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Abstract

The human brain is organized in various networks both functionally and structurally.
However, despite the extensive research on brain connectivity, which was made
possible due to the development of in vivo brain imaging techniques, the neuroscientific

field is still far from fully comprehending networks function and dynamics.

Detailed knowledge about the relationship between various brain networks is essential
for understanding the function of the healthy brain. However, many studies on mental
disorders such as schizophrenia suggest that it might be caused by abnormal brain
network functioning and structural aberrations. Therefore, the knowledge of the brain
network's dynamics and structure might be critical for revealing the underpinnings of
mental disorders such as schizophrenia. The presented thesis had three main goals,

resulting in three structural and functional imaging studies.

Firstly, the brain's structural connectivity affected by schizophrenia has been
investigated to determine the nature and extent of its changes. Hence, Diffusion Tensor
Imaging (DTI) and tract-based spatial statistics (TBSS) were employed to explore
white matter differences between subtypes of schizophrenia patients compared to
healthy controls. This study revealed widespread FA-value reduction in the

hallucinating schizophrenia subjects’ white matter compared to non-hallucinating ones.

Since widespread aberrations of the white matter should affect the function of the large-
scale brain networks, the second goal was to explore the two main functional brain
networks, Default Mode Network (DMN) and Extrinsic Mode Network (EMN). This
is because dysfunction of DMN and EMN networks has been previously suggested to
be significant for the generation of symptoms of schizophrenia disorder, such as
Auditory Verbal Hallucinations (AVH). Since the concept of EMN is relatively new
and not yet deeply explored, and additionally protocol used in that study has not been
previously utilized to study EMN and DMN, it was first necessary to test the design in



a group of healthy participants. This study used the novel protocol based on the classic
block design fMRI experiment with three different visual tasks: mental rotation,
working memory, and mental arithmetic. The results of study II proved the existence

of the EMN that is anti-correlated with the DMN and is domain-general.

Lastly, the neuroimaging studies of the participants suffering from mental disorders
such as schizophrenia require relatively short and effective examination protocols.
Therefore, the last project investigated both similarities and differences in DMN
activity between two experimental designs: block design and resign state. A classic
block design experiment would be a good candidate for the investigation reflecting the
fluctuating activity of the brain during typical daily activity. The results of Study III
showed that the activity of the DMN was generally similar in the two experiments,
though with some discrepancies. These differences were in the DMN architecture itself
and concerning the relations of the DMN with other brain networks. These findings, in
combination with the results of study number two suggest that the block design
experiment could be the most effective for studying the function of the brain in

schizophrenia.

The studies incorporated in that thesis add to the current findings on the white matter
alterations in schizophrenia disorder and contribute to a better understanding of the
function and dynamics of the large-scale brain networks: EMN and DMN. Last but not
least, the performed studies give a good background for future clinical studies on

schizophrenia disorder.
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1. Introduction

Modern neuroimaging and subsequent advanced data processing have provided unique
insight into the living human brain. Still, the structural complexity and function of the
healthy, thinking brain are still only poorly understood. There is a need for modifying
current approaches to explore remaining questions. Understanding human cognition
may in turn develop into biomarkers for understanding mental disorders. In this thesis
summary, basic concepts of neuroimaging are described, alongside an introduction to

the current state-of-the-art and the thesis aims.

1.1 Structural and Functional Brain Networks

The human brain is structurally and functionally arranged into a collection of
specialized networks that flexibly interact to support various cognitive functions
(Damien A Fair, Cohen et al., 2009). The properties of those complex networks have
been identified with consistency in several modalities of neuroimaging data and over a

range of spatial and time scales (Bassett & Bullmore, 2009).

Brain networks can be specified based on structural connectivity or functional
interdependence, being a common activity in various brain structures that are mutually
dependent under variation of a functional or behavioral parameter (Bressler & Menon,
2010). Functional neuroimaging uses functional Magnetic Resonance Imaging (fMRI)
blood-oxygenation-level-dependent (BOLD) signal contrast to identify nodes of large-
scale functional networks by relating temporally joint activation of brain areas to
various cognitive processes and mental states. The identification of functional network
edges comes from the analysis of functional interdependence (or functional
connectivity), which assesses interactions among network nodes (Bressler & Menon,
2010). Functional connectivity of the brain is most often studied using resting-state

functional Magnetic Resonance Imaging (rs-fMRI).



The brain structural network organization is based on white matter microstructure that
physically interconnects brain regions. The most often used approach to study
structural brain connectivity is diffusion-based magnetic resonance imaging methods,
such as diffusion tensor imaging (DTI). This method allows determining major fiber
bundles of the brain in vivo by identifying the principal direction of diffusion between
fiber bundles (Bressler & Menon, 2010). The main difference between functional and
structural connectivity is that functional connectivity is purely correlative, while
structural connectivity reflects measurable physical connections. Therefore, functional
connectivity between two regions may be seen even when structural connections are
weak or absent. However, in most cases, these two aspects of brain connectivity show

at least some level of convergence (Eickhoff & Miiller, 2015).

Structural networks provide a complex architecture that facilitates dynamic interactions
between brain areas that provides the underpinning for functional networks. It has been
long assumed that cognitive functions and mental states are driven by the operations of
distinctive brain areas either in isolation or in simple interactions. However, more
recent findings have shifted focus in favor of the view that cognition results from the
dynamic interactions of distributed brain areas acting in large-scale networks (Bressler
& Menon, 2010). Therefore, a functional brain network can be defined as
interconnected brain areas that interact to perform circumscribed cognitive and mental

functions.

One of the most studied and known functional large-scale brain networks, the Default
Mode Network (DMN), shows deactivation during engagement in cognitive tasks and
increased activity during awake resting (Bressler & Menon, 2010). Therefore, the
DMN is often referred to as a resting-state network (Greicius, Krasnow et al., 2003;
Raichle, MacLeod et al., 2001). The large-scale functional brain network that contrasts
the DMN has been described by Kenneth Hugdahl, Marcus E. Raichle et al. (2015a).
They proposed the existence of a generalized task-related cortical network that is up-

regulated when the performed task needs the allocation of generalized non-specific



cognitive resources, independent of the specifics of that task. Hugdahl and Raichle

called this network the extrinsic mode network (EMN ).

A deeper understanding of large-scale functional and structural brain networks is
required to characterize the basics of normal cognitive processes and would give novel
insights into psychiatric and neurological disorders. For instance, clinical studies in
Alzheimer's disease and schizophrenia have identified abnormalities of network
configuration (Bassett & Bullmore, 2009). Moreover, Hugdahl et al. (2015a) suggested
that failure of up-and down-regulation dynamics of the large-scale functional networks,
such as DMN and EMN, may provide neural underpinnings for cognitive impairments

seen in many mental disorders, such as, for examle, in schizophrenia.

The spatial organization of brain white matter is composed of densely packed axons
organized into fiber tracts, also named bundles of fascicles. These tracts form a
complex but well-organized architecture within and across the hemispheres
(Mandonnet, Sarubbo et al., 2018). Diffusion-weighted magnetic resonance imaging
(DWI) and tractography techniques allow visualization of the three-dimensional
"skeletons" of the white matter. The white matter tracts are broadly classified into three
main groups according to their connectivity, and these are projection, association, and
commissural fibers (Wycoco, Shroff et al., 2013). Projection fibers connect the cortical
areas with the deep gray nuclei, brainstem, cerebellum, and spinal cord. Association
fibers connect different cortical regions within the same hemisphere. These major long
tracts include superior and inferior occipitofrontal fasciculus, cingulum, uncinate
fasciculus; superior longitudinal fasciculus and inferior longitudinal fasciculus.
Commissural fibers of the corpus callosum and the anterior commissure connect
similar cortical areas between the hemispheres, including the corpus callosum and the

anterior commissure (Wycoco et al., 2013).

Disruptions of functional connectivity between distant brain regions can impair
information processing associated with various neuronal processes. However, there is

an existing body of evidence implying that defects in myelin insulation can lead to



impaired cognitive function in, for example, multiple sclerosis patients or cognitive
decline in aging (Fields, 2008). Moreover, many psychiatric disorders such as
schizophrenia, bipolar disorder, and post-traumatic stress syndrome have been
associated with white matter abnormalities (Fields, 2008). These findings suggest that
impaired cognitive ability, disorganized thinking, mood disorders, hallucinations, and
accompanying psychiatric illness may result from slowed or desynchronized impulse
conduction between distant cortical regions (Fields, 2008). Therefore, studying
structural and functional connectivity in mental disorders is necessary to understand

them fully.

The current thesis aims at examining structural connectivity of the schizophrenia brain
using diffusion tensor MRI (DTI). Furthermore, using fMRI, the thesis aims to explore
the dynamics of large-scale functional brain networks, namely DMN and EMN, as two
complementary networks, and establish a framework for advancing the understanding

the complex mental disorders.

Exploring structural connectivity in schizophrenia may provide a better understanding
of possible anatomical underpinnings of the disorder and it may facilitate investigations
of how structural aberrations relate to the brain functional changes. Furthermore,
studies of functional large-scale brain networks may provide a better understanding of
brain function in a healthy population. They hold the potential for improving design
and analysis of future clinical trials. This could lead to a better understanding of the

mechanisms behind symptoms of mental diseases.

1.1.1 Structural networks

The function of white matter pathways is not yet fully understood although it is studied
in many different contexts. As mention above, it has been shown that the strength of
functional connections is often reflected in the strength of structural connections
(Honey, Sporns et al., 2009). In the context of connectivity of large-scale brain
networks, the results of a recent study by Alves, Foulon et al. (2019) on structural

connectivity of the DMN identified several white matter pathways to be connected to



key nodes of DMN such as the anterior and posterior portions of the cingulum, as well
as the inferior longitudinal fasciculus, the second branch of the superior longitudinal
fasciculus (SLF), the posterior segment of the arcuate fasciculus, the uncinate
fasciculus and fibers of the frontal orbito-polar tract. Therefore, one may hypothesize
that aberrations in white matter connectivity of the tracts identified by Alves et al.
(2019) may affect activity of the DMN. Interestingly, several white matter connection
mentioned by Alves et al. (2019) have been of interest in studies of mental disorders.
These are in particular the SLF and the arcuate fasciculus, which were shown to be
related to auditory verbal hallucinations in schizophrenia (Chawla, Deep et al., 2019;
Curéi¢-Blake, Nanetti et al., 2015; Geoffroy, Houenou et al.,, 2014). Different
anatomical models of SLF have been suggested, although most models emphasize the
significance of tracts linking the fontal region to the temporal and parietal regions,
regions that are eventually implicated in semantic processing (Catani, Jones et al.,
2005; Glasser & Rilling, 2008). Madhavan, McQueeny et al. (2014) showed that SLF
is developed from four subparts. Each subpart connects frontal and opercular regions
with other brain regions, such as the superior parietal lobe, the angular gyrus, the
supramarginal gyrus, and the superior temporal gyrus (Madhavan et al., 2014). The
SLF was initially considered synonymous with the arcuate fasciculus, however today,
the part of the SLF connecting frontal regions with the superior temporal gyrus is
viewed as the arcuate fasciculus (Madhavan et al., 2014). The arcuate fasciculus
includes a long segment directly connecting Broca's and Wernicke's areas and two short
segments that indirectly connect anterior and posterior language areas via the inferior
parietal lobule. Altogether, they form the dorsal language stream implicated in

phonemic aspects of language (Johns, 2014).

1.1.2 The Default Mode Network

The Default Mode Network (DMN) is a well-known large-scale brain network that has
been known and explored by the neuroscience community for more than two decades.
The active brain regions were initially defined using task-based contrasts and included
those that were deactivated during performance of a task when compared to a resting

baseline condition. This was first described by Shulman, Fiez et al. (1997.) and



subsequently by Gusnard and Raichle (2001) and Raichle et al. (2001), who all
observed that certain brain regions exhibited increased metabolic activity during rest
and decreased activity when engaged in goal-directed (i.e. cognitively demanding)

behavior.

It has been observed that the DMN is activated during in situations when thought can
be understood to be directed toward inwards. Further, the DMN is more activated in
subjects that tend to "daydream" more often (Buckner, Andrews-Hanna et al., 2008).
This may lead to the hypothesis that the DMN is a core brain network associated with
spontaneous cognition and that individuals have a strong tendency to engage or activate
the DMN when they are not otherwise occupied by external tasks (Buckner et al.,
2008). This notion seems to be supported by findings showing that up to 90% of the
energy consumed by the brain is used to support the DMN (Raichle & Snyder, 2007).
Moreover, the DMN continues to be activated during sleep and even during light

anesthesia (Raichle, 2009).

Current evidence shows that the DMN is also involved in different forms of self-
relevant mentalization processes. An increase in DMN activity has been related to
theory of mind, such as thinking about one's desires, beliefs, and analyzing the
intentions of others (Buckner et al., 2008). DMN activity increases have also been
related to autobiographical thoughts such as thinking about the past and planning the
future activities (Buckner et al., 2008). These findings may suggest that the DMN may
contribute to adaptive behavior by allowing scenarios to be constructed and explored
in the mind, with the aim to review past events and to create expectations about the

future (Buckner et al., 2008).

Anatomically, the DMN has primarily been cortically defined as a set of network nodes
distributed across the ventral and dorsal medial prefrontal cortices (BA 24, 10m, 10r,
10p, 32a, 32c, 9), posterior cingulate/retrosplenial cortex (BA 29/30, 23/31), inferior
parietal lobule (BA 39, 40), lateral temporal cortex (BA 21), and hippocampal
formation (Manning & Steffens, 2016), see Figure 1.
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Figure I- The Default Mode Network.

Lateral and medial view of the default mode network of the left hemisphere
(Sandrone & Catani, 2013).

1.1.3 The Extrinsic Mode Network

Around the new Millenium, there were reports showing that different cognitive
processes nevertheless engaged the same or similar brain regions. Firstly, Kohler,
Moscovitch et al. (1998), see also Duncan and Owen (2000) suggested the existence of
domain-specific versus domain-general brain structures involved in semantic memory,
and suggested that there may also exist brain structures in order to handle requirements
for generalized mental flexibility. Duncan (2013) suggested that the activation
regularities across tasks constituted a multiple-demand (MD) system. The MD system
is a common brain activity resulting from cognitive challenges in many domains, like
perception, response selection, language, many varieties of memory, and problem-
solving. In 2015, the theory of the existence of a generalized non-specific task-
dependent network called the extrinsic mode network (EMN), which is a network
complementary to the default mode network (DMN), was suggested by Hugdahl and
Raichle (Hugdahl et al., 2015a).

The backdrop for the suggestion of the EMN was the observation of a common pattern
of activation when comparing brain activation (fMRI) maps from different cognitive
paradigms and different acquisition schemes in multiple studies in the same laboratory

(Bergen fMRI Group laboratory, Bergen, Norway). The EMN was further explored



through a conjunction analysis that included statistical maps from nine studies: working
memory (n-back task), response inhibition (Go/No-Go task), impulse control (Stroop
color—words task), executive function (dichotic listening task), mental rotation (left-
right, L/R, discrimination task), cognitive flexibility (WCST), attribution of beliefs to
others (Theory of Mind test), mental arithmetic (addition task) and context updating
(oddball auditory task) (Hugdahl et al., 2015a). Although these nine cognitive tasks
indicate different cognitive processes and functions, they all demand assignment of
intellectual capacity and mental effort (Hugdahl et al., 2015a). Commonality across
task-pattern of activation revealed evidence of a general cortical activation network

common across cognitive tasks, themes, and domains, cfr Figure 2.

Figure 2- The Extrinsic Mode Network.

Resulting joint activations after conjunction analysis of the nine different
studies working memory (n-back task), response inhibition (Go/No-Go task),
impulse control (Stroop color—words task), executive function (dichotic listening
task), mental rotation (left—right, L/R, discrimination task), cognitive flexibility
(WCST), attribution of beliefs to others (Theory of Mind test), mental arithmetic
(addition task) and context updating (auditory oddball task) (Hugdahl et al.,
2015a).

The EMN nodes are regions not necessarily shared by all tasks. Critical regions in the
EMN are the SMA, precentral sulcus, inferior frontal gyrus, insula, and inferior parietal
lobule. The dynamics of the EMN would be characterized by a stable and unchanged
overall architecture of the whole network. At the same time, peak amplitude and/or
area extension of the EMNs regions will depend on the specifics of the tasks performed

(Hugdahl et al., 2015a).



The EMN was introduced as an extension of the concept by Duncan (2013) MD system,
suggesting a shared activation network across cognitive processes. According to
Hugdahl et al. (2015a), EMN acts as a supervisory attention system and is not
dependent on task difficulty. However, a certain level of novelty is required for EMN
to engage because overlearned tasks, like language, do not activate the EMN, with the
possible exception of an unfamiliar, second language (Hugdahl et al., 2015a). Further,
the EMN broadly overlaps with the network for intrinsic alertness. Intrinsic alertness
represents the internal cognitive control of wakefulness and arousal and is a basic level
of attention (Sturm, Simone et al., 1999). This overlapping activation may suggest that
EMN is also active at a fundamental level of brain function, which may indicate that it
is always activated when a possible response is required or expected (Hugdahl et al.,
2015a).

