these alterations was
considered, including, severe structural a ectations, large head motions, and individual vari-
ability, among others. Figure2-1 summarizes the process used to characterize functional
connectivity alterations at the general brain level of interactions between RSNs.

2.2.1. Materials and Methods
Subjects and patients

Participants were healthy volunteers and patients with UWS or MCS following severe brain
damage studied at least 5 days after acute brain insult. HC subjects were subjects free of
psychiatric or neurological history. Clinical examination was performed using the French
version of the Coma Recovery Scale-Revised (CRS-R) [73, 154]. The CRS-R is a stan-
dardized measure for characterizing the level of consciousness and monitoring recovery of
neurobehavioral function [73]. It consists of 30 hierarchically arranged items that comprise 6
subscales addressing auditory (5 items), visual (6 items), motor (7 items), oromotor/verbal
(4 items), communication (4 items), and arousal (4 items) processes. The scoring is based on
the presence or absence of speci ¢ behavioral responses to sensory stimuli administered in a
standardized manner, and the lowest item in each subscale represents re exive activity while
the highest item represents cognitively mediated behaviors [73, 154]. Exclusion criteria were
contra-indication for MRI (e.g., presence of ferromagnetic aneurysm clips, pacemakers), MRI
acquisition under sedation or anesthesia and large focal brain damage50% of total brain
volume). Structural brain damage was assessed by visual inspection of two experts. Written
informed consent to participate in the study was obtained from the healthy subjects and
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Figure 2-1.: lllustration of methodological procedure de ned as the sequence of the following
processes: Data acquisition consist of 300 volumes functional MRI at rest and
a structural MRI for each subject. Next, data preprocessing including brain
extraction, alignment, registration, Gaussian smoothing, motion correction and
normalization. Following by a data driven approach to extract the RSNs us-
ing spatial independent component analysis and a template matching strategy.
Then, functional network connectivity between RSNs were computed by the
lagged distance correlation method. Finally, integration, segregation and cen-
trality measurements were computed to characterize the populations in di erent
states of consciousness



