Chapter 3

Linking Complex Alterations in Functional
Network Connectivity to Disorders

of Consciousness

Julia S. Crone and Martin M. Monti

Abstract In the last decade, research has focused on finding neural correlates of
consciousness for diagnosis and prognosis after severe brain injury using neuroim-
aging studies. Because patients with disorders of consciousness are not or only lim-
itedly capable of following instructions, studies investigating resting-state
connectivity have been a focus of interest. This chapter gives an overview of the
research on functional network connectivity in disorders of consciousness and com-
mon methods used to investigate these alterations such as independent component
analysis, seed-based approaches, graph theory, and spectral dynamic causal model-
ing. Research demonstrates that properties of resting-state networks may provide
further evidence for diagnosis and prognosis but also show limitations in interpret-
ability. In addition, the existence of so-called hot zones of neuronal correlates of
consciousness is discussed. In the second half of this chapter, we outline the caveats
of resting-state functional imaging in severe brain injury. Motion, artifacts, normal-
ization procedures, and interpretability pose serious obstacles when analyzing
resting-state connectivity particularly in the injured brain. Nevertheless, resting-
state connectivity analyses are a powerful tool to investigate patients with disorders
of consciousness.
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Disorders of consciousness can be caused by severe brain injury and affect pro-
foundly the structural and functional integrity of the brain’s core architecture.
Understanding the complexity of this architecture is the main challenge when link-
ing brain function to cognitive deficits such as impaired consciousness. Neuroimaging
in these patients has become a state-of-the-art tool to gain deeper insight into the
functional and structural changes underlying their deficits and, more in general, the
neuronal correlates of consciousness. The early investigations using neuroimaging
in patients with disorders of consciousness revealed major alterations in brain con-
nectivity [1-3]. The focus of these early studies was to find additional and more
reliable diagnostic measures bearing in mind a lack of accuracy in the standard
clinical assessment of their cognitive abilities [4] (see Chap. 1). To accomplish this
goal, functional and structural characteristics of the brain are compared between
different levels of impairment (ranging from coma, vegetative state, to the mini-
mally conscious state) to uncover associations between the underlying degree of
cognitive deficits and alterations in brain functioning.

In the past 10 years, functional connectivity during resting state has become a
particularly promising perspective for research in severe brain injury and impaired
consciousness. Resting-state imaging has the great advantage of not involving task-
related sensory input or behavioral output, which can be impaired by the specific
nature of the brain injury and potentially mask the presence of (minimal) conscious-
ness. Since the focus of interest lies on alterations in the basic brain functioning of
patients with disorders of consciousness, rather than on specific deficits in higher-
level cognitive domains, there is also no need to trigger these cognitive processes
with specific tasks. Another reason for studying the resting state in patients is that
without controlling the cognitive processes during task performance (which is
impossible in unresponsive patients), task-specific stimuli may generate similar
brain states independent of the patient’s level of consciousness [5]. During resting
state, fluctuations are observed in the blood oxygen level-dependent (BOLD) signal
while performing functional magnetic resonance imaging (fMRI). These fluctua-
tions show an organized pattern of functionality throughout the brain and are associ-
ated with cognitive functioning [6].

Alterations of Brain Networks in Disorders of Consciousness

At rest, fluctuations in the BOLD signal of different brain regions are synchronized
forming distinct networks throughout the brain [7, 8]. The most paradigmatic
resting-state network, the so-called default mode network, connects the medial
frontal cortex, medial posterior cortex, and temporoparietal regions [9] (see
Fig. 3.1). A key characteristic of the default mode network is its activation during
rest and deactivation during performance of various attention-demanding cognitive
tasks [10-12]. It has been speculated that the BOLD fluctuations establishing the
default mode network are related to conscious cognition [13], mind wandering [14],
or internal reflection [9, 15] and that its deactivation reflects interruptions of
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Fig. 3.1 Examples of resting-state networks as defined here [22]. Top (green): default mode net-
work. Bottom (blue): salience network

introspective processing enabling attention-demanding actions [12, 16]. Supporting
the latter speculations, this network is active rather than depressed during tasks
involved in internal-directed cognition such as autobiographical memory, imagery
spatial navigation, and theory of mind as demonstrated by a meta-analysis [17].
Single components of the default mode network are affected in different ways
depending on the properties of the task such as emotional or self-referring features.
But as a whole, the default mode network seems to play an enhanced role in atten-
tion focusing [18]. Nevertheless, the exchange of information within the default
mode network is never turned off completely but rather adjusted at a fine-grained
level as studies in sleep [19], in light sedation [20], as well as in deeply anesthetized
monkeys [21] demonstrate.