1.2 Functional Network Dynamics and Interactions

Since the discovery of the DMN, it has been assumed that the brain maintains a unique
activation architecture during the absence of any external stimuli. In contrast, external
stimuli will drive task-specific activations, e.g. the EMN, which are anti-correlated
with the DMN (Hugdahl et al., 2015a). The phenomenon of anti-correlation refers to
the observation that different brain systems and networks show strong negative
correlations with one another, i.e., as activity within the DMN increases, activity in a
task-specific, like the external attention system, decreases (Buckner et al., 2008). These
observations led to the hypothesis that the brain may shift between two distinct modes
of information processing. One mode, dominated by DMN activity, characterized by
inward attention, detached from the external environment, and another mode
dominated by the EMN activity characterized by external attention, with focused
information extraction from the environment (Buckner et al., 2008). It has further been
suggested that these systems may work as opposed to one another and thus represent

functionally competing brain systems(Buckner et al., 2008).
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Similar thoughts were advocated by Hugdahl et al. (2015a) who suggested that the
EMN may represent a primary network for extrinsic neuronal activity, meaning, the
brain's activity in response to specific stimuli or tasks, in contrast to intrinsic neuronal
activity, which is the brain's activity in the absence of specific stimuli or tasks,
characteristic of the DMN (Hugdahl et al., 2015a). While the intrinsic characteristics
of the DMN is empirically well documented, the extrinsic characteristics of the EMN
are less documented, but is suggested to be a network that is up-regulated in the
presence of external, novel tasks. Hugdahl et al. (2015a) suggested that the DMN and
EMN show a similar inverse relationship, obtained under both task-absent and task-
present conditions, and not attributable to global signal fluctuations during resting-state
(task absence) conditions. This suggestion was further validated in a study from 2019
in which Hugdahl, Kazimierczak et al. (2019) utilized an auditory task with varying
cognitive demands in a standard fMRI block-design to test how the networks interact
in transition points between rest and active processing conditions (Hugdahl et al.,
2019). This study alternated task-present blocks with an equal number of task-absent
blocks to capture network dynamics across time and changing environmental demands.
The Hugdahl et al. (2019) study showed an initial rapid onset of activity in the EMN
during active blocks, which remained throughout the duration of the block, and faded
away during the first seconds of the task-absent block. DMN network activity showed
an initial time-lag during task-absent blocks where neither the EMN nor the DMN was
active, followed by the DMNs’ up-regulation.

The autonomous character of the intrinsic DMN and extrinsic brain networks, such as
the EMN, raises the question of how their relationship is regulated. Is there a separate
control system that in some way directs which of these two brain systems is active? Or,
are the two systems in direct competition with one another in a way that local

competitive interactions between the systems define their levels of activity?

Two other networks that have been suggested to modulate the fluctuating activity of
the DMN are the Central Executive Network (CEN) and the Salience Network (SN).

Together with the DMN, these networks create a so called triple-network model where
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the SN is responsible for switching between an active state when CEN is upregulated
and a resting-state when DMN is upregulated, and the CEN is downregulated (van
Oort, Tendolkar et al., 2017). The SN generally comprises of the dorsal anterior
cingulate and anterior insular cortices (Uddin, 2017). Interestingly, it has been shown
that one of the roles of the anterior insula is to activate the CEN and deactivate the
DMN across visuo-auditory modalities and in a resting state (Sridharan, Levitin et al.,
2008). The SN has been shown to be involved in bottom-up detection of salient events
and plays an important role in switching between large-scale networks to facilitate the
access of resources from attention and working memory (Di & Biswal, 2015). The
results of the study by Di and Biswal (2015) show that high activity of the SN is
associated with increased functional connectivity between the DMN and frontoparietal
executive networks, like the CEN. According to Di and Biswal (2015), the SN not only
modulates the separate activities of the two networks, but may also modulate the
relationships between them. Furthermore, Di and Biswal (2015) argued that this
hypothesis is somewhat plausible because the regions of the SN are generally the
cognitive "driving hubs" which send information to other regions of the whole brain
(Di & Biswal, 2015). In addition, the SN contains a particular type of neuron termed
von Economo neurons. These neurons have large axons to facilitate rapid relay of SN
signals to other brain regions, hence they may support particular functions of the SN
during modulation of large-scale brain networks (Di & Biswal, 2015). Interestingly,
both the CEN and SN, being task specific networks, have been recognized to partially
share anatomical structure with the EMN (Hugdahl et al., 2019). However, the exact
role of each of those networks within the dynamic interplay between EMN and DMN
has not yet been fully explored.

1.3 Brain Networks and Implications for Mental Disorders

Brain functioning relies on highly intricate interactions between distributed brain areas,
and it has been suggested that altered interactions of regions within networks are at the
core of the pathophysiology of mental disorders (Braun, Schaefer et al., 2018).

Recently it was shown that symptoms of diseases such as schizophrenia, depression,
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autism, and other mental disorders are accompanied by brain connectivity alterations

(Lubrini, Martin-Montes et al., 2018).

In 1911, schizophrenia was described by Bleuler as a neural conduction disorder which,
from a modern-day perspective, may be interpreted as a disruption of functional
connectivity (Collin, Turk et al., 2016). Many studies support the notion that
disruptions of network connectivity may be underlying the pathophysiology of
schizophrenia (Calhoun, Eichele et al., 2009; Fitzsimmons, Kubicki et al., 2013; Narr
& Leaver, 2015). One of the most often studied functional networks in schizophrenia
is the DMN and its connections with other brain networks, like the salience (SN) and
central executive (CEN) networks (Narr & Leaver, 2015). However, existing studies
report mixed findings of DMN hypo- and hyper-connectivity and different degree of
intra-network connectivity (Narr & Leaver, 2015). In a review, Fornito, Zalesky et al.
(2012) found that widespread reduced functional connectivity in schizophrenia patients
is a robust finding, supported in a more recent meta-analysis by Brandl, Avram et al.
(2019), which showed network dysconnectivity and gray matter volume reductions in
the insula, lateral postcentral cortex, striatum, and the thalamus. Manoliu, Riedl et al.
(2014) found evidence linking impaired insula, DMN, and central executive (CEN)
network activity to psychosis. Further, Hugdahl et al. (2015a) suggested that;" the
cognitive impairment and hypo-activation seen in, e.g., schizophrenia patients when
exposed to challenging cognitive tasks could be caused by failure of interactive
regulation of the DMN and EMN networks, rather than a deficit with regard to a
specific brain region." Hugdahl et al. (2015a) further suggested that the incidence of
auditory verbal hallucinations (AVH), a symptom in schizophrenia, may be caused by
abnormal functioning of cognitive control mechanisms. This can result from failure of
down-regulation of the DMN resting-state network, or failure of a corresponding up-

regulation of the EMN task-positive network (Hugdahl et al., 2015a).

For structural networks in schizophrenia patients, disruption of structural connectivity
has been reported within almost all primary association and projection pathways,

despite of the use of different data acquisition and processing methods, and statistical
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analyses (Narr & Leaver, 2015). Although, as in the case of functional networks, the
direction of the observed changes in distinct white matter tracts is often mixed in the
results. It may seem as if aberrations of the white matter pathways in schizophrenia is
rather widespread and not localized, i.e. not directly related to any particular white
matter connection (Narr & Leaver, 2015). Focus in DTI studies of schizophrenia has
therefore shifted towards comparing structural connections within and across anatomic
or functional networks rather than focusing solely on white matter microstructural

properties in particular pathways (Narr & Leaver, 2015).

The recent mega-analysis by KellyJahanshad et al. (2017) across 29 independent
studies and 1963 patients showed that schizophrenia is characterized by widespread
reduction of fractional anisotropy (FA) values, indicative of abnormal white matter
integrity. Of the 25 studied regions, 20 showed significantly lower FA in patients than
controls. The findings by Kelly et al. (2017) may give further support for a "global

hypothesis" about white matter aberrations in schizophrenia.

1.4 Magnetic Resonance Imaging and Brain Networks

In 1970 several imaging modalities were introduced that allowed in vivo quantitative
measurement of human brain function and structure. The most diverse and frequently
used modality to study the brain in vivo is MRI, due to excellent soft tissue contrast,
multiple imaging contrasts available in one session and the possibility of repeated
measures since MRI is not based on ionizing radiation. MRI is based on the physical
principles of magnetic resonance, which allows signal detection of the inherent
magnetic properties of nuclei with odd numbers of protons and neutrons. Due to its
high abundance in the brain, providing a strong signal, hydrogen ('H), is the basis of
most MRI investigations. A strong magnetic field, typically 1.5T or 3T in clinical MRI
systems, is required to align the hydrogen nuclei parallel or opposing the applied
magnetic field (Bo). The resulting net magnetization is manipulated by applying
electromagnetic pulses (radiofrequency pulses) while dedicated magnetic field gradient

coils are used to spatially encode the signal and record relaxation processes of the
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nuclei spins. Tissues are characterized by different water concentrations, chemical
environment and structure, and hence will relax at different time rates (T1, T2).
Different acquisition schemes, or pulse sequences, are available to generate the final
anatomical images, or more advanced image contrast such as diffusion weighted
imaging, or the blood-oxygenation level dependent (BOLD) contrast captured in fMRI
studies. Common to these two latter approaches is that in addition to a more advanced
data acquisition scheme, data modelling and analysis is mandatory to extract relevant
information. Diffusion weighted imaging (or more specifically diffusion tensor
imaging, DTI) and fMRI are often used together to investigate white matter brain
connectivity (structural connectivity) and brain function under different cognitive and
mental states (functional connectivity), respectively. These approaches are described

in more details in the following sections.

1.4.1 Diffusion Weighted Imaging

Diffusion-weighted imaging (DWI) is an MRI method sensitive to diffusion of water
molecules, also called Brownian motions, inside the selected voxels. The mobility of
molecules is described by a coefficient, D, which is related to the root mean square
displacement of the molecules over a given time. The Stokes-Einstein Equation
describing the coefficient D shows that it is directly proportional to the absolute
temperature in Kelvin, 7, and the Boltzmann constant £ (JK-1). However, D is

inversely proportional to the radius of the molecules' viscosity 7. See Equation 1.1.

kT
D= 1.1
6mnR

Depending on the direction of the motion of a molecule, anisotropic and isotropic
diffusion can be distinguished. When no obstructions (e.g. in the form of fat tissue) are
present, the molecules can move freely in all directions. This is called isotropic

diffusion. However, in an environment where obstructions are present, limiting the
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motion of molecules, so-called anisotropic diffusion is observed. Examples of isotropic

and anisotropic diffusion are shown in Figure 3.

displacements in a

Figure 3- Diffusion in different tissue structures.

Examples of paths of molecules in the situation of isotropic (left) and anisotropic
(right) diffusion (Beaulieu, 2002). In isotropic diffusion, the probability of
displacement is equal in all direction, while a preferred displacement is evident in
anisotropic diffusion.

The degree of a hindrance to water diffusion will be determined by the size, shape, and
composition of any physical obstruction, as well as the spacing between these
obstructions. DTI is the magnetic resonance method utilizing magnetic field gradients,
allowing the MR to be sensitized to the water molecules' thermally driven motion in
the direction of the magnetic field gradient. Information about diffusivity in a given
direction is contained within the diffusion tensor (Basser & Jones, 2002). A tensor is a
mathematical entity that summarizes and represents diffusion in 3D space (Equation
1.2). The diffusion tensor is a matrix of 3x3 size, diagonally symmetric, where D is a
tensor derived from directional diffusivities, 4;, 42, 43 are the eigenvalues, and £ is a
matrix of the three eigenvectors. Minimum six encoded measurements are required to
fill the matrix. The more measurements, the better is accuracy. Several indices can be
computed to relate to diffusional properties by performing simple mathematical

operations on the tensor.
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The three eigenvectors in the matrix represent the major, medium, and minor principal

axis of an ellipsoid, which can graphicly represent the tensor. See figure 4.
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Figure 4- Diffusion tensors of isotropic and anisotropic diffusion.

The figure shows trajectories of the water molecules when in restricted and
unrestricted environments (e.g., white matter) along with associated diffusion
tensors (Pop & Stefu, 2020).

The Fractional Anisotropy (FA) is a rotational invariant metric that describes the
amount of diffusion asymmetry within the voxel, defined in terms of its eigenvalues.
FA is derived from the standard deviation of the three eigenvalues and ranges from
zero (isotropy) to maximal anisotropy. See equation 1.3.

E_J(al D+ (=D + (2= D)

2 A+ 23+ 23

1.3
FA =

Although FA-values carry information about white matter state at the cellular level,
this information is averaged over large voxel volumes (O'Donnell & Pasternak, 2015).
The MRI resolution is in mm which is a different scale than the scale of the cells probed
by diffusing water which is in pum. Thus, while observing reduced FA values in specific

brain areas, it cannot be presumed that this results only from abnormalities at the
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cellular level. It should be kept in mind that while FA alterations can be seen as a
general measure of white matter integrity, observed changes can be of multifactorial
origin (e.g., cell death, edema, gliosis, inflammation, change in myelination, increase
in connectivity of crossing fibers, etc.). The existence of multiple fiber populations
with different fiber directions may also contribute to the average value of the signal,
and the signal can be a mixture of changes in tissue myelination, fiber organization,

and the number of axons (Mori & Zhang, 2006).
1.4.2  Functional MRI

The discovery of the blood oxygenation level dependent (BOLD) contrast was essential
for the development of functional MRI (fMRI). Since its discovery over thirty years
ago by Ogawa, Tank et al. (1992), the field of fMRI has grown in usage, sophistication,
range of applications, and impact (Bandettini, 2012). fMRI allowed progress in
neuroscientific research by providing scientists a non-invasive method for performing
quantitative in vivo experiments on the normally functioning human brain. Today,
fMRI has overtaken other modalities (e.g., Electroencephalography (EEG) or Positron
Emission Tomography (PET)) as the predominant method for measuring cognitively
induced changes in brain activity (Van Horn & Poldrack, 2009). The considerable
advantage of fMRI over other methods such as PET is its ability to safely and
noninvasively image neuronal activity with reasonably good spatial resolution
(millimetres). This comes however to the prize of a relatively low temporal resolution
(seconds). The fMRI method is based on the fact that activated neurons increase their
demand for oxygenated blood to a specific brain region involved in a cognitive, sensory
or motor task. The excess of oxygenated blood compared to de-oxygenated blood gives
rise to the BOLD signal because of difference in magnetic susceptibility of oxygenated
and de-oxygenated blood. The vascular response to an immediate neuronal activation
can be described as a hemodynamic response function (HRF), see Figure 5. The HRF
is a slow process (seconds) compared to the neuronal activity (milliseconds). The
increase of blood flow following the neuronal activity takes about 5 seconds to reach
its maximum. This activation peak is followed by a long (15-20 seconds) undershoot

until it returns to the baseline.
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Hemodynamic Response Function
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Figure 5- The HRF function.

The figure shows the BOLD response to a brief stimulus with initial deep shortly after
stimulation, peek around 5 s after stimulation and post stimulus undershoot that start 10s
after the stimulation (Stocco, 2014)

Depending on the experimental design and further the data model used in the post-
processing of the fMRI images, different kinds of information about brain activity can
be extracted. For cognitive tasks, typically an experimental block-design is used. In
block-design experiments, fMRI signals across many subsequent trials (blocks) are
recorded and modelled. To measure specific task-related activity, participants are
scanned while performing a task and while performing a control condition, i.e. typically
a resting or baseline condition (Gusnard & Raichle, 2001). The length of blocks vary
largely from as short as 10 seconds to 30 seconds or longer (Stark & Squire, 2001).
When activity in a particular region of the brain is of the same intensity during task
processing and rest, it is assumed that this particular region is not involved in the task
(Stark & Squire, 2001). However, periods of rest have frequently been associated with
significant cognitive action, suggesting the crucial role of baseline tasks in the design

and interpretation of fMRI studies (Stark & Squire, 2001).
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In the last two decades, the interest in the brain activity during resting has become a
focus. Resting-state fMRI measures of spontaneous low-frequency BOLD fluctuations
(<0.1 Hz) has been in focus to investigate the functional architecture of the brain (Lee,
Smyser et al., 2013). Resting-state fMRI has allowed for the identification of various
resting-state networks (RSNs), which are spatially distinct areas of the brain that
demonstrate synchronous BOLD fluctuations at rest. There have been various methods
developed for analyzing resting-state data such as seed-based approaches, independent
component analysis (ICA), graph methods, clustering algorithms, neural networks, and
pattern classifiers (Lee et al., 2013). During resting state, fMRI experiment subjects lie
inside the scanner and are asked to relax and often instructed to keep their eyes open.
Most studies on resting-state functional connectivity are typically between 10-20
minutes, although shorter durations have also been used. In general, it has been shown
that reliability of resting-state fMRI data is significantly improved by having longer
scan durations (Birn, Molloy et al., 2013).
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2. Background and Aims of the Thesis

The aim of this thesis was firstly to explore structural connectivity in a group of patients
suffering from schizophrenia to explore the feasibility of such an approach for future
studies relating functional and structural networks in mental disorders. The properties
and dynamics of large-scale functional brain networks, in particular the DMN and
EMN, as two complementary networks, was a second focus of the thesis. Studying both
structural and functional connectivity in the context of mental health is valuable not
only for better understanding of possible anatomical underpinnings of such disorders
but also to better comprehend how structural aberrations relate to functional
aberrations. In this context, three in vivo neuroimaging studies were designed and

conducted with the following research questions were perused:

Study I: How does white matter connectivity differ between schizophrenia
patients and controls, and between hallucinating and non-hallucinating subtypes
of schizophrenia patients?

Many DTI studies have demonstrated a correlation between white matter integrity and
schizophrenia(De Weijer, Mandl et al., 2011; Ellison-Wright & Bullmore, 2009;
KellyJahanshad et al., 2018; Kubicki, McCarley et al., 2007; Leroux, Delcroix et al.,
2017; Oestreich, McCarthy-Jones et al., 2016). Nonetheless, the association between
AVH, a fundamental symptom in schizophrenia, and white matter integrity are not yet
fully understood, and results are often contradictory. Several facts can explain the lack
of convergence in the current literature. One source of variability between studies is
the unstable nature of AVH (“state” vs. “trait”’) (Hugdahl & Sommer, 2017; Kiihn &
Gallinat, 2012). Therefore, multiple assessments over an extended observation period
would be required to classify patients correctly. Study I included evaluation of AVHs
throughout a 12 months period, using the P3 item of the Positive and Negative
Syndrome Scale (PANSS) (Kay, Fiszbein et al., 1987), which is a clinical interview
questionnaire. The P3 item indicates hallucinatory behavior, and the score on the P3
item was used to classify patients as either hallucinators (AVH+) or non-halluicnators
(AVH-). A second issue in Study I was hemispheric asymmetry and lateralization of

white matter tracts. Majority of studies on white matter integrity have not compared
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FA values between the left and right hemisphere (e.g., Cur¢ié-Blake, Nanetti (Cur&ié-
Blake et al., 2015) ), or have just reported data from one hemisphere (e.g., Leroux,
Delcroix (Leroux et al., 2017) , McCarthy-Jones, Oestreich (McCarthy-Jones,
Oestreich et al., 2015)), or have limited the analysis to individual fiber tracts (e.g., De
Weijer, Mandl (De Weijer et al., 2011) , Falkenberg, Westerhausen (Falkenberg,
Westerhausen et al., 2019)). Paper I investigated possible hemispheric asymmetry

between groups, and sub-groups.

Study II: How do the DMN and EMN networks interact across time when
environmental demands switch from active to passive on a short-term basis?

Many studies of the relationship between task-negative (e.g. DMN) and task-positive
(e.g. EMN, SN, CEN) cortical networks have utilized prolonged resting periods or a
single task. A single-task paradigm is usually used to address a single cognitive domain
(Corbetta, Patel et al., 2008; Lustig, Snyder et al., 2003; Shulman, Fiez et al.), e. g.
working memory or attention. However, this would not capture the dynamics of
resting-state or network interactions, where tasks change from one processing period
to another across the experimental session. Therefore, in this study, three different
tasks were chosen to represent three different cognitive domains. To activate
visuospatial processing, a mental rotation task (Shepard & Metzler, 1971) was chosen
because this task is shown to provide significant frontoparietal activations (Hugdahl,
Thomsen et al., 2006; Jordan, Heinze et al., 2001; Tagaris, Kim et al., 1997). A working
memory task was chosen since it also includes attention and executive control in
addition to short-term memory (D'esposito, Detre et al., 1995; Hammar, Neto et al.,
2016). A mental arithmetic task with adding numbers was chosen because it draws on

a basic cognitive ability for number processing and mental abstractions

Study III: Is the architecture of resting-state network observed during a single
prolonged resting period the same as the architecture of resting-state networks
observed during repeated brief resting-periods in between task-processing
periods?
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Previous studies investigating this topic have generally estimated how well resting-
state activity observed in task-processing experiments resembles resting-state activity
observed in classic resting-state experiments (Damien A. Fair, Schlaggar et al., 2007;
Ganger, Hahn et al., 2015). In contrast, Study III explored similarities and differences
in resting-state network activity in two resting-state conditions: an intermittent and a
continuous condition. In Study III, a standard fMRI block-design was utilized to
explore how resting-state activity observed during absence of cognitive tasks differed
from resting-state activity in the absence of a task. Study III focused on differences in
DMN architecture between the two conditions since the DMN is one of the most well-
known and researched resting-state networks. The central hypothesis of this study was
that although DMN activity should be similar between the two conditions, different
mental states induced in the two conditions may influence DMN activity and intra-

network connectivity in different ways.
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3. Methods

In this chapter, methodological aspects are described. Enrollment of participants are
presented, alongside with an overview of data acquisition procedures, image

processing pipelines, and evaluation of statistical significance.

3.1 Participants

The studies were conducted in accordance with the Declaration of Helsinki with respect
to ethical standards and was approved by the Regional Committee for Medical
Research Ethics in Western Norway (2014/1641/REK Vest and REK-VEST,
#2010/3387-6). Written informed consent was obtained from all participants.

Adult, schizophrenia patients (N = 57, Study I) were recruited through an at the time
ongoing overarching research project, the Bergen Psychosis Project 2 (Principle
investigator Professor Erik Johnsen, Haukeland University Hospital, Bergen, Norway).
All patients had symptoms of schizophrenia spectrum disorder, psychosis or paranoid
psychosis according to the International Classification of Diseases ICD-10 diagnostic
manual, and were under treatment using second-generation antipsychotic medication.
In order to investigate potential changes in patient’s experience of AVHs, longitudinal
psychiatric evaluations were performed at regular intervals over a period of 12 months,
typically eight evaluations per patient (median of six assessments per patient). The
assessments were conducted by a limited number of certified clinicians to reduce

interrater variability.

In Study I, the patients were assigned to two groups dependent on their experiences of
hallucinations as assessed from the PANSS P3 score from all evaluations. Of the 57
patients, 44 were defined as having hallucinations (AVH+) as they scored 3 (mild
symptom load) or higher on at least one psychiatric evaluation within the 12-months
period. The remaining 13 patients were defined as non-hallucinating (AVH-). The

strict criterion on hallucinations resulted in a small sample size for this group. Although
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PANSS P3 assesses hallucinations in a spectrum of modalities (e.g., visual, tactile,
olfactory), there is a focus on auditory verbal hallucinations in the questions given by
the clinician, such that using PANSS P3 as a marker of AVH severity and since
auditory hallucinations dominates over other modalities (McCarthy-Jones, Smailes et
al., 2017; Nayani & David, 1996; Shinn, Pfaff et al., 2012). A PANSS P3 score of 3 is
a cut-off criterion commonly used in other studies (e.g., Weber, Johnsen et al. (2020)),

see also (Kay et al., 1987)

Age-, handedness- and gender-matched controls were recruited from the local
municipality (N=57). Using an in-house developed questionnaire, these participants
had to self-report on history of mental disorders and medicinal status. Also, for the
investigations in Study II and III (same participants in both studies, N=47), healthy
participants were recruited in the municipality through open announcements. Based on
self-report, none of the participants had any history of psychiatric disorder or
neurological disease. The participants demonstrated sufficient visual perceptive and
color vision as assessed by their general performance on the provided tasks during a
pre-scanning training session where examples of the fMRI tasks were demonstrated.
Both the tasks during the pre-MRI training session and the actual tasks during scanning

were presented using the E-Prime stimulus program.

3.2 MRI Data Acqusition

Two different 3T clinical MRI systems were used to acquire the imaging data used in
the thesis. The selection of scanner was decided based on availability as well as access
to various advanced scanning protocols that had been in use in various studies by the
same group (Hjelmervik, Craven et al., 2020; Weber, Hjelmervik et al., 2021; Weber
et al., 2020).

The data in Study I, were acquired using a whole-body 3T GE Medical Systems Signa
HDx MRI system which was later upgraded to a Discovery MR750 system, while data

collection for Study I was still ongoing. To assure that the scanner upgrade was not
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affecting the reported results, a covariate was included in all statistical comparisons.
Furthermore, patients as well as their age- and gender-matched control participants
were always scanned on the same system. The diffusion weighted data reported in
Study I were acquired using b-values of 0 s/mm? (average of six unweighted images)
and 1000 s/mm? (spin echo echo planar imaging, 30 diffusion directions, TE/ TR =
84.4/ 14000 ms, voxel size of 1.7 x 1.7 x 2.4 mm, total acquisition time 8.4 min).

In Study II and III, a whole-body 3T Magnetom Prisma MR scanner (Siemens
Healthcare, Germany) was used. The task-based fMRI data were acquired using a 2D
gradient echo echo planar imaging sequence (TE/ TR =30/2000 ms, 306 volumes with
35 acquired slices per volume, voxel size of approx. 3.6 mm?). A resting-state fMRI
acquisition was recorded immediately after using the same imaging protocol but
including 150 repeated volumes. T1 weighted, anatomical data were also acquired in
each participant (MPRAGE, sagittal, TE/TR/TI = 2.28 ms/1.8 s/900 ms, flip angle of

8 degrees, voxel size of 1mm3, acquisition time of 7.40 min)

3.3 Functional Neuroimaging — Cognitive tasks

Study I and III did not involve analysis of cognitive tasks and are therefore not further
discussed in this section. In Study II, however, three cognitive tasks were integrated
and presented via an MR compatible googles during image acquisition (fMRI). The
acquisition was done as a traditional block design with presentations of ON-blocks (30
seconds) with one of the following three tasks: mental arithmetic, mental rotation and
working memory. Responses to the tasks were recorded using an MR compatible
response button system (NordicNeuroLab, Inc, https://www.nordicneurolab.com/).
Response accuracy and response latency (RT in ms) were evaluated statistically for
means, standard deviations, and hits ratio of correct responses to false alarms for all
three tasks. Cohen's d-statistic for effect sizes in each task were calculated using hits
ratios.

Summary of tasks, for details cfr. Study II:
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e Mental arithmetic task: two digits from 1-9 presented on top of each other, in
the purple font on a black background. The task was to mentally add the two
numbers and press a hand-held button when the sum of the two digits was "11".

e Mental rotation task: based on the classic Shephard, and Metzler mental rotation
task (Shepard & Metzler, 1971) with images of two 3D non-configurative
objects in a white against black background displayed on each trial. The task
was to decide whether the two shapes were two different objects or two shapes
of the same object but rotated differently. A hand-held button was used to record
responses.

e Working memory task: n-back task with presentations of incongruent Stroop
color-words, like the word "red" written in blue ink. The task was to remember
the color of the word presented two items back and press a hand-held button

when the item currently seen matched the one presented two items back.

Each ON-block was alternated with OFF blocks (30 seconds, eyes open, fixation cross, cfr.
details in Study II). Nine ON-blocks, i.e. three repetitions of each task, and nine OFF-blocks
were thus presented. The subsequent resting-state fMRI acquisition was acquired as a long

OFF-block using again an eyes-open instruction to the participant (fixation cross).

3.4 Image Processing Pipelines

All the data were de-identified prior to processing, and all processing was performed
on secure storage solutions. Image processing pipelines were developed for the
acquired imaging data, including both available software packages (i.e. SPM, CONN,
FSL) in addition to in house scripting (Matlab, shell-scripting). For details on

processing steps, cfr individual studies and description therein.

Pipeline for Diffusion weighted image processing

The processing of DTI-data (Study I) was performed using the FMRIB Software
Library (FSL) software package (version 5.0; FMRIB Software Library and the

corresponding Diffusion Toolbox). Data were inspected visually at all pre-processing
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steps to identify artifacts and guarantee good image data quality. First, a binary brain-
mask was created for each participant. Afterwards, the original data were corrected for
head movements and eddy currents with outlier replacement and slice-to-volume
outlier correction. FA-maps were subsequently calculated by fitting a diffusion tensor
in each imaged voxel. After calculating the FA-images, voxel-wise statistical analysis
of the FA-data was performed using the TBSS component of FSL (Smith, Jenkinson et
al., 2006; Smith, Jenkinson et al., 2004). This involved aligning all FA-images onto a
common space, i.e. the standard Montreal Neurological Institute (MNI) space atlas,
and resampling to 1 mm? spatial resolution. A resulting mean FA-image volume was
created and further thinned, resulting in a mean FA-skeleton. The skeletonized mean
FA-image volume was thresholded at 0.3 to suppress low mean FA-values and areas
with low and/or high participant-variability. Next, the aligned FA data for all
participants were projected onto the mean FA-skeleton by filling the skeleton with FA-
values from the nearest relevant tract center. This resulted in a four-dimensional (4D)
image file containing the projected, skeletonized FA data, then entered into statistical
analyses. Symmetric mean FA-skeleton image volumes were created to perform
hemispheric asymmetry analysis between patients and controls. In the analysis, the
image volumes were flipped and subtracted from each other to create “left minus right”

data.

Pipeline for task-related functional neuroimaging

The task-related fMRI data were preprocessed using conventional procedures,
including rigid-realignment, normalization to MNI space, and smoothing (8mm?3

Gaussian kernel). All steps were performed using SPM 12.

In the next step, first-level analysis of all subjects was conducted. The calculated
motion parameters from the re-alignment procedure were utilized as a regressor.
Framewise displacement was computed from the re-alignment parameters (Power,
Barnes et al., 2012; Power, Mitra et al., 2014) to examine further and ensure the motion
does not impact the results. The resulting t- contrast images were grouped by condition

and further used in a statistical comparison.
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Pipeline for resting-state functional neuroimaging

Before preprocessing of the task fMRI data, the seven most central image volumes of
each of the nine OFF-blocks in the task-related fMRI series were extracted to construct
a resting-state acquisition based on OFF-blocks. This 4D data set (referred to as
“intermittent resting condition data”) was compared to the conventionally acquired
resting-state data acquired immediately after the task-related fMRI acquisition

(referred to as “continuous resting condition data”).

Each OFF-Block consisted of 17 image volumes. The first five volumes of the OFF-
blocks were omitted to avoid including a transient state of the BOLD signal from ON-
blocks to OFF-blocks. The last five volumes of the OFF blocks were omitted to avoid
including volumes when participants could have anticipated the appearance of the next
cognitive task due to fixed block-lengths. Pyka, Beckmann et al. (2009) suggested that
after a cognitively demanding task, nonlinear increase in DMN may reflect increased
self-referential processes. This process may be triggered by a minor increase in ability
to predict task complexity and may not reflect the previous task-related magnitude of
reallocation of cerebral resources. Omitting the last five volumes of the OFF blocks

was to prevent this.

The following steps were taken to extract the data from the OFF blocks: The task-
related fMRI data were first disentangled into individual volumes. The volumes of
interest were then saved as separate 3D nifty images. Finally, the extracted "resting"
3D volumes were merged into the 4D images consisting of 63 volumes (total time two
minutes and one second). The whole procedure was performed in Matlab R2017b (the

MathWorks, Natick, MA), including the usage of various SPM12 functions.

All preprocessing was done using the CONN functional connectivity toolbox 17b
(https://web.conn-toolbox.org). Preprocessing included functional realignment and
unwrapping, functional centering to (0,0,0) coordinates, functional outlier detection

(ART-based identification of statistical outliers scans for scrubbing), functional direct
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segmentation and normalization, structural centering to (0,0,0) coordinates, structural

segmentation and normalization, and functional smoothing.

Further, Spatial Independent Component Analysis (ICA) was conducted individually
on the resting-state data from the intermittent and continuous resting-state conditions.
The ICA calculation was performed using Group ICA for fMRI toolbox (GIFT v3.0b).
Twenty independent components were extracted using the algorithm type ‘Infomax’
[90] with default settings. Extracted independent components were spatially sorted
according to correlation coefficients with the template DMN component map from the
ten components derived in the study by ((Bell & Sejnowski, 1995)

(https://www.fmrib.ox.ac.uk/datasets/brainmap+rsns/).  The sorting procedure

automatically picked the components best reflecting DMN in the two data sets.

3.5 Statistical Evaluations

Statistical evaluations were performed for all comparisons. Due to differences in the
underlying data and study designs, statistical analysis had to be adopted accordingly.
The details of the comparisons are presented in each study, an overall summary is

provided in the following.

Comparison of the FA skeletons

The first statistical analysis of Study I tested whether voxel-wise FA-values between
patient subgroups and their matched control groups differed from each other using the
original FA-skeleton images. Secondly, significant group differences in the FA-values
between the left- and right hemisphere FA skeleton were tested for, using left-minus-
right subtracted symmetrical skeleton images.

In the case of both statistical analyses, there were three comparisons performed using
two-sided #-tests :

1. Comparison between AVH+ and AVH- patients

2. Comparison between AVH+ patients and their matched controls



30

3. Comparison between AVH- patients and their matched controls

Additionally, the comparison between FA skeletons of two control groups was
performed. This comparison aimed to confirm that observed FA dissimilarities between
the patient groups were not driven by the differences in sample sizes or the influence

of covariates of no interest.

Statistical analyses were conducted using permutation interface for the general linear
model (PALM) using 10 000 permutations (Winkler, Ridgway et al., 2014).
Permutation testing was used since it does not impose any assumptions on the
distribution of the dependent variables and accounts for possible non-normality of FA-
values (Nichols & Holmes, 2002). Finally, the individual FA-values were extracted

from the significant clusters to illustrate group differences.

Comparison of fMRI activity maps

In Studies II and III, conjunction analysis was used to compare fMRI activity maps.