In addition, the default mode network has been shown to be anticorrelated with
other resting-state networks such as the dorsal attention network [10]. However,
when studying local cell recordings in the cat brain across time, these anticorrela-
tions are only present about 20% of the time, while 80% of the time, the two net-
works seem to cooperate depending on the state of mind [18].

The most common methods to study the default mode network are independent
component analysis [23] and seed-based approaches [8]. While the independent
component analysis is data-driven, the seed-based correlation analysis depends on
spatial assumptions and regions of interest. Independent component analysis
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attempts to separate a multivariate signal in (spatial) independent sources resulting
in several independent connectivity maps of the brain. For the seed-based approach,
connectivity depends on the time series of a selected seed region and its correlation
with the time series of all other voxels. It is also possible to explore properties of
resting-state networks using structural information such as probabilistic tractogra-
phy, a diffusion tensor imaging method used to identify anatomical connections
based on the molecular diffusion process in tissues in three-dimensional space.

The involvement of the default mode network in self- and attention-related tasks
and its prominent occurrence has led researchers to investigate its alterations in
disorders of consciousness. Studies demonstrate reduced functional connectivity
within the default mode network in patients [24-29] and functional [30, 31] as well
as structural [32] correlation with the level of behavioral responsiveness as mea-
sured by the Coma Recovery Scale-Revised [33] (see Chap. 1 for further detail on
behavioral assessment). In addition, an intact default mode network was observed in
comatose patients who eventually recovered consciousness but not in patients who
did not awake from coma. This finding indicates that connectivity of the default
mode network may have prognostic value for comatose patients [34]. A similar
finding in patients in the vegetative state proposes that patients who do not emerge
show reduced connectivity between regions within the default mode network com-
pared to patients who regain consciousness [35]. Another link to the level of impair-
ment has been found when investigating deactivation of the default mode network
in response to language [36]. Only those patients who showed preserved responses
to language in higher-cortical areas were able to interrupt ongoing mental processes
to focus attention, that is, demonstrate a local decrease in BOLD activity.

The default mode network may be the most paradigmatic resting-state network,
but it is not the only to be altered in disorders of consciousness. Differences in con-
nectivity strength between patient groups have been shown also in the salience net-
work [35] (see Fig. 3.1). When discriminating the impairment of various resting-state
networks such as the default mode, frontoparietal, salience, auditory, visual, and
sensorimotor in patients using a machine learning approach [37], functional con-
nectivity in all networks showed a correlation with the level of behavioral respon-
siveness and a high discriminative capacity for separating patients according to their
severity of impairment. As of a note, this finding could not be confirmed in a study
investigating the specificity and sensitivity of the mere presence of various resting-
state networks [29] which may be due to the fact that the default mode network was
the only network identified in all subjects.

Another exciting approach to explore network properties of the brain is graph-
theoretical techniques [38]. Graph theory is the study of mathematical structures
used to model relations between objects and has been applied in all kinds of fields
such as computer science, chemistry, physics, biology, economics, and sociology. In
graph theory, complex networks are defined as a set of nodes connected by edges.
Their constellation is described by network metrics. Clusters of functionally associ-
ated areas show a high density of local connections with few connections between
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functionally segregated clusters [39, 40]. This small-world constellation ensures a
high efficiency in information processing at a relatively low cost of wiring length
[41]. These properties give rise to, for instance, the necessary balance to maintain a
high level of cognition [42] between information segregation (as a capacity for spe-
cialized processing within densely interconnected brain regions) and integration (as
a capacity to combine the specialized processing from segregated brain regions).
Graph-theoretical approaches provide a perfect source to study the topological
arrangement of functional communication and structural organization using metrics
such as degree (number of edges of each node), clustering (degree to which the
node’s neighbors are also neighbors of each other), and efficiency (quantification of
its robustness to failure).