The process was similar in Study II and III; however, different data types were used.

In Study 11, the conjunction analysis aimed to show overlap in activity patterns across
three tasks used in experiment, both in an active and resting-state condition. Hence,
conjunction analysis was done using first-level contrast images (one for each subject
and condition). In Study II, the tasks were additionally analyzed individually to assess
the effect of each task. These individual maps were processed in MRICron and

superimposed on each other.

The conjunction analysis in Study III aimed to show overlap between the DMN maps
across the two resting conditions (intermittent and continuous). In the case of study III,
the resultant mean participants’ components with the highest correlation to the template
DMN map were used to select individual components (one for each participant and
each condition) to perform conjunction analysis. In the case of both Study II and III a

second-order analysis (one-way ANOVA) was used to perform the conjunction
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analysis. For details about the conjunction analysis routine and parameters used cft.

Study II and III.

Additionally, Study III tested the spatial overlap of the components with the highest
and second-highest correlation to the template DMN map, using a probability map for
all participants. The probability map was made using SPM12 for details on the
procedure cfr. Study III .

Between-network dynamics

Study II explored not only the activity patterns of the EMN and DMN networks but
also their temporal dynamics. To do this, the activity in ROIs functionally defined from
the activation patterns seen in the conjunction, analyses were compared. These ROIs
were chosen because they have shown significant activations during resting- and task-
absent periods (Buckner & DiNicola, 2019; Cunningham, Tomasi et al., 2017; Deng,
Wu et al., 2019; Michael D Fox, Abraham Z Snyder et al., 2005) and during active
processing and task-presence (D'esposito et al., 1995; Fedorenko, Duncan et al., 2013;
Hammar et al., 2016; Hugdahl et al., 2019; Le, Zhang et al., 2018), including tasks used
in Study II. For this time-course analysis, the ROIs were created using MarsBaR from
the thresholded SPM clusters. Mean voxel values over the ROI were then extracted for
each subject from the motion-corrected intensity images in MNI-space. These images
represent the actual BOLD signal change at each voxel rather than the modeled, HRF-
corrected response. The images were then averaged over the cohort into a single time-
course curve. The resultant time-course curve was rescaled as a percentage of total

BOLD signal change.

In Study III, functional connectivity differences between the DMN and eight selected
networks between two conditions were explored, chosen from the CONN atlas. The
ROI-to-ROI functional connectivity analysis was performed with the CONN toolbox
(https://web.conn-toolbox.org). Functional connectivity z- scores were calculated
between the ROIs belonging to DMN and ROIs belonging to selected functional

networks (DMN, Sensori/Motor, Visual, Salience, Dorsal Attention, Fronto Parietal,
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Language, Cerebellar) for details cfr. Paper III. The resulting connectivity matrices for
two conditions were further extracted and compared using the PALM and two-tailed

paired t-test with 10 000 permutations.
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4. Results

Firstly, the study of patients suffering from schizophrenia revealed that patients with
episodes of auditory-verbal hallucinations assessed over a period of twelve months
showed widespread, significant differences in recorded fractional anisotropy (FA)
values. This opens the obvious question of possible structural-functional abnormalities
in these patients. To investigate such a relation, a means to adequately acquire
functional performance had to be established, which was the reason for suggesting the
task-based fMRI design explored in Study II. Given the novelty of the design, it was
necessary to first test the design in a group of healthy volunteers. The fMRI design was
not only to investigate how the participants would perform when solving the tasks at
hand, but also how the neural networks of solving the different cognitive tasks (EMN)

compared to the opposing resting network condition (DMN).

The framework of switching among these networks opens a novel path for investigating
brain network aberrations in mental disorders from a dynamic viewpoint. Making
neuroimaging accessible to severely impaired patients requires scan times to be as short
as possible, and hence it was promising that the results of Study III showed that much
of the DMN network could be revealed by intelligently extracting data from regular
task-related fMRI without the need to acquire additional data. In the following, the

results in each individual study are described in some more detail.

4.1 Study I — Diffusion Tensor Imaging in Schizophrenia

The main finding in this study was that comparison of patients with episodes of
auditory verbal hallucinations (AVH+) during the past 12 months (defined as PANSS
P3 of at least three) showed widespread differences in fractional anisotropy (FA) values
compared to patients without these symptoms during the twelve months observation
period (AVH-). The involved structures were identified from the TBSS skeleton
analysis and included bilateral anterior thalamic radiation, bilateral corticospinal tract,

bilateral inferior fronto-occipital fasciculus, bilateral superior longitudinal fasciculus,



34

and the temporal part of the right inferior longitudinal fasciculus, forceps minor, and
the cingulum bundle. For all significant clusters, the extracted FA-values were lower
for the AVH+ group and higher for the AVH- group with control group falling in

between these two groups, without being significantly different to either group.

4.2  Study II — Novel Approach to Neuroimaging of Effort

A novel paradigm for a task-related fMRI experiment, composited of three well
established cognitive tasks, was suggested to reveal not only the neuronal activation in
response to each task, but also the overlap across tasks. This was done in a means to
identify a network involved in solving a wide range of tasks, an extrinsic mode network
(EMN), to be contrasted to a resting-state network — the default mode network (DMN).
The results of Study II revealed significant neuronal activation in the right SMA, right
inferior occipital gyrus, right angular gyrus, left superior parietal lobule, right and left
precentral gyrus, left anterior insula, and left middle frontal gyrus in response to tasks
(ON-OFF). The mirrored contrast (OFF-ON) revealed activations in the left
precuneus/posterior cingulate gyrus (PCC), left and right angular gyrus, and right
central operculum. These main findings were apparent both in a general conjunction
analysis across the three cognitive tasks, as well as for each of the tasks separately,
suggesting they span the activation of the EMN network. There were additionaly

smaller variations in the analysis for each specific task, cfr. Stydy II for details.

4.3 Study III — Simplifying Mapping of Resting-state

Comparing resting-state activations from the two conditions “continuous resting
condition” and “intermittent resting condition” revealed that both approaches provided
independent components that overlap substantially with the template of the well-
reported default mode network (DMN). The overlap was slightly weaker in the frontal

(anterior) regions compared to the posterior regions.
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Across the two conditions, six significantly different connections between DMN
network ROIs and ROIs belonging to the eight selected networks were detected. The
findings were significant differences in the connection between the intermittent resting

condition DMN and the salience network, than for the continuous resting condition .
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5. Discussion

In the current thesis, structural and functional large-scale brain network dynamics have
been investigated in heathy volunteers and in patients affected by schizophrenia. The
novelty of the presented work includes i) combining different approaches for data
analysis including a wide range of statistical modelling approaches (conjunction
analysis, independent component analysis and statistical template matching), ii)
proposing and implementing a novel fMRI experimental design (working memory,
mental rotation, mental arithmetic) to map the extrinsic mode network (EMN), iii)
investigating the feasibility of a simplified approach to measuring resting-state (OFF)
which holds the potential to more easily be implemented in a clinical setting due to its

shorter acquisition time.

The study I on structural brain connectivity revealed widespread differences in white
matter connectivity between hallucinating and non-hallucinating patients. Widespread
white matter alterations may significantly impact large-scale brain functional network

dynamics, such as the EMN and DMN.

Moreover, alterations of EMN/DMN network dynamics has been suggested to be
related to symptoms, such as AVH in schizophrenia. This may suggest that the general
approach for studying network connectivity in schizophrenia should focus more on the
global aspect of connectivity, rather than focusing on particular brain functional and
structural connections. Hence, studies number II and III aimed to investigate the
dynamics of the DMN and EMN, which should allow for a better understanding of the
functioning of those networks in the healthy brain and provide a basis for future clinical
studies of schizophrenia. The results of studies II and III support the suggestions by
Kenneth Hugdahl, Marcus E Raichle et al. (2015b) of the EMN being a general task-
positive network independent of sensory modality and task specifics. Furthermore, the
results provide some vital information about the dynamics between the EMN and DMN

and those environmental demands modulating the interaction between the networks.
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Additionally, studies II and III provide input on the choice of different fMRI study
paradigm applications for future mental disorders studies, and suggest that the block-
design may be an optimal one. The following section will discuss the central findings

from all three studies.

5.1 Large Scale network Alteration in Schizophrenia

It has been suggested that disruption of large-scale brain network functional
connectivity may be related to symptoms of schizophrenia (Hugdahl et al., 2015b).
That could lead to the hypothesis that such disruptions should be reflected in brain
structural connectivity and would also be relatively widespread instead of focused.
Study I aimed to investigate a possible link between alterations of white matter integrity
and AVH, as a symptom in schizophrenia. Study I showed widespread FA-differences
between the AVH+ and AVH- subgroups in white matter pathways, confirming results
of previous studies (Bopp, Zollner et al., 2017; Zhang, Gao et al., 2018). AVH+ had
reduced FA-values compared to AVH- patients in all significantly different between-
group regions. In addition study I shows that, hemispheric asymmetry was significantly

different between the AVH+ and AVH- subgroups in two small clusters in the SLF.

While abnormalities of white matter connecting frontal and temporal brain areas are a
frequent finding in DTI-studies of AVH in schizophrenia (Curé¢i¢-Blake et al., 2015;
Falkenberg, Westerhausen et al., 2020; Leroux et al., 2017; Oestreich et al., 2016),
Hugdahl, Leberg et al. (2009) suggested that in AVH, the dynamic interplay between
top-down (information processing) and bottom-up (stimulus processing) may be
unbalanced (Hugdahl, 2009). In general, white matter tracts such as the arcuate
fasciculus, inferior fronto-occipital fasciculus and the superior longitudinal fasciculus
connect frontal and temporal regions. These pathways have vital roles in language and
semantic speech processing (e.g., (Duffau, Gatignol et al., 2005; Friederici, 2009;
Glasser & Rilling, 2008; Rilling, Glasser et al., 2008), attention, working memory, and

emotions (Geschwind, 1970; Hagmann, Cammoun et al., 2006).
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Hugdahl et al. (2009) further suggested that unimpaired prefrontal and temporal areas
help healthy voice-hearers to resist being overwhelmed by their "voices" compared to
hallucinating schizophrenia patients. As observed in Study I, decreased FA-values in
frontotemporal and fronto-occipital pathways support the model proposed by Hugdahl
et al. (2009). The abnormalities of white matter tracks connecting frontal and temporal
lobes may affect information flow from the frontal cortex. This can cause that frontal
cortex fails to inhibit bottom-up temporal lobe hyper-activation. Another key finding
of Study I showed abnormalities in the anterior thalamic radiation and in the cingulum
bundle that have been shown to be involved in emotion processing (Bubb, Metzler-
Baddeley et al., 2018; Panksepp, 2004, 2005; Sun, Perdkyld et al., 2015). Emotion
processing is a process that is central in AVHs they have typically negative character.
There were no differences between patient groups when it came to negative scores.
Therefore, the changes observed in the anterior thalamic radiation and cingulum bundle
are likely not related to other negative symptoms but rather the emotional content of

AVH.

The results of study I showing more pronounced leftward FA-asymmetry in the AVH-
group could mean that the AVH+ patients had decreased between-hemisphere FA
asymmetry than the AVH- group. Some studies have linked leftward asymmetry of the
planum temporale and auditory cortex in healthy subjects to left hemispheric functional
specialization for language (Hugdahl, Leberg et al., 2008; Jancke, Wiistenberg et al.,
2002). Hence, reduced leftward asymmetry in our AVH+ patents for major white
matter pathways connecting frontal and temporal brain areas may hypothetically be
related to dysfunction of language areas in AVH. Parts of the frontal SLF contain
arcuate fasciculus and connect to the frontotemporal language association cortex
(Kamali, Flanders et al., 2014). Further, many studies suggest that the left arcuate
fasciculus, a critical pathway of the language network, exhibits reduced FA-values in
AVH+ patients (Abdul-Rahman, Qiu et al., 2012; Catani, Craig et al., 2011; Curti¢-
Blake, Ford et al., 2017; Seok, Park et al., 2007).
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5.2 EMN as a Task-positive Network Independent of Sensory
Modality

The second Study of the thesis assessed the hypothesis of the studies by Hugdahl et al.
(2015a) and Hugdahl et al. (2019) that switching between resting and active processing
periods results in DMN and EMN being correspondingly up- and down-regulated as
environmental demands change from passive to active by using an new and unrelated
paradigm. In this respect, the results presented in Study II, using a visually-cued
paradigm, resemble those from a previous study by Hugdahl et al. (2019), where the
auditory task was utilized. Although some notable differences were present, the most
prominent similarities between the study Il and the on by Hugdahl et al. (2019) were
the overlapping activations in the SMA and insula regions. Therefore, it may be

concluded that the EMN, is independent of sensory modality.

For both studies, there were differences in activations in the sensory areas, which were
not independent of sensory modality. In the Hugdahl et al. (2019) study, activations
during ON-blocks were observed in the auditory areas in the temporal lobes. In
contrast, the present study showed activations in visual regions in the occipital cortex
since this study used visual tasks. However, these areas are not part of the core EMN
regions, such that these results do not argue against a modality independent role for the

EMN.

The most prominent similarities between the studies, in the case of the DMN, were
found in the cingulate cortex and in the precuneus, which are core DMN areas. At the
same time, differences were observed in the superior and middle frontal gyri and the
angular operculum. These discrepancies presumably represent DMN spatial extension
variation as environmental demands change since OFF-task activations likely are

affected by ON-task activation (Turnbull, Wang et al., 2019).
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5.3 EMN Up-regulation Independent of Task specifics

The second main finding in Study II was that the up-regulation of the task-positive
EMN network was independent of the specifics of the task, i.e., generalized across the
tasks as suggested by Hugdahl et al. (2019). The presented results agree with the results
of Fedorenko et al. (2013) and Duncan (2013) on a non-specific task-positive network,
particularly in the case of activations in the SMA, superior parietal lobule, inferior and
middle frontal gyrus, and the precentral gyrus. However, there are significant
differences between the current study and Federenko and Dunkan's study. Firstly,
different tasks were used to elicit activations in the two studies, and the interpretation
of the findings extends beyond an attention model as a mediating factor, as suggested

by Duncan (2013).

The results of study II provide evidence that the brain may shift between intrinsic and
extrinsic functioning modes, corresponding to the dominating environmental demand.
In line with previous suggestions (Andreou, Steinmann et al., 2018; Hugdahl et al.,
2019; Lustig et al., 2003), the intrinsic mode network dominates during task-absence
and the extrinsic mode network, the EMN, dominates in a task-presence. The DMN is
essentially a task-negative network (Andreou et al., 2018; Gotts, Gilmore et al.,
2020) that is up-regulated in the absence of specific processing demands, and therefore
it can be considered as an intrinsic mode network. Recent unpublished findings from
our group (Weber, Aleman et al., 2021) suggest however that the EMN and DMN may
converge when external processing demands are low, i.e. when tasks are cognitively
easy to perform, but diverge when demands are high, i.e. when tasks are difficult to
perform. Thus, the dynamic interplay between the EMN and DMN are probably more
complex than originally thought.

5.4 EMN Modulated by Environmental Demands

In Study 11, joint activations across tasks, both during ON- and OFF-blocks, were not

unambiguous since there were also unique single-task activations and common
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activations for combinations of tasks. These results may support the hypothesis by
Hugdahl et al. (2015a) that the EMN, among other non-specific general-domain
networks, may be dynamically modulated depending on environmental demands.
Hence, task-specific nodes in the network may transiently be modulated by
dynamically stretching or shrinking. Therefore, it may be hypothesized that dynamic
modulation of the DMN, seen during OFF-blocks, depends both on previous and
anticipated environmental challenges, as shown in some studies (see Buckner and
DiNicola (2019) for a review of DMN activations). No unique activations related to
the mental arithmetic task during ON-blocks were observed in conjunction with all
three tasks or compared with activations from the working memory task. The absence
of unique activations for the mental arithmetic task during ON-blocks needs further
investigation since it contrasts with the finding of additional activations during OFF-
blocks. The absence of unique mental arithmetic activations during active periods may
therefore be due to the inclusion of a transient working memory component in addition
to a pure arithmetic component, making it a more demanding task. The additional
activations during resting periods associated with the mental arithmetic task suggests
that an arithmetic task induces a more substantial up-regulation of the DMN (in the
sense of extended area) than the other two tasks. Hence, this observation may indicate
that the arithmetic task is more resource-demanding during ON-blocks. Thus, it can be
suggested that the level of demand embedded in a task could be operationally defined

by how much rebound a task causes during intermittent rest periods (OFF-blocks).

55 DMN and EMN Dynamic Complexities

As briefly mentioned above, the DMN and EMN networks are sometimes positively
correlated, suggesting that their relationship may be more complex than initially
thought [30]. Study II focused on the precuneus/PCC and ventral SMA as ROIs when

extracting the time-courses representing the EMN and DMN, respectively.

Extracted EMN and DMN time-courses showed an inverse up- and down-regulation
between the two selected ROIs across task- and rest-periods. However, these two

signals were not constantly anti-correlated, as would be expected from a classic EMN
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DMN networks dynamics understanding (Michael D. Fox, Abraham Z. Snyder et al.,
2005). A positive correlation between the two signals was observed in the middle of
the ON-blocks. The positive correlations seem to be caused by the EMN BOLD-
response beginning to drop shortly after an initial up-regulation at the transition points
between the blocks. This result could originate from fading concentration focus across

ON-blocks or a habituation effect caused by task repetitions.

5.6 DMN Activity Patterns Depend on the Experimental
Design

Study III compared DMN activity patterns between two different experimental
conditions, an intermittent resting-state condition, and a continuous resting-state
condition, focusing on the DMN. Study III hypothesized that the general architecture
of the DMN observed in these two experimental conditions should be similar.
However, differences in mental states in these conditions may influence DMN activity
and connectivity across the two experimental conditions may therefore vary in different

ways.

When comparing ICA components from both conditions, a clear overlap in the overall
DMN pattern was observed. The overlap was present regardless of the technique used
for the comparison (conjunction or probability maps). As anticipated, the highest
resemblance between the two DMN-maps was observed in the posterior parts of the
brain, which also converged with the key DMN-nodes in the precuneus and posterior

cingulate cortex,

The intermittent resting-state condition resulted in reduced activity in the medial
prefrontal cortex (MPFC) compared to the continuous resting-state condition. MPFC
activity is associated with self-related processing, retrieving personal knowledge, such

as autobiographical memories, and simulating future personal events or social
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interactions (Andrews-Hanna, 2012; D'Argembeau, 2013; Denny, Kober et al., 2012;
Moran, Kelley et al., 2013; Spreng, Mar et al., 2009). These activities may reflect brain
correlates of mind-wandering anticipated to be predominant in a continuous resting-
state condition compared to an intermittent resting-state condition. Therefore, it may
be hypothesized that participants will not manage to achieve a deep state of resting
during an intermittent condition in contrast to a continuous period, and consequently
less DMN activity. Activity during ON-blocks may also "carry over" and interfere with
activity during OFF-blocks, reducing DMN activity in an intermittent resting condition

resulting in reduced activity in the MPFC.

5.7 DMN Connectivity is Depending on the Functional MRI
Experimental Design

In Study III, the functional connectivity between the DMN and other major networks
was compared between an intermittent and continuous resting-state condition to test

how network dynamics vary between conditions.

The comparison showed a significant difference in connectivity between the DMN and
the salience network (SN), with stronger connectivity between the DMN and SN in the
intermittent resting-state condition compared to the corresponding connectivity in the
continuous resting-state condition. This finding may reflect that the SN is dynamically
modulating brain activity while constantly transitioning between active and resting

periods during the experiment.

The results of Study III seem to support the findings of other studies showing that the
SN plays a significant role in switching between the central executive network (CEN)
and the DMN (Goulden, Khusnulina et al., 2014; Menon, 2011; Sridharan et al., 2008).
The CEN is a large-scale brain network primarily composed of the dorsolateral
prefrontal cortex and posterior parietal cortex around the intraparietal sulcus (Gong,
He et al., 2016; Gratton, Sun et al., 2018). It is involved in sustained attention, complex

problem-solving, and working memory (Menon, 2011). The CEN is one of three
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networks in the so-called triple-network model together with the SN and the DMN (van
Oort et al., 2017). The ACC and the insula regions, which are central regions in the
SN, have known reciprocal connectivity and connect to motor and sensory areas. This
characteristic makes these regions ideal for receiving inputs required to regulate

switching between resting and task-processing networks, like DMN and CEN.

While the SN and CEN are domain-specific task-positive networks, however, it has
previously been shown that they share certain characteristics with general domain
networks, like the EMN (Hugdahl et al., 2019). However, it is essential to remember
that the SN and CEN are domain-specific while the EMN is conceptualized as a non-
specific domain network. Therefore, further research is needed to understand the

complexity of the relationship and dynamics between the EMN, SN, and CEN.

Additionally, increased functional connectivity between the DMN and CEN in
schizophrenia patients has been reported, and further related this to the severity of
hallucinations being a most prominent symptom in schizophrenia (Manoliu, Riedl et
al., 2013). Therefore, understanding the role of the SN in the modulation of the CEN
and DMN networks may be necessary for understanding underlying neuronal

mechanisms of mental disorders such as schizophrenia.

5.8 Block-design Experiment as an Approximation for
Everyday Brain activity Fluctuations

The functional role of the DMN network and its different parts in the dynamics of the
network as a whole are still not fully understood despite extensive research being done.
Even though the DMN was present in both resting-conditions in Study III, there were
also differences in overall DMN activity and connectivity between the two conditions.
Pyka et al. (2009) showed that the DMN was not only more intensely down-regulated
during the performance of the more demanding tasks (working memory 2-back task),
but the same network was also more intensely activated during OFF-blocks following
after these tasks. This observation suggests that cognitive load may influences DMN-

activity during task performance, especially after challenging tasks (Pyka et al., 2009).
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The fact that corresponding "carry-over" effects were seen in Study Il may indicate that
the DMN may be more easily disrupted during brief intermittent resting periods
compared to the "classic" DMN seen in prolonged resting periods without
interruptions. Simultaneously, "classic" resting-state designs with 10-20 minutes of
uninterrupted resting while in the scanner may not reflect a typical situation in everyday
life. Experimental designs that are distant from everyday life dynamics may hinder a
deeper understanding of the neurobiology of major large-scale brain networks. This
may in turn have implications for understanding brain correlates of mental disorders,
since network connectivity studies are often used as potential biomarkers of a variety
of mental disorders, e.g. schizophrenia. The results of Study II may suggest a solution
to the problem. The results of Study II indicate that an fMRI block-design with
alternating task- and rest-periods may be seen as an experimental approximation for
the alternations between brief periods of rest and stressful job situations during an
ordinary day in life. However, one should note that such periods, will in reality vary
regarding intensity, frequency, and length as environmental demands change, and will

also vary between individuals.

5.9 Limitations

Limitations regarding Study I are firstly that patients were on antipsychotic medication
throughout the study, which is always a source of confounding with the experimental
factors. However, no differences were observed between the AVH+ and AVH- groups
in DDD values, indicating that medication differences may not significantly have
confounded the results. Secondly, it is essential to remember that FA-values carrying
information about white matter integrity at the cellular level is averaged over large
voxel volumes since the MRI voxel resolution is larger (mm) than the scale of the cells
that are probed in um (O'Donnell & Pasternak, 2015). Hence, the presence of, for
instance, multiple fiber populations with different orientations may contribute to the
average, macroscopic value of the signal. For this reason, decreased FA-values in
specific brain regions cannot be assumed to result from microscopic cellular

abnormalities exclusively, but may also result from the reorganization of fibers on a
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macroscopic scale, or combination of changes in tissue myelination, fiber organization,
or the number of axons (Mori & Zhang, 2006) . The mismatch between macroscopic
information on microscopic properties is a common issue in DTI studies and this

mismatch should be kept in mind when interpreting the results.

For Study II, it is essential to mention limitations regarding the time-course analysis
performed. In this analysis, the BOLD time-courses were extracted from the
precuneus/PCC and ventral SMA as EMN and DMN ROls, respectively. To capture a
reliable representation of the EMN and DMN networks, relatively large ROIs were
used that could have caused partial volume effects shared with the other network, not
contributing to the positive correlation observed. The mean framewise displacement
(Power et al., 2012; Power et al., 2014) indices in the dataset used in Study II were
both smaller than the “lenient” (FD > 0.5 mm), as well as the “stringent” (FD > 0.2
mm) thresholds discussed by Power et al. (2014) and under the threshold (FD > 0.5).
Consequently, corrections like temporal masking by censoring or interpolating the data
may not be optimal. Additionally, spurious activations are less likely to influence a
task-based paradigm's results than in a resting-state fMRI study. Nevertheless, a simple
test for the influence of motion by removing 17 of a total of 47 subjects that had FDs
> 0.2 has been performed. The results showed no significant differences when
comparing the two data sets. Although more complex censoring and interpolation
methods may be more thorough, they were not considered necessary given the low

mean framewise displacement.

In study III, a rather restrictive approach to extract the intermittent resting-state
condition data from the block design data was used compared to similar studies
(Damien A. Fair et al., 2007). A strategy like what was used in (Damien A. Fair et al.,
2007) was not adopted in Study III for two reasons. Firstly, including the end-volumes
of the OFF-blocks or beginning blocks of the ON-blocks may risk confounding the

LIRS

intermittent resting-state condition data due to subjects’ “anticipation” of the start of

the next ON-block. Moreover, using the strategy adopted by Damien A. Fair et al.
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(2007) could allow for increasing the length of the intermittent resting-state blocks by

only including the two first volumes of the subsequent ON-block.

Accounting for the additional difference in TR parameters between the two studies, the
number of volumes included in both studies would be similar. The OFF-block duration
was 17 whole-brain volumes (34 sec) in the intermittent resting-state condition. The
relatively short OFF-block duration limits the number of volumes to create 4D
intermittent resting-state condition data, making it necessarily to be shorter than the
continuous resting-state data. However, continuous resting-state data were also
relatively short (5 min). Block-fMRI experiments with relatively short resting OFF-
blocks may risk limiting the range of available frequencies to extract resting-state
correlation information (Damien A. Fair et al., 2007). Nonetheless, a study by
Salvador, Suckling et al. (2005) showed that when isolating higher frequencies (>0.1
Hz), equivalent correlation profiles can be acquired, however with somewhat lower
correlations than when using frequencies lower than 0.1 Hz. Therefore, joining resting-
state epochs in a block-design may deliver similar correlation profiles as profiles
obtained with continuous resting-state data. However, due to a shorter total sampling
period, the lowest frequency components may be missing. The technique used in Study
III to create 4D intermittent resting-state data also generated an artifact in the points
where data from the OFF-blocks were joined. Nevertheless, these artifacts were present

periodically and should not significantly have affected our results.

5.10 Conclusions and future directions

This thesis aims at contributing to knowledge of functional network architecture and
dynamics in healthy individuals, and a corresponding contribution to knowledge about

structural network architecture in mental disorders, especially schizophrenia.

The main conclusion from this work is that abnormalities in structural network
architecture in schizophrenia patients with AVH is seemingly more widespread, rather

than being focused to one particular brain structure. This point to the need for
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optimizing means to investigate potential alternations in functional networks and the
dynamics between task-dependent and task-independent brain networks. These
investigations in healthy volunteers allowed us to conclude that it is possible to map an
extrinsic brain network (EMN) which is independent of the sensory domain and task
modality, and that external environmental demands dynamically interact with the

default mode network (DMN).

Combining the findings across the three studies in this thesis, thus paves the way for
further investigations of the interplay of structural (Study I) and functional
abnormalities (Studies II and III). When investigated in the same patients, it could be
explored how structural abnormalities in mental disorders also manifest in symptoms
such as AVH in schizophrenia. Here, investigations in particular structural pathways
rather than the whole white matter skeleton (Study I) could again be of particular
interest, e.g. pathways and functional regions expected to be involved in generating

AVH.

In particular, it is suggested that novel functional paradigms (Study II), and a simplified
approach to mapping resting-state conditions (Study III), should be explored in such
combined structure-functional studies in order to reveal the underlying mechanisms of
symptoms. This could in addition provide potential imaging biomarkers which could
be used to study potential effect of therapeutic interventions in mental disorders. We
believe that the proposed block-design experiments may better reflect the everyday
waxing and waning of brain activity in the course of a day. It is therefore suggested
that future studies could explore this kind of experimental set-up more extensively,

especially in clinical fMRI studies.
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Abstract: The relation between auditory verbal hallucinations (AVH) and white matter has been
studied, but results are still inconsistent. This inconsistency may be related to having only a single
time-point of AVH assessment in many studies, not capturing that AVH severity fluctuates over time.
In the current study, AVH fluctuations were captured by utilizing a longitudinal design and using
repeated (Positive and Negative Symptoms Scale) PANSS questionnaire interviews over a 12 month
period. We used a Magnetic Resonance Diffusion Tensor Imaging (MR DTI) sequence and tract-based
spatial statistics (TBSS) to explore white matter differences between two subtypes of schizophrenia
patients; 44 hallucinating (AVH+) and 13 non-hallucinating (AVH-), compared to 13 AVH- matched
controls and 44 AVH+ matched controls. Additionally, we tested for hemispheric fractional anisotropy
(FA) asymmetry between the groups. Significant widespread FA-value reduction was found in the
AVH+ group in comparison to the AVH- group. Although not significant, the extracted FA-values for
the control group were in between the two patient groups, for all clusters. We also found a significant
difference in FA-asymmetry between the AVH+ and AVH- groups in two clusters, with significantly
higher leftward asymmetry in the AVH- group. The current findings suggest a possible qualitative
difference in white matter integrity between AVH+ and AVH- patients. Strengths and limitations of
the study are discussed.

Keywords: schizophrenia; hallucinations; diffusion tensor imaging; DTI; tract-based spatial statistics;
fractional anisotropy; white matter integrity

1. Introduction

Schizophrenia is a mental disorder that may lead to severe impairments of quality
of life and of occupational and social functioning [1,2], and hallucinations, contributing
strongly to perceived distress [3,4]. A majority of patients with schizophrenia experience
auditory verbal hallucinations (AVH) [5]. The neural underpinnings of the symptoms the
patient experiences have been extensively investigated, yet remain unclear. It has been
suggested that AVH may involve alterations in structural and functional connectivity of
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frontal and temporoparietal language-related brain areas [6-8] as well as altered internode
connectivity within large-scale networks such as the default mode network (DMN) [9,10].

By using diffusion tensor imagining (DTI) to explore microstructural changes in vivo,
a substantial number of studies have reported on a correlation between white matter
integrity and schizophrenia [11-16]. However, the association between AVH, as a key
symptom in schizophrenia, and white matter integrity is still not fully understood, and
findings are often contradictory. Seok, Park [17] found significant reduction of fractional
anisotropy (FA) values when comparing hallucinating (AVH+) and non-hallucinating
(AVH-) patients, in the rostral part of the cingulum bundle, the anterior part of the superior
longitudinal fasciculus, and the middle cerebellar peduncle, and additionally higher FA-
values in the left superior longitudinal fasciculus. In contrast, Curti¢-Blake, Nanetti [18]
found decreased FA-values in the left inferior frontal-occipital fasciculus, uncinate fas-
ciculus, arcuate fasciculus, corpus callosum, cingulate, corticospinal tract, and anterior
thalamic radiation in hallucinating patients. Shergill, Kanaan [19], using a voxel-wise
approach, showed reduced FA-values in schizophrenia patients vs. healthy controls in
several white matter areas, including the right frontal and temporal-parietal portions of
the superior longitudinal fasciculus, and the genu of the corpus callosum, as well as in
inferior longitudinal fasciculus and tapetum. These authors also found that an increased
tendency to hallucinate was related to increased FA-values in the lateral aspects of the
superior longitudinal fasciculus and the anterior cingulum.

Several factors could explain the lack of convergence in the current literature. One
source of variance is the fluctuating nature of AVH (“state” vs. “trait”) [20,21]. Medication
treatment may reduce overt signs of AVH in many patients, such that a “state” assessment
could indicate a patient as non-hallucinating, even though he/she has experienced severe
and frequent AVHs during earlier periods of the illness, which would be characteristic
of a “trait”. Many studies have divided their patients into hallucinating (AVH+) and
non-hallucinating (AVH-) sub-groups based on a single assessment (e.g., Seok, Park [17],
Psomiades, Fonteneau [22]). As AVHs may have a fluctuating course as a response to
treatment [23,24], such approaches may misclassify patients in remission with patients who
have never experienced hallucinations. To correctly classify patients as non-hallucinating,
multiple assessments over an extended observation-period would therefore be required.
In the current study, evaluation of whether a patient would be classified as AVH+ or
AVH- was made throughout a 12 month period, using the P3 (third positive item in the
scale measuring hallucinatory behavior) item of the Positive and Negative Syndrome
Scale (PANSS) [25].

A second issue to be investigated was hemispheric asymmetry and lateralization
of white matter tracts. Many studies have shown that schizophrenia patients have al-
tered hemispheric lateralization in comparison to healthy controls. This has been ob-
served in many forms such as handedness [26], grey matter volume [27-29], white mat-
ter, and functional connectivity [30,31]. Many studies based on DTI have reported re-
duced left-right asymmetry in schizophrenia patients in white matter tracts related to
language processing, e.g., in the arcuate fasciculus [15,32,33], but also bilateral reduction
of white matter integrity has been reported [11,18]. However, most of the studies on
white matter integrity have not compared values of FA between the left and right hemi-
spheric (e.g., Cur¢i¢-Blake, Nanetti [18]), have only reported on data from one hemisphere
(e.g., Leroux, Delcroix [15], McCarthy-Jones, Oestreich [32]), or limited the analysis to par-
ticular fiber tracts (e.g., De Weijer, Mandl [11], Falkenberg, Westerhausen [33]). The current
study investigates possible hemispheric asymmetry between groups.