Recent investigations applying graph-theoretical measures in disorders of con-
sciousness demonstrate preserved small-world properties of the overall organiza-
tion of the brain’s network despite severe alterations [43—45]. For instance, comatose
patients show critical impairment at the local level of network organization but no
global alterations [43]. In contrast, when comparing minimal conscious state, veg-
etative state, and healthy controls, the balance between segregation and integration
in both patient groups is globally affected as well. Another study compared the
scale-free properties between propofol-induced loss of consciousness and the veg-
etative state [45]. Scale-free networks are characterized by high robustness to fail-
ure because of their highly heterogeneous degree distribution. The vast majority of
nodes are connected to only a few other nodes with a tiny minority of actual hubs
(nodes that are disproportional highly connected to other nodes). Therefore, the
likelihood that randomly occurring failure affects a highly connected hub (and thus
is fatal) is almost negligible. Interestingly, the deeply sedated brain demonstrates
scale-free properties, while the vegetative state does not [45].

At a more local level, topological measures such as degree, efficiency, and clus-
tering are reduced in patients in medial posterior regions [43, 44], while in frontal
regions, findings depart depending on the study and patient population. In minimal
conscious state and vegetative state, an increase in lateral frontal and a decrease in
medial frontal regions have been detected [44]. In comatose patients, however, there
was an increase in medial frontal regions [43]. In addition, the degree of segregation
differs between vegetative state and minimal conscious state in medial parietal and
is related to behavioral responsiveness in frontal regions.

Recently, a new method for resting-state fMRI data, spectral dynamic causal
modeling [46], has been validated allowing to investigate alterations in the causal
interaction of resting-state networks. Applying this approach to explore the effective
connectivity within the default mode network revealed that the posterior cingulate
cortex functions as the main driven hub in healthy subjects [47]. In patients with
disorders of consciousness, disruption regarding self-inhibition and neuronal oscil-
lations in the posterior cingulate cortex is a key aspect linking alterations in con-
sciousness after severe brain injury to the intrinsic functional architecture of the
default mode network [47].
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A Hot Zone of Neuronal Correlates of Consciousness?

In contrast to the recent findings reported above, there has been a long history of
research on connectivity between the thalamus and the frontal cortex in disorders
of consciousness. An initial study in one patient recovering consciousness after
traumatic brain injury [48] (together with evidence from the animal model [49, 50]
and from experimental manipulations testing conscious awareness of stimuli in
healthy subjects [51-53]) highlights the role of thalamo-frontal connectivity in
disorders of consciousness. The thalamus is highly reciprocal connected with cor-
tical areas, especially with frontal regions. This theoretically makes the thalamus a
perfect candidate for integrating information computed by cortical areas and there-
fore generating conscious awareness. However, the critical involvement of the
thalamus for consciousness has not been confirmed. Recent evidence rather sug-
gests a less prominent role of the thalamus in disorders of consciousness after
traumatic brain injury. While the structural atrophy of the thalamus is related to
motor function as well as communication, there is no relation with the level of
arousal or overall conscious responsiveness in patients [54]. Studies investigating
functional connectivity did not find significant correlations with the overall level of
conscious responsiveness and thalamo-cortical connectivity in patients [3, 44].
This would be in line with evidence from studies investigating propofol- or sleep-
induced loss of consciousness and demonstrating a rather secondary role of thal-
amo-cortical connectivity [55-59]. It is more likely that thalamo-cortical
connectivity is crucial for effective cortical communication providing higher-order
cognition and control of motor function [60].