DTI analysis were based on the tract-based spatial statistics (TBSS) approach, which
allows for data-driven and bottom-up analysis of white matter structures of the whole
brain. The advantage of such an approach is to be able to include the whole brain volume
in the analysis, not restricting the analysis to a priori hypothesized structures.
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2. Materials and Methods
2.1. Participants

A total of 57 schizophrenia patients were recruited via The Bergen Psychosis Project 2,
and compared to 57 healthy controls. The patient and control groups were then subdi-
vided into 44 AVH+ patients and 44 matched healthy controls, and 13 AVH- patients and
13 matched healthy controls, see Table 1 for demographics. Patients were classified as
non-hallucinating (AVH-) if they scored lower than “3” on the P3 item on all available
assessments for each patient, and patients were classified as hallucinating (AVH+) if they
scored “3” or higher at least one out of all available assessments for each patient. For visu-
alization purposes, the two control groups are shown as a single sample of 57 participants
in Figures 1 and 2.

Table 1. Demographic and clinical information for the three groups (hallucinating patients (AVH+), non-hallucinating
patients (AVH-), and healthy controls, (Cntrl)).

AVH+ AVH- Cntrl p (Value)
Sample size (female/male) 44 (12/32) 13 (2/11) 57 (15/42) Fisher ’2VIZ>2<act test
Age (mean £ SD) @ 30.1 114 295+£93 30.7£99 Algl.Cg)%/A
Handedness (A/L/R) 2/4/38 1/1/11 0/6/51 Fisher,g'giact et
Scanning after/before the upgrade 21/23 5/8 25/32 Fisher 'ggiact test
Duration of illness 3.6 +47 22+44 - Welch waée?mple fotest
Defined Daily Dose (DDD) 1.02 £ 0.63 0.91 £ 041 - Welch Twc?galmple fotest
Smoking/non-smoking 28/16 10/3 - Fisher’gg)l(ac  test
PANES;gsfl}i)I;Zitive 3007 2607 ) Welch Twc? é):mple t-test
PAI\]ISSaSSil:;tive 24+08 20£07 ) Welch TwcfJ égiigmple t-test
P/fliTsSeShi:)etal 27+06 23406 ) Welch TW(? é):mple t-test

a SD—Standard deviation, ® A—Ambidextrous, L—Left handed, R—Right handed, ¢ PANSS—Positive and Negative Syndrome Scale.

The study was approved by the Regional Committee for Medical and Health Re-
search Ethics in Western Norway (REK-VEST, #2010/3387-6). Included patients were
18 years or older with symptoms of psychosis in the schizophrenia spectrum, or with
paranoid psychosis according to the International Classification of Diseases ICD-10 di-
agnostic manual (F20-F29: Schizophrenia, schizotypal, and delusional disorders). All
patients were on second-generation antipsychotic medication with average defined daily
dose DDD = 0.99 £ 0.58.

Patients underwent psychiatric evaluations at eight time-points during a 12 month
period (visit 1—baseline, visit 2—week 1, visit 3—week 3, visit 4—week 6, visit 5—month 3,
visit 6—month 6, visit 7—month 9, visit 8—month 12). Due to subject attrition, not
all patients were evaluated at all eight time-points, with a median of six assessments.
Evaluation over a longer period gave us an overview of the fluctuating character of AVHs
for a given patient. The division of the patients into subgroups (AVH+ and AVH-) was
based on PANSS P3 scores from all available time-points for each patient. The AVH+
subgroup consisted of 44 hallucinating patients, with a PANSS P3 score of “3” or higher
on at least one assessment over the 12 months period. The average PANSS P3 over all
visits for the AVH+ group was equal to 3.02 £ 1.66. The AVH- subgroup consisted of
13 non-hallucinating patients (AVH-) with a PANSS P3 score lower than “3” on all available
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assessments over the 12 months. The average PANSS P3 for AVH- group was equal to 1.13
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Figure 1. Upper row shows the localization and distribution for the three largest significant clusters, (cluster 1 marked in
red, cluster 2 marked in green, and cluster 3 marked in blue) obtained from the comparison between the AVH+ and AVH-
groups. The box plot graphs in the lower row shows the corresponding mean clusters Fractional Anisotropy (FA) values for
each participant in each group (AVH+, AVH-, Control). The color of the graph frame matches the color of the cluster it
belongs to). The central mark indicates the median, and the top and bottom edges of the box represent the 25th and 75th

percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, while the outliers are
plotted individually and marked with a plus symbol. Data were merged for the two control groups and presented as a
single control group for facilitation of comparison with the patient groups.

Although the strict selection threshold for AVH- participants resulted in a small sample
size, the selection assured that participants were not prone to AVHs, giving us a possibility
of comparing hallucinating-prone with non-hallucinating-prone patients. We assumed that
patients who experienced AVHs just once and in a mild form, nevertheless had higher
chances to have experienced AVHs in the assessment period compared to patients who over
the course of 12 months were not experiencing AVHs at all. Here, it is important to mention
that although PANSS P3 assesses for hallucinations in a spectrum of modalities (e.g., visual,
tactile, olfactory), we used it as a proxy for AVH severity since it has been shown that the
auditory modality also dominates in situations with other modalities [34-36]. The value of
“3” on the PANSS P3 item was chosen as a threshold since, although this indicates “mild”
symptom load, such a score is nevertheless indicative of clearly formed hallucinations [25],
and is typically used as a cut-off criterion in other studies (e.g., Weber, Johnsen [8]).
PANSS ratings were made by certified clinicians/raters, and the number of raters were
kept to a minimum, to reduce inter-rater variability. Healthy control participants were
recruited from community samples via advertisement in social media and from flyers. The
broad announcement was used to obtain a broad representation from the community, i.e.,
reflecting a randomness that is also believed to be the case for the recruited patients. Among
those responding to the advertisements, control participants were continuously blindly
selected to best match the recruited patients age, sex, and handedness. The enrollment of
control participants was done prior to scanning and was fixed for all the analysis processes
and for evaluation of results. No control participants were excluded after scanning. As
part of the analysis, the selected control group was further subdivided into two sub-groups:
one matched to the AVH+ patients (44 subjects) and one matched to the AVH- patients
(13 subjects). Prior to enrollment, the control participants were asked to self-report any
history of mental disorder using an in-house questionnaire. A full PANSS evaluation was
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not performed for these participants as there was no reason to believe that they would
provide erroneous answers in the self-reporting on history of mental disorders. Exclusion
criterions for the Magnetic Resonance (MR) scanning were history of mental disorders,
pregnancy, or standard contraindications to Magnetic Resonance Imaging (MRI), such
as any ferromagnetic artefacts in the body. Participants were instructed according to
current local hospital practice for all neuroimaging research scanning, i.e., abstain from
drinking coffee two hours prior to scanning, to minimize potential confounders. Control
participants and patients were included randomly to minimize possible changes in the
technical performance of the MR systems. Neither patients nor controls were screened for
drugs in urine, although use of medication was registered for both groups.
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Figure 2. The localization of significant Cluster 1 is marked in green and localization of Cluster 2 is marked in red, see Table 3
for further details regarding localization and size of the two clusters. The box plot graphs represent the corresponding
mean asymmetry FA-values (left minus right hemisphere, see Y-axis) for each participant in each group. The color of the
graph frame matches the colors of the cluster it belongs to. The central mark indicates the median, and the top and bottom
edges of the box represents 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not
considered outliers and the outliers are plotted individually and marked with a plus symbol.

2.2. Image Acquisition

Participants were scanned using a whole-body 3T GE Medical Systems Signa HDx MR
scanner at the Department of Radiology, Haukeland University Hospital, Bergen, Norway.
The scanner was upgraded to a Discovery MR750 in the middle of the data acquisition
period, and a covariate accounting for the scanner version was therefore included in the
statistical analysis. As seen in Table 1, there were no significant effects of the scanning
upgrade. Imaging data for the matched controls were acquired on the same scanner
version as was used for the corresponding patient groups. Head motion was restricted by
using foam padding inside the head coil. Diffusion data were acquired with 30 diffusion
encoding gradients, b-value 1000 s/mm?, and six sets of diffusion unweighted images,
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phase encoding direction anterior-posterior, FoV 220 mm, TR 14000 ms, TE 84.4 ms, flip
angle 90° matrix size 128 x 128 mm, slice thickness 2.4 mm, and total scan time 8.4 min.

2.3. Image Processing

The processing pipeline for the DTI-data was performed with FMRIB Software Library
(FSL) software package (version 5.0; FMRIB Software Library and the corresponding
Diffusion Toolbox). Data were examined visually at all pre-processing steps to identify
artifacts as well as to ensure proper data quality. First, a binary brain-mask was created for
each subject by using the FSL Brain Extraction Tool (BET) [37]. Second, original data were
corrected for head-movements and eddy currents using FSL eddy function with outlier
replacement and slice-to-volume outlier correction. We used the eddy function mporder to
correct for slice-to-volume movements, and the function repol to remove any slices judged
as outliers and replaced them with predictions made by the Gaussian process. FA-maps
were then calculated by using the DTIFit tool, which fits the diffusion tensor model at each
voxel. After calculation of the FA-images, voxel-wise statistical analysis of the FA-data
was carried out using the TBSS component of FSL [38,39]. This involved alignment of
all FA-images onto a common space, using the standard Montreal Neurological Institute
(MNI) space atlas, and then subsequently resampling to 1 x 1 x 1 mm?3 spatial resolution.
Thereafter, a mean FA-image was created and further thinned, resulting in a mean FA-
skeleton. The skeletonized mean FA-image was thresholded at 0.3 to suppress areas of
low mean FA-values, and low and/or high subject-variability. In a next step, the aligned
FA-data for all subjects were projected onto the mean FA-skeleton by filling the skeleton
with FA-values from the nearest relevant tract center. This resulted in a four-dimensional
(4D) image-file which contained the projected, skeletonized FA-data, and which was then
entered into statistical analyses. An example of the FA-skeletons is shown in Supplementary
Materials Figure S1. For performing hemispheric asymmetry analysis between patients
and controls, symmetric mean FA-skeleton images were created. In the analysis, the images
were flipped and subtracted from each other to create “left minus right” images using
the tbss sym function. A detailed description of the tbss_sym function is provided in the
TBSS manual [40].

2.4. Statistical Analysis

In a first statistical analysis, we tested whether voxel-wise FA-values between pa-
tient subgroups and their matched control groups were significantly different from each
other, with two-sided t-tests using the original FA-skeleton. Secondly, significant group-
differences in the FA-values between the left- and right hemisphere skeleton were similarly
examined, using images from the left-minus-right subtracted symmetrical skeletons. For
the first statistical analysis, we performed four group comparisons: (a) comparison between
AVH+ and AVH- patients; (b) comparison between AVH+ patients and their matched con-
trols; (c) comparison between AVH- patients and their matched controls, (d) comparison
between the two control groups while correcting for sex, age, handedness, and scanner
version covariates. The comparison between two control groups was performed to ensure
that observed FA-differences between the patient groups were not driven by the differ-
ences in sample sizes or influence of covariates of no interest. For the second statistical
analysis (FA hemispheric asymmetry analysis), we performed three group-comparisons:
(a) comparison between AVH+ and AVH- patients; (b) comparison between AVH+ patients
and their matched controls; (c) comparison between AVH- patients and their matched
controls, while correcting for sex, age, handedness, and scanner version covariates. Statis-
tical analyses were performed using the permutation interface for general linear model
(PALM) [41], which is a tool allowing for inference by using permutation testing. Permu-
tation testing was chosen as it does not impose any assumptions on the distribution of
the dependent variables and accounts for possible non-normality of FA-values [42]. All
analyses were performed using 10,000 random permutations with threshold-free cluster
enhancement (TFCE) [43] with correction of multiple comparisons to a familywise error
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(FWE) corrected significance level of p < 0.05 per analysis. The resulting statistical maps
with regions showing significant differences between compared groups and hemispheres
were further used for anatomical localization and visualization of the results using the
John Hopkins University (JHU) white matter tractography atlas supplied by FSL. A mask
of significant regions was created from the images containing p-values, using a cut-off
threshold of p < 0.05. These clusters served as a mask for the autoaq tool supplied by FSL
for identification of corresponding anatomical atlas regions. From the significant clusters,
the individual FA-values were extracted to illustrate group differences.

3. Results
3.1. Group Comparison of the Original FA-Skeletons

The comparison of the FA-values between AVH+ patients and their matching healthy
controls did not show any significant differences. Similarly, comparison between AVH-
patients and their matching healthy controls did not show any significant differences.
The additional comparison between two groups of matching controls did not show any
significant differences (this was just done to assure that these sub-groups did not differ).
However, the comparison between AVH+ and AVH- patients showed widespread and
significant reduction in FA-values in the AVH+ subgroup in a number of regions, including
bilateral anterior thalamic radiation, bilateral corticospinal tract, bilateral inferior fronto-
occipital fasciculus, bilateral superior longitudinal fasciculus, and the temporal part of
the right inferior longitudinal fasciculus, forceps minor, and the cingulum bundle. For an
overview, see Table 2.

Table 2. Localization and size of significantly different clusters between AVH+ and AVH- participants. The numbers after
each tract label indicates the percentage probability of the cluster to belong to the given (John Hopkins University) JHU

white matter tractography atlas label.

Number of Voxels

X (mm) 2 Y (mm) Z (mm) Major Tracts Included in a Cluster P

13231

1752

948

530

295
275
89
53

46

38

Anterior thalamic radiation L ©: 5.9
Anterior thalamic radiation R: 2.7
Corticospinal tract L: 1.8
—36 -1 28 Corticospinal tract R: 1.0
Forceps minor: 2.0
Inferior fronto-occipital fasciculus L: 1.4
Superior longitudinal fasciculus L: 2.2
Anterior thalamic radiation R: 1.2
Forceps minor: 3.8

32 7 28 Superior longitudinal fasciculus R: 6.4
Superior longitudinal fasciculus (temporal part) R: 2.4
45 Y 5 Inferior fronto-occipital fasciculus R: 14.4
Inferior longitudinal fasciculus R: 9.8
N _59 29 Superior longitudinal fasciculus R: 7.5
Superior longitudinal fasciculus (temporal part) R: 1.3
17 —52 25 Cingulum (cingulate gyrus) R: 1.3
12 4 -7 Anterior thalamic radiation R: 14.8
49 —4 -12 Inferior longitudinal fasciculus R: 6.8
31 -32 37 Superior longitudinal fasciculus R: 16.3
Inferior fronto-occipital fasciculus R: 5.0
24 —54 24 Inferior longitudinal fasciculus R: 1.7
Superior longitudinal fasciculus R: 1.3
34 11 _5 Inferior fronto-occipital fasciculus R:3 9.4

Inferior longitudinal fasciculus R: 1.2
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Table 2. Cont.

Number of Voxels

X (mm) 2 Y (mm) Z (mm) Major Tracts Included in a Cluster b

30

25

15

Inferior fronto-occipital fasciculus R: 8.7
36 —4 -5 Superior longitudinal fasciculus R: 3.8
Superior longitudinal fasciculus (temporal part) R: 2.3
Anterior thalamic radiation R: 1.9

23 —50 32 Inferior fronto-occipital fasciculus R: 2.9
Superior longitudinal fasciculus R: 1.6
19 —47 35 Cingulum (cingulate gyrus) R: 4.2

2 MNI—Montreal Neurological Institute; b values reflect the percentage probability of the cluster to belong to the given atlas label;
¢ L—abbreviation for the left hemisphere, R—abbreviation for the right hemisphere.

In a next step, we extracted the FA-values from each of the significant clusters found
in the AVH+ vs. AVH- comparison to further examine the spatial extent of the findings and
perform quantitative comparisons of FA-values, see Figure 1. For all significant clusters, the
extracted FA-values were lowest for the AVH+ group and highest for the AVH- group with
the controls falling in between. The box plot graphs showing the mean clusters FA-values
for each participant in each group (AVH+, AVH-, Control) for all detected clusters is shown
in Supplementary Materials Figure S2.

3.2. Hemispheric Asymmetry Comparisons

Hemispheric asymmetry analysis was performed using symmetric mean FA-skeleton
images, but where the images of the right hemisphere were flipped and subtracted from
the corresponding left hemisphere to create “left-minus-right” hemisphere images, using
the tbss sym function. See Table 3 for co-ordinate localization and size, and the left side
of Figure 2 for visualization of the same clusters. The FA asymmetry-analysis showed
significantly stronger leftward asymmetry in the AVH- patient subgroup in comparison to
the AVH+ patient subgroup in two clusters located in the superior longitudinal fasciculus
tract, cfr the bar graphs to the right in Figure 2. As in the preceding analysis, FA-values
(here hemispheric differences in FA-values) were lowest for the AVH+ group, highest for
the AVH- group, and with the control group non-significantly falling in between.

Table 3. Montreal Neurological Institute (MNI) space co-ordinates, number of voxels, and major white
matter tracts included in the two significant clusters, labeled Cluster 1 and Cluster 2, respectively.
The numbers after each tract label indicates the percentage probability of the cluster to belong to the
given JHU white matter tractography atlas label.

Cluster Number X2 Y Z

. . b
Index  of Voxels  (mm) (mm) (mm) Major Tracts Included in a Cluster

Superior longitudinal fasciculus: 13.2
1 22 -38 5 20 Superior longitudinal fasciculus (temporal
part): 6.9 (marked in green on Figure 2)
Superior longitudinal fasciculus: 15.4
2 20 —38 -9 34 Superior longitudinal fasciculus (temporal
part): 7.0 (marked in red on Figure 2)

2 MNI—Montreal Neurological Institute; b values reflect the percentage probability of the cluster to belong to the
given atlas label.

4. Discussion

This study aimed to investigate a possible link between alterations of white mat-
ter integrity and auditory verbal hallucinations (AVH). The results showed widespread
FA-differences between the AVH+ and AVH- subgroups in several white matter path-
ways, which have previously been reported to be related to AVH (Bopp, Zollner [44],
Zhang, Gao [45] for examples). In all of the regions with significant findings, we found
that patients with AVH had reduced FA-values compared to patients without AVH. In
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contrast, the FA-values of the healthy control groups were intermediate, although not
significantly different from the AVH subgroups. The comparison between two controls
groups did not show any significant differences, when controlling for possible confounders.
This supports the validity of our findings by confirming that the observed differences
for the AVH+ vs. AVH- comparisons were not driven by the difference in sample size or
other covariates of no interest between the patient subgroups. Additionally, a significant
difference in hemispheric asymmetry was found between the AVH+ and AVH- subgroups
in two small clusters in the superior longitudinal fasciculus.

These results partially agree with the findings in the Curti¢-Blake, Nanetti [18] study,
which showed reduced FA-values in some of the major white matter paths, such as: fronto-
temporal, cortico-spinal, cingulum, and anterior thalamus tracts and pathways for patients
with AVH, see also Oestreich, McCarthy-Jones [16]. On the other hand, a study by Leroux,
Delcroix [15] found significantly decreased FA-values for both AVH+ and AVH- subgroups
vs. a single healthy control group, but no difference between the AVH+ and AVH- groups.
Additionally, they reported FA-reduction in the left arcuate fasciculus when comparing
AVH+ subjects to controls, but not when comparing AVH+ vs. AVH-, or AVH- vs. controls.
This is in contrast to our findings with regards to the main intra-hemispheric pathways,
in particular the inferior fronto-occipital fasciculus. However, both patient selection and
data analysis differed between the studies. The studies by Leroux, Delcroix [15], Oestreich,
McCarthy-Jones [16], Seok, Park [17], Curcié-Blake, Nanetti [18] also found significant
differences when comparing AVH+ and AVH- patients to healthy controls, which is in
contrast to our study, which showed that the FA-values for the AVH+ group did not differ
significantly from the control subjects, while the comparison of AVH+ vs. AVH- groups
showed significant differences. The differences between the studies might be that different
methods were used to analyze the data and to define the subject groups. Most importantly,
neither Oestreich, McCarthy-Jones [16], nor Curtié-Blake, Nanetti [18] used healthy control
subjects that were matched to their corresponding AVH+ and AVH- patient sub-groups,
relying on a single control group. Other differences that could have influenced the results
were that the patient sample in our study was characterized by a relatively low mean
sample-age, with high variability across age, and illness duration was relatively short.

Aberrations of white matter pathways connecting frontal and temporal brain areas
seem to be a frequent finding in DTI-studies of hallucinations in schizophrenia [15,16,18].
Brain structures such as the inferior fronto-occipital fasciculus and the superior longitudi-
nal fasciculus connect frontal and temporal regions, and have essential roles in not only
language and semantic speech processing (see, e.g., Duffau, Gatignol [46], Friederici [47],
Glasser and Rilling [48], Rilling, Glasser [49], but also in attention, working memory, and
emotions [50,51]. Hugdahl, Leberg [7] hypothesizes that the dynamic interplay between
top-down (information processing) and bottom-up (stimulus processing) might be unbal-
anced in AVHs. Moreover, he suggested that intact and connected prefrontal and temporal
areas might be the reason why healthy voice-hearers can resist being overwhelmed by
their “voices” in comparison to schizophrenia patients suffering from AVH. Our finding of
decreased FA-values in fronto-temporal and fronto-occipital pathways support the model
proposed by Hugdahl, Leberg [7] since the aberrations of white matter pathways connect-
ing frontal and temporal lobes might influence information flow from frontal cortex, which
in turn might result in failure to inhibit bottom-up temporal lobe hyper-activity. We also
observed abnormalities in the anterior thalamic radiation and in the cingulum bundle.
Both of these pathways have been shown to play a role in emotion processing [52-55], a
modality which is central in AVHs since AVHs typically are negatively charged. One could
hypothesize that since we did not find significant differences for PANSS total negative
scores between the patient groups, abnormality of these white matter tracts might also
influence the emotional content of AVH.

In a study by Miyata, Sasamoto [56], schizophrenia patients exhibited overall reduced
asymmetry compared to healthy controls. Following this, the current results with signifi-
cantly reduced leftward FA asymmetry in the AVH+ group compared to the AVH- group,
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could mean that AVHs add to the asymmetry reduction seen in schizophrenia in general.
Other studies have shown leftward asymmetry of the planum temporale and auditory
cortex at the back of the superior temporal gyrus in healthy populations, which has been
linked to left hemispheric functional specialization for language [57,58]. Furthermore,
leftward asymmetry of the anterior cingulum and the arcuate fasciculus, the corticospinal
tract and the posterior limb of the internal capsule has been reported in studies of white
matter hemispheric asymmetries in healthy individuals [59]. Therefore, it may be suggested
that reduced leftward asymmetry in our AVH+ patents for major white matter pathways
connecting frontal and temporal brain areas may be related to dysfunction of language
areas in AVH. It has been previously shown that parts of the frontal superior longitudinal
fasciculus, which contain the arcuate fasciculus, also connect to the frontotemporal lan-
guage association cortex [60]. Several studies suggest that the left arcuate fasciculus, which
is the critical pathway of the language network, show reduced FA-values in AVH+ pa-
tients [6,17,61,62]. However, none of the previous studies have demonstrated a direct link
between hemispheric differences for FA-values, and for difference in asymmetry between
AVH+ and AVH- patients, indicating a structural correlate to known behavioral and func-
tional differences between AVH+ and AVH- patients (cf. Falkenberg, Westerhausen [33],
Hugdahl, Leberg [63]).

Some limitations of the present study deserve discussion. Firstly, patients underwent
treatment with antipsychotic medication throughout the whole duration of the study,
which is always a source of confounding. However, we did not see differences between the
AVH+ and AVH- groups in DDD values, which would indicate that medication differences
may not have been a major source of confounding of the results. A second limitation
relates to the use of DTI as a general measure of white matter integrity and functionality.
It is important to remember that although FA-values carries information about white
matter-state at the cellular level, this information is averaged over large voxel volumes
since the MRI resolution is much larger (mm) than the scale of the cells that are probed by
diffusing water (um) size [64]. The presence of, for example, multiple fiber populations
with different fiber orientations may also contribute to the average value of the signal.
Therefore, while observing decreased FA-values in specific brain regions, it cannot be
assumed that this exclusively results from abnormalities at the cellular level. It could as
well be due to the reorganization of the fibers on a macroscopic scale. It can also be the
combination of changes in tissue myelination, fiber organization, as well as the number of
axons [65]. Therefore, the presented results should be interpreted with caution. It should
be kept in mind that FA is a general measure of white matter integrity and observed
changes can be of the multifactorial origin (e.g., cell death, edema, gliosis, inflammation,
change in myelination, increase in connectivity of crossing fibers, increase in extracellular
or intracellular water, etc.) [64]. It should also be mentioned that parts of the patient data
included in the current study were used in the [33] study as well as [66]. However, the
composition of the samples in the studies was different, as well as the hypotheses, methods,
and analysis technology used.

5. Conclusions

In conclusion, the most consistent finding was the alteration of hemispheric language
pathways in AVH+ patients, which has also been reported in previous studies, although
the nature and direction of this relation have often differed [6,15,16,19]. Interestingly,
we also found a significant difference between AVH+ vs. AVH- patients, but not for the
comparison with the healthy controls. This could be an indication that non-hallucinating
schizophrenia patients form a distinct subgroup from the schizophrenia spectrum. This in
turn, could mean that differences between AVH+ and AVH- patients should be studied
more thoroughly in the future since it might have implications for the choice of treatment
options for patients with severe and persistent hallucinations. The present study provides
evidence for the importance of translational studies, bridging the gap between neurobiology
and psychiatry, especially for major mental illnesses [67].
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Dynamic switching

between intrinsic and extrinsic
mode networks as demands
change from passive to active
processing

Frank Riemer?*, Renate Griiner>?, Justyna Beresniewicz*, Katarzyna Kazimierczak*,
Lars Ersland*® & Kenneth Hugdahl|***¢

In this study we report on the relationship between default and extrinsic mode networks across
alternating brief periods of rest and active task processing. Three different visual tasks were used

in a classic fMRI ON-OFF block design where task (ON) blocks alternated with equal periods of rest
(OFF) blocks: mental rotation, working memory and mental arithmetic. We showed the existence of a
generalized task-positive network, labelled the extrinsic mode network (EMN) that is anti-correlated
with the default mode network (DMN) as processing demands shifted from rest to active processing.
We then identified two key regions of interest (ROIs) in the supplementary motor area (SMA) and
precuneus/posterior cingulate cortex (PCC) regions as hubs for the extrinsic and intrinsic networks,
and extracted the time-course from these ROIs. The results showed a close to perfect anti-correlation
for the SMA and Precuneus/PCC time-courses for ON- and OFF-blocks. We suggest the existence of
two large-scale networks, an extrinsic mode network and an intrinsic mode network, which are up-
and down-regulated as environmental demands change from active to passive processing.

Ever since the discovery and identification of the default mode network (DMN) by Marcus Raichle and
colleagues!~>, the study of network interactions has been a major issue in imaging neuroscience®. This has
in particular concerned intrinsic interactions and anti-correlations between the DMN and other resting-state
networks, and task-positive networks which are activated during active task-processing®®. Other studies have
focused on the decomposition of the DMN into sub-networks typically activated in task-processing situations’!>.
At around the same time as the discovery of the DMN, Duncan and Owen'* suggested that regions in the dor-
solateral and anterior cingulate frontal cortex were activated during multiple processing demands. Duncan
and Owen'* described their discovery as a "regional specialization of function within prefrontal cortex" (p.
475), which generalised across a variety of cognitive tasks and situations. The initial discovery by Duncan and
Owen'* was later replicated and extended by Fedorenko et al.'®, who found a common network structure across
seven memory, executive, and attention tasks, and by Duncan'® who now labelled these activations a multiple
demand (MD) system. Adding to this, Hugdahl et al.'” performed a retrospective analysis using nine separate
fMRI experiments and found a generalized task non-specific network, which was activated across all nine tasks.
This network involved the SMA/anterior cingulate, lateral prefrontal cortex, and inferior parietal lobule. Hug-
dahl et al.'” labelled this network the extrinsic mode network (EMN) to distinguish it from the intrinsic DMN.
It is therefore clear that not only is there a linked set of network activations during resting periods, which col-
lectively could be called non-specific task-negative networks, but also a set of similar non-specific task-positive
networks. This set of networks has been labelled by different groups as the multiple demand system'?, frontal-lobe
network'®, or extrinsic mode network'”. We will use the term "extrinsic mode network (EMN)" in the following
to describe this generalised task-positive network. Although the EMN and other task non-specific networks
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show overlapping features with task-specific networks, there are also essential differences, in particular that the
EMN and other general-domain networks'>'® are observed in a wide range of tasks across cognitive domains'”
-while task-specific networks are more specific to a particular cognitive domain, such as attention or executive
functions'®!2. The interaction between task non-specific and task specific networks is however complex and not
fully understood. There are overlapping activations in fronto-parietal areas between the network categories,
which could be perceived as nodes in task-specific networks that are also existing in task non-specific networks,
and may modulate the strength of the latter depending on the nature of the task. An important question is how
the DMN and EMN networks interact with regard to dominant up- and down-regulations across time when
environmental demands repeatedly change from active to passive task-processing, i.e., change from engagement
to rest and vice versa, on a short-term basis. Most studies of the relationship between task-negative and task-
positive networks are either conducted during prolonged resting-periods, or by having subjects solve a single
task. A single-task paradigm is usually performed by only addressing a single cognitive domain®'®'8, like work-
ing memory or attention as examples. An experimental set-up like this would however not capture the question
of the dynamics of resting-state and non-specific task-positive network interactions, where tasks change from
one processing period to another across the experimental session. Hugdahl et al.” suggested an experimental
proxy to the everyday switching between periods of task engagement alternated with periods of rest, where tasks
moreover will differ in terms of cognitive domain and processing load from one processing period to another. In
the confines of an fMRI experiment, this can be obtained by alternating task-presence and task-absence periods,
using a traditional fMRI block-design®. In such an experiment, ON- and OFF-blocks represent active versus
passive processing periods, respectively. Such an approach was taken by Hugdahl et al.'® who used an auditory
dichotic listening task?'~2* with ON-blocks and pseudo-random presentations of three different cognitive tasks
involving perception, attention, and executive function that were interspersed with OFF-blocks and no task
present. The results showed statistically significant anti-correlations between the DMN and EMN, particularly
in the inferior frontal and posterior cingulate cortex regions. Moreover, EMN up-regulations at the transition
from an OFF- to an ON-block were steeper and more prolonged, than the corresponding up-regulation of the
DMN in the transition from an ON- to an OFF-block. The study by Hugdahl et al.!” was however confined to
the auditory modality, and had the different cognitive domains embedded within a single task, the so called
"forced-attention dichotic listening task"?%. Thus, it is not known if a similar pattern of interactions between the
DMN and EMN would hold for; (a) the visual modality, (b) when splitting the cognitive domains across tasks,
and (c) expanding the tasks to more complex cognition, like number arithmetic, working memory, and mental
rotation. The three tasks chosen represent three cognitive domains typically encountered during an ordinary day.
To activate visuo-spatial processing, a mental rotation task?* was chosen because this task is shown to provide
significant fronto-parietal activations®~%’. A working memory task was chosen because working memory is a
central cognitive concept, which includes attention and executive control in addition to short-term memory*?,
and would thus be a valid proxy for the varying processing demands during an ordinary working-day. A mental
arithmetic task with adding numbers was chosen because it draws on a common cognitive ability encountered
every day, the ability for mental arithmetic and to manipulate numbers. Previous research has shown that this
task in isolation produces reliable activation in inferior frontal cortex and anterior cingulate®*'. In addition to
whole brain analysis, we chose two region-of-interests (ROIs) for comparisons and correlations between the
DMN and EMN networks, respectively. For the DMN we chose the precuneus as an ROI, since this region is
consistently activated during DMN up-regulations®*2. For the EMN we chose the intersection of anterior cin-
gulate (ACC) and supplementary motor area (SMA), since this region is consistently activated during periods of
EMN up-regulation'>"”. The justification for the choice of the SMA as the key hub for the ROI analysis was also
to allow a direct comparison to our previous study with auditory tasks'®. A second justification was to contrast
this region with the precuneus region for the DMN. The aim of the present study was therefore to provide an
extension of the Hugdahl et al."” study by includingdifferent tasks, and cognitive processing strategies, while
staying within the same ON-OFF experimental approach as the one used in Hugdahl et al. **. Considering the
current replication crisis in neuroscience and psychology®, an extended replication is a necessary first step for
establishing a solid factual basis for new findings.

Results

Behavioural data. Mean response accuracy was calculated as the ratio of correct responses to overall num-
ber of responses and expressed as a hits-ratio. For the mental rotation task, the hits ratio was 0.560, for the work-
ing memory task it was 0.769 and for the mental arithmetic task it was 0.843. The corresponding Cohen’s d values
were: 0.55, 0.91, and 1.84 for the mental rotation, working memory, and mental arithmetic tasks, respectively.
Following a standard interpretation of corresponding effect sizes, all three tasks showed medium to strong effect
size. Mean response latency, also known as reaction-time (RT), for the three tasks were 404.2 ms (SD 143.0) for
the mental rotation task, 168.4 ms (SD 56.5) for the working memory task and 218.3 ms (SD 38.0) for the mental
arithmetic task. These results confirm that the subjects had understood and performed the tasks as expected.

fMRI data. Mean framewise displacement (FD) indices for all subjects were=0.19+0.08 mm. 17 out of the
47 subjects had FDs >0.20 and were excluded for a re-analysis to compare to the results of the whole data-set.
The activation maps for the re-analysis of the subset confirmed the results of the whole-dataset. We therefore
decided not to remove any subjects due to motion. Adding the estimated motion parameters as a regressor did
also not affect any of the results significantly.

Figure 1 shows the results from the inclusive conjunction analysis of mean joint activations across the three
tasks, p <0.05, family-wise-error (FWE) corrected, with significant activations for the ON-OFF contrast seen
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Figure 1. Activations that passed the .05 FWE-corrected significance threshold, shown on sagittal slices of
the MNI-template. The panel (a) to the left shows activations obtained during ON-blocks contrasted with
activations obtained during OFF-blocks (ON-OFF). The panel (b) to the right shows activations obtained with
the contrast flipped, i.e. obtained during OFF-blocks contrasted with activations obtained during ON-blocks
(OFF-ON). See “Results” for further details.

in the left-hand panel and corresponding activations for the OFF-ON contrast seen in the right-hand panel. A
cluster size of minimum 20 voxels was used and slices are shown with 2 mm spacing.