Obviously, a much more consistent finding in patients with disorders of con-
sciousness is alterations of the medial posterior regions. The posterior cingulate
cortex with the adjacent precuneus is the most prominent part of the default mode
network. The posterior cingulate cortex is not only sensitive to the state of arousal
but serves as a complex control mechanism in respect to the breadth of attention
(focused vs. broadly alert) and its direction (internally vs. externally) [61]. It is also
part of the so-called rich club referring to brain regions with much higher intercon-
nectivity throughout the brain than others which are suggested to play a critical role
in overall brain communication by enabling highly efficient information integration
[62]. The posterior cingulate cortex shows a complex pattern of interaction with
different functional connectivity networks emphasizing a multifaceted role in global
brain communication [63, 64]. This makes the posterior cingulate cortex as part of
the default mode network to a major transit hub for exchange of information
throughout the whole brain [65—68]. In disorders of consciousness, connectivity of
medial posterior regions during resting state is found to be altered in all relevant
studies often distinguishing between vegetative state and minimal conscious state
patients [30, 44, 69, 70]. Based on these observations, Koch and coworkers plead
for a temporo-parietal-occipital hot zone of neuronal correlates of consciousness
[71]. Indeed, findings from fMRI studies make it tempting to speculate about the
causal association between medial posterior regions and impaired consciousness
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especially because specific hubs in the brain—if impaired—have fatal effects for
the overall communication due to its structural organization as a scale-free network.
However, precaution is required when drawing conclusion regarding the causal
involvement of changes in the regional activity of the blood oxygen level-dependent
(BOLD) signal in the severely damaged brain.

Caveats of Resting-State Functional Imaging
in Severe Brain Injury

It is important to be mindful of the methodological and conceptual limitations that
arise from functional connectivity studies investigating consciousness and severe
brain injury when discussing the findings.

Motion and Artifacts

Acquiring, analyzing, and interpreting resting-state fMRI data in the severely dam-
aged brain is more than challenging. Motion is the most problematic but also the
most considered disadvantage when working with resting-state fMRI data in
patients with disorders of consciousness. Patients in the vegetative state and espe-
cially in the minimally conscious state can exhibit high rates of spontaneous motion.
To make things even more problematic, the correlation between motion and the
level of recovery follows a u-shaped curve. Patients in the minimal state typically
show more motion than patients in the vegetative state. In recovered patients, how-
ever, the trend is the opposite: with less motion, the better the recovery.

Motion artifacts in functional connectivity analyses are known to be highly prob-
lematic [72-76]. The effects are complex and may depend on the specific acquisi-
tion and analysis procedure chosen. Small head movements may produce spurious
but organized effects on the BOLD signal which leads to false distance-dependent
correlations. This problem is not trivial when the question of interest is correlated
with the amount of motion, that is, when comparing high-motion groups with low-
motion groups. Consequently, differences between vegetative state and minimal
conscious state as well as between minimal conscious state and control groups may
be completely due to differences in head motion. In addition, motion affects nearby
voxels more than distant ones which has severe impact on the properties of net-
works such as long-distance vs. short-distance connectivity, efficiency, and cluster-
ing measures. This highly affects findings beyond the mere comparison of group
differences. The awareness of these problematic issues has just arisen and denoising
strategies are still evolving. Most of the functional connectivity studies which are
reported in this chapter have not implemented sufficient approaches to control for
motion artifacts.
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A similar issue is the brain injuries themselves. Lesions can produce spurious
artifacts which affect the variance of the BOLD signal in surrounding areas of inter-
est. The severity of the lesions tends to correlate with the level of impaired con-
sciousness and cognition, that is, vegetative state patients typically have a greater
level of brain damage than minimal conscious state patients.

Normalization and Selection of Region of Interest

Less commonly discussed but definitely as delicate to deal with is the normalization
procedure and selection of regions of interest in patients with severe traumatic brain
injury. Commonly, the functional images acquired are automatically transferred into
some sort of common referential space, such as the Montreal Neurological Institute
(MNI) space, to conduct group comparisons. This is usually done for region of
interest analyses such as graph-theoretical approaches or effective connectivity
analyses and data-driven approaches at the group level such as independent compo-
nent analysis likewise. To define a region of interest, the coordinates are identified
in one common standard space and then applied to all subjects in the same space.
This way it is ensured that the comparison of changes in the BOLD signal of a par-
ticular area in the brain is the same across subjects. For patients with severe brain
lesions, however, there is no adequate solution for an automatic procedure of nor-
malization into standard space [77-79]. The best but still not flawless method is cost
function masking proposed by Brett et al. [80]. However, this process is not only
very time consuming but, especially in brains with widespread and diffuse lesions,
difficult to perform because it requires the manual tracing of the lesion borders.

In addition, the process of normalization as a purpose of defining common brain
regions of interest does also not account for plasticity and adaptation of neighboring
regions assimilating functions of lesioned parts.

An alternative approach in these patients is to process the data in single-subject
space and define regions of interest functionally at the individual level if applicable.
However, most of the studies performed in patients with disorders of consciousness
used an automatic normalization procedure and coordinates in standard space to
define regions of interest.

Aspects of Interpretability When Using Functional
Neuroimaging in Disorders of Consciousness

Besides the specific methodological caveats of data preprocessing, the interpretability
of findings is complicated for fMRI data in general but in disorders of consciousness
particularly. The BOLD signal originates from changes in the deoxyhemoglobin con-
centration meaning it is sensitive to changes in cerebral blood flow, blood volume, and
tissue oxygen consumption. Consequently, the measured BOLD response is depen-
dent on the size and orientation of and the distance to the blood vessel. Intravascular
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and extravascular water have also different influences on the BOLD signal, and these
influences depend on the parameter settings during data acquisition. For simple con-
nectivity analyses in which the time series of one region is compared to the time series
of another, the challenge of modeling the BOLD response appropriately is not of such
importance. However, when it comes to the interpretation of differences in connectiv-
ity between compared groups or the interpretation of an association with behavioral
assessment, these factors are indeed significant.

This multifaceted interaction gets even more complicated when dealing with
severe brain injury. In the healthy brain, neuronal activity typically evokes a concur-
rent increase in oxygen consumption, blood flow, and volume. Astrocytes and peri-
cytes, non-neuronal brain cells, are highly involved in regulation of vasodilatory
responses [81, 82] and thus a crucial element of the BOLD signal. Especially peri-
cytes are significantly affected by impaired arterial blood supply such as in ischemia
or traumatic brain injury. As a consequence, alteration of the BOLD signal in trau-
matic brain injury may rather mark the prolonged death of pericytes than impaired
neuronal activity. However, the exact interaction between mechanisms caused by
severe brain injury and its effects on the BOLD signal are unknown. This is exacer-
bated by the fact that alterations in structural connectivity are not directly related to
functional connectivity. From simulations we know that changes in brain connectiv-
ity have widespread, complex effects on functional connectivity and are not restricted
to local changes [42, 66, 83]. Straightforward interpretation of these alterations is
illusive. For instance, increases in functional connectivity do not always go along
with a strength in structural connectivity and cannot be entirely related, for example,
to compensatory processes reflected by neural plasticity [83, 84].

Another complicating factor for interpretation we have to be aware of is that
neuronal mechanisms identified with neuroimaging techniques do not necessarily
reflect neuronal correlates of consciousness [85, 86]. Mechanisms identified and
related to the level of consciousness in patients do not exclusively reveal its neuro-
nal correlates but could rather be prerequisites for or consequences of conscious
experience. In healthy subjects, an empirical distinction of these different brain pro-
cesses is already a huge challenge that has not been resolved to a satisfactory extent
so far. For patients with severe brain injury, however, this is even more challenging
due to the earlier mentioned possible confounds.

It remains a challenge to specify the cause of changes in functional connectivity
in the diseased brain and disentangle injury-specific influences on the BOLD signal
from underlying structural and functional changes, or actual changes in cognitive
function.

Conclusion

Despite the general lack of awareness for conscientious interpretability of fMRI
findings and the problematic aspects of data preprocessing, resting-state fMRI
analyses in disorders of consciousness offer a unique insight into very specific
alterations of the brain’s network mechanisms that other methods cannot
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provide. This approach enables the identification of impairments at the macro-
scale level by shifting the spotlight on mechanisms of interaction that emerge
exclusively at this broaden scale. Previous research in disorders of conscious-
ness has shown that functional connectivity is fundamentally reorganized and
that affected hot zones such as medial parietal regions play a critical role for
consciousness and cognition.

In combination with other methods and cautious interpretation, resting-state
fMRI and functional connectivity analyses are a crucial part of investigating disor-
ders of consciousness and enhance our knowledge of the brain mechanisms under-
lying impaired consciousness.
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