The ON-OFF contrast produced significant, p=0.05, FWE-corrected activations in the right SMA (MNI
coordinates: x 4, y 14, z 50), right inferior occipital gyrus (x 32, y — 85, z — 32), right angular gyrus (x 30,y — 64,
z 44), left superior parietal lobule (x — 26, y — 58, z 54), right and left precentral gyrus (x 46, y 10, z 32, and x
— 46, y 4, z 30, respectively), left anterior insula (x — 30, y 18, z 6) and left middle frontal gyrus (x — 26,y — 4,z
50). All t-values were >7.46, critical 0.05 t-value was=4.40 with 447 df. The OFF-ON contrast produced cor-
responding activations in the left precuneus/posterior cingulate gyrus (PCC) (x - 6,y — 54,2 32/ x0,y 52,z 31),
left and right angular gyrus (x — 48, y — 70, z 36 and x 50, y — 68, z 30) and in the right central operculum (x 38,
y — 14, z 18). All t-values were > 4.97 with a critical 0.06 t-value =4.40. Figure 2 shows the results split for the
three tasks, with activations overlaid on the MRICron anatomical template (ch2.better.niftii) as different layers
and colours: As seen in Fig. 2, the main findings from the overall conjunction analysis were confirmed in the
separate analyses, with essentially similar patterns of activations for all three tasks. Activation caused by the
working memory task is shown in red in Fig. 2, activation caused by the mental rotation task is shown in blue
and activations caused by the mental arithmetic task is shown in green. Common activations across all three
tasks are correspondingly indicated in white colour. Common activations for the mental rotation and working
memory tasks are indicated in violet colour. Common activations for the mental rotation and mental arithmetic
tasks are indicated in cyan colour, and common activations for the working memory and mental arithmetic tasks
are indicated in yellow colour.

Analysing the contrasts separately for each task also yielded activations beyond what was seen in the conjunc-
tion analysis across tasks. For the ON-OFF contrast, the mental rotation task yielded additional activation in
the right thalamus (x 24, y — 30, z 4), and the mental arithmetic yielded additional activations in right and left
thalamus (x 26, y — 30, z 2, and x — 24, y -30, z 0, respectively). For the OFF-ON contrast, the corresponding
additional activations for the working memory task were seen in the left and right lingual gyrus (x — 24,y — 44,
z — 8 and x 30,y — 38, z — 12, respectively), in the left medial and lateral superior frontal gyrus (x — 2,y 58,z 8
and x — 16,y 38, z 52, respectively) and in the right posterior insula (x 38, y — 12, z 16). For the mental arithmetic
task, the corresponding additional activations were seen in the right cerebellum (x 30, y — 74, z — 40), left middle
temporal gyrus (x — 62, y 34, z 48) and in the left superior frontal gyrus (x — 22,y 34, z 48).

We then identified overlapping activations for all three tasks in the SMA and precuneus/PCC and defined
them as new ROIs for the subsequent analysis, as these regions are key nodes in the EMN and DMN networks,
respectively>!”. The ROIs are shown on top of the anatomy template in the upper panel of Fig. 3a,b. The mean
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Figure 2. Activations for the three separate tasks overlaid on top of each other demonstrating significant
overlap. The panel (a) to the left shows activations obtained during ON-blocks contrasted with activations
obtained during OFF-blocks (ON-OFF). The panel (b) to the right shows activations obtained with the contrast
flipped, i.e. obtained during OFF-blocks contrasted with activations obtained during ON-blocks (OFF-ON). For
both panels (a) and (b), activation caused by the working memory task is shown in red, activation caused by the
mental rotation task is shown in blue and activations caused by the mental arithmetic task is shown in green.
Common activations across all three tasks are correspondingly indicated in white colour. Common activations
for the mental rotation and working memory tasks are indicated in violet colour. Common activations for

the mental rotation and mental arithmetic tasks are indicated in cyan colour, and common activations for the
working memory and mental arithmetic tasks are indicated in yellow colour.

time-course from these regions was extracted separately for ON- and OFF-blocks across the whole scanning
session (lower panel of Fig. 3c). Windowed correlation coefficients were calculated using a time-window of 17 s
with 50% overlap (half the length of one ON- or OFF-block). Development of correlation coefficients across time
is shown as an intermittent black line in Fig. 3c. The black line in Fig. 3c demonstrates that there was a strong
negative correlation at the beginning and end of each task-related ON-block (mean Pearson r-coeflicients at
points of inflection was — 0.56 +0.21) and corresponding strong positive correlation was seen at approximately
the middle of each task ON- and rest OFF-periods (mean peak Pearson R’s was+0.68 +0.19).

Discussion

‘We demonstrated that switching between resting and active processing periods results in two distinct networks
that were up- and down-regulated as environmental demands changed from passive to active. In this respect, the
present results resemble the results from a similar study where the processing tasks were auditory in nature'®. We
therefore conclude that the existence of a generalised task-positive network is not dependent on sensory modality.
The most conspicuous similarities between the current and the Hugdahl et al.'” study were in the overlapping
activations in the SMA and insula regions. There were however also differences between the previous Hugdahl
et al.'” and the current study. In the Hugdahl et al."” study, activations during ON-blocks were seen in audi-
tory regions in the temporal lobes, while the present study showed activations in visual regions in the occipital
cortex, as expected due to difference in task modality. Other differences were in the pre-central motor area,
because a motor task was used in the current study, and in the superior parietal and middle frontal gyrus. These
latter differences most likely refer to the wider range of cognitive tasks used in the current study in addition to
targeting the visual modality. For the DMN, the most conspicuous similarities between the studies were found
for the cingulate cortex and the precuneus, while differences were found for the superior and middle frontal
gyri, and the angular operculum. Again, these differences probably reflect variation in DMN spatial extension
as environmental demands vary, since OFF-task activation is affected by ON-task activations®*. The behavioural
results confirmed that the subjects were performing the tasks required throughout the scanning session. A second
finding was that the up-regulation of the task-positive network was independent of the specifics of the task, and
as seen in Figs. 2 and 3, i.e. generalised across the tasks. In this respect, the present results are in line with the
findings of Fedorenko et al."” and Duncan'® pointing to the existence of a task non-specific network, which we
have labelled the EMN, following the nomenclature from Hugdahl et al.'”. There are several notable similarities
between the current findings, the previously suggested EMN network and the findings reported in the Fedorenko
et al. and Duncan papers: Most notably are the agreement of activations in the SMA, superior parietal lobule,
inferior and middle frontal gyrus, and the precentral gyrus. A major difference between our and the previous
studies is in the tasks being used to elicit these activations, and the interpretation of the significance of the find-
ings as extending beyond an attention model as a mediating factor. Considering that the DMN in essence is a
task-negative network>>*>*¢ being up-regulated in periods of absence of specific processing demands, it is an
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Figure 3. Sagittal (a) and axial (b) views of the ROIs shown on the MNI-T1 template. The DMN ROI is shown
in blue and the EMN ROI in red. The ROIs were used for the time-series extraction shown in (c): The tasks
alternated randomly between mental rotation (marked with the symbol I), working memory (marked with the
symbol 1) and mental arithmetic (marked with the symbol #). Signal change is shown as percentage of total
signal change and keeping in line with the colour coding for the ROIs as in panels (a) and (b). Onsets and offsets
of the task and rest periods are shown on the x-axis as ON and OFF respectively with OFF-blocks also being
marked in grey. The black intermittent line in panel (c) shows the Pearson correlation coefficients continuously
calculated on the mean of a 17 s sliding-window through the whole session.

intrinsic mode network. We now provide more evidence that the brain may alternate between an intrinsic and
extrinsic mode of function, corresponding to the dominating environmental demand, with the intrinsic mode
network dominating during task-absence, and the extrinsic mode network dominating during task-presence as
has been previously suggested'®!?*. Interestingly, our results also show that the two networks are sometimes
positively correlated, suggesting that the relationship between DMN and EMN may be more complex than
we originally thought!®. We would also like to suggest that intrinsic and extrinsic mode networks operate at a
superordinate level with regard to domain-specific networks, like the salience network!®!"%7, dorsal attention
network>, or central executive network'>%.

We focused on the precuneus/PCC and ventral SMA as ROIs when extracting the time-courses representing
the extrinsic and intrinsic mode networks, respectively, since the SMA was overlapping in activation for all three
cognitive tasks, and has previously been implicated in a variety of cognitive operations, including visuo-spatial
processing, working memory, and mental arithmetic*’. The precuneus region was chosen because it was strongly
activated during OFF-blocks, and has previously been shown to be implicated in the default mode network!! 4142,
Thus, the time-course dynamics seen in Fig. 3 from the SMA and precuneus ROIs is taken as a proxy for the
up- and down-regulation of the corresponding extrinsic and intrinsic mode networks. We suggest that the role
of the SMA, and in particular the ventral portion, is overlapping with the pre-SMA. While Fig. 3 shows a clear
inverse up- and down-regulation between the two ROIs for the alternating task and rest periods, the signals are
not anti-correlated at all time (see dotted line in Fig. 3). During the middle of the task-blocks, a positive correla-
tion can be seen, despite the rate of change of the two signals seeming static (a plateau or equilibrium is reached
in the middle of the task block). This is in conflict with findings by Fox et al.’, who used a paradigm of three
alternating rest periods (visual fixation, eyes open and eyes closed) instead of alternating rest and active periods,
as employed in our study. The results of the Fox et al. study are therefore not directly comparable with the cur-
rent results since the paradigm used in their study did not involve periods of active task-processing. Moreover,
as seen in Fig. 3, the positive correlations seem to be driven by the EMN BOLD-response (red line) beginning
to dip slightly after an initial up-regulation at the transition points. This could imply a corresponding fading of
concentration focus across active blocks, or a habituation effect due to task repetitions. Further investigation is
necessary to sort out these inconsistencies. In addition, to capture a good surrogate for the EMN and DMN net-
works, we used relatively large ROIs, which could have introduced a partial volume effect with a different network
that does contribute to the positive correlation observed at times. Our mean framewise displacement**** indices
are both smaller than the “lenient” (FD > 0.5 mm), as well as the “stringent” (FD > 0.2 mm) thresholds discussed
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by Power et al.*. Similarly, the popular resting-state functional connectivity MRI (rs-fcMRI) toolbox CONN
only gives an outlier warning if FD > 0.5 (https://web.conn-toolbox.org/fmri-methods/preprocessing-pipeline)*.
Therefore, corrections such as temporal masking by censoring or interpolation of the data are not likely to give
any significantly different results in our study. In addition, spurious activations are less likely to impact the
results in a task-based paradigm as opposed to a rs-fcMRI study. Nevertheless, we performed a simple test for
influence of motion by removing 17 of the total of 47 subjects that had FDs>0.2. The results yielded no major
differences to the activations patterns observed from the full dataset. More complex censoring and interpolation
approaches may be more thorough but were not deemed necessary given the low mean framewise displacement.

The conjunction analysis revealed in addition the other following areas activated during ON-blocks: The
angular gyrus, superior parietal lobule, anterior insula, and the middle frontal gyrus. All these regions are
implicated in higher-order cognition, including mental arithmetic, visuo-spatial processing, mental rotation
and working memory?”#¢-%, In addition, the occipital activation, which most likely reflects the fact that the
tasks were all visual in nature. Likewise, the activation bilaterally in the pre-central region would be related to
the motor-response and button-pressing. The OFF-blocks were characterised by activations in the angular gyrus
and central operculum, which are regions previously implicated in the DMN3>%. Looking at Fig. 2, which shows
areas with overlapping and non-overlapping activations for the three tasks reveals a remarkable similarity in
activation patterns across all three tasks during ON-blocks (see white-coloured areas in Fig. 2). This is evident
for all activations, except for the left inferior parietal lobule, which was more strongly activated to the mental
rotation and working memory tasks than in the mental arithmetic task. A similar pattern emerged from looking
at the overlapping activations for OFF-blocks, i.e. whether activations during resting periods associated with the
three tasks differed (see white-coloured areas in Fig. 2). Again, as for ON-block periods, the pattern of activations
for the OFF-blocks were quite similar across resting periods, especially for the precuneus with centre of gravity
showing similar overlapping activations. Activation related to the mental rotation task did however extend in the
inferior axis, and was also seen with a small area in the medial-ventral frontal lobe. The patterns of overlapping
activations differed however for ON- and OFF-blocks when it comes to overlapping areas for only two tasks. For
ON-blocks, the mental rotation and working memory tasks showed overlapping activations (shown in violet
colour in Fig. 2) to a greater extent than the other task-combinations, which was not the case for OFF-blocks.
For OFF-blocks, most of the activations were overlapping for all three tasks, with mental arithmetic (shown in
green colour) in addition activating the middle temporal and superior frontal gyri. These areas are implicated in
working memory tasks®® and may be overshooting from the ON-periods for this particular task. The ON-OFF
contrast resulted in unique activations in the thalamus for mental rotation and mental arithmetic tasks, as well
as in left lateral superior frontal gyrus. Thalamus activations have previously been reported for both mental
arithmetic and mental rotation®>> and may be related to the role of basal ganglia in number processing and
visuo-spatial processing in general. Figures 1 and 2 clearly demonstrate that joint activations across tasks, both
during ON- and OFF-blocks were not perfect, showing unique single-task activations, as well as joint activations
for combinations of two tasks. This suggests that the EMN and other non-specific general-domain networks may
be dynamically modulated depending on environmental demands, such that task-specific nodes in the network
may transiently be modulated by dynamically stretching or shrinking. We suggest a similar dynamic modulation
of the DMN, seen during OFF-blocks, in that its shape and level of up-regulated modulation depends both on
previous and anticipated environmental challenges, which has been shown in several studies (see Bruckner et. al*
for a recent review of DMN activations). The absence of unique activations for the mental arithmetic task during
ON-blocks, not subsumed either under the conjunction of all three tasks (white color in Fig. 2a), or overlapping
with activations associated with the working memory task (yellow color in Fig. 2a), needs further investigation
since it is in contrast to the additional activations during OFF-blocks associated with the mental arithmetic task
(green color in Fig. 2b). We suggest that the reason for the absence of unique mental arithmetic activations during
ON-blocks is that this task contains a transient working memory component in addition to a pure arithmetic
component, making it a doubly-demanding task. The additional extended activations during resting periods
(OFE-blocks) associated with the mental arithmetic task would in contrast imply that an arithmetic task results
in stronger up-regulation of the DMN (at least defined as an extended area) than the other two tasks, which in
turn could indicate that this task is more resource demanding, despite being subsumed during ON-blocks. We
now suggest that a way of defining task-demands could be defined by its extent from "side to side", i.e. how much
of rebound a task causes during intermittent rest-periods.

In conclusion, the present results have shown the existence of a generalized task-non-specific network, which
is upregulated during periods of active task-processing, but is essentially independent of the specifics of the task.
By following the nomenclature introduced by Hugdahl et al.’” we have labelled this network the Extrinsic Mode
Network (EMN), as an extrinsic mode network in contrast to the default mode network, which is an intrinsic
mode network, and should perhaps also be labelled so. Secondly, building on our previous research with auditory
tasks', the current results have shown that similar network dynamics exist for visual tasks, which in isolation has
been shown previously'®. We now show that this also occurs across different tasks in a single scanning session.
For these reasons, we now suggest that a standard, classic, fMRI block-design with alternating task- and rest-
periods, may be an experimental proxy for alternating rest-periods combined with task processing requirement
periods that we encounter in the course of an ordinary day in life. Having said that, it should be noted that such
periods in reality will vary with regard to intensity, frequency and length as environmental demands vary, and
will also vary between individuals.
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Figure 4. Examples of the stimuli used in the three cognitive tasks. (a) Shows examples of the digit pairs shown
on each trial: The left part of the example shows two digits that do not match the target since the sum of the two
is<11. To the right are shown two numbers that match the target since the sum is 11, and the subject should
then correspondingly press the response button. (b) Shows two of the 3D objects that should be compared

for similarity: The example shows two object shapes that are the same but rotated horizontally with regard to
each other. The subject should press the response button in this example if the shape is the same. (c) Shows an
example of the 2-back Stroop working memory task in Norwegian, where the instruction is to press the button
when the colour of the word matches with the colour shown two items before.

Methods

Subjects.  The subjects were 47 healthy, adult individuals, 27 males and 20 females, mean age 34.9 years (SD
13.9). The subjects were recruited in the Bergen city area through general, open announcements. Absence of any
psychiatric and neurological disorder was an inclusion criteria and information was obtained from self-reports.
Information about education and mathematical skills level was not formally collected. There is however no rea-
son to assume major differences in education among the subjects, since they all were young adults having been
through the obligatory 10 year school system in Norway. Visual acuity and colour-vision was not formally tested,
but the behavioural results show that these factors could not have been a confounding factor.

Stimuli and design. There were three different cognitive tasks and stimuli: a mental arithmetic task, a
working memory task and a mental rotation task. The tasks were each repeated three times in 30 s ON-blocks in
arandom order, alternated with 30 s OFF-blocks (Fig. 4).

The stimuli were constructed with graphics software (MS-paint and Corel PaintShop) and stored as bitmap-
files for presentation through high-resolution LCD HD goggles (NordicNeuroLab Inc., Norway, https://nordi
cneurolab.com/) mounted to the MR head-coil. The timing, duration and sequencing of the stimuli, as well
control of overall timing parameters of the experiment was done in the E-Prime (Psychology Software Tools,
Inc., USA, https://pstnet.com/) software platform. Synchronization timing of presentation of the stimuli with
acquisition of the MR data was done through a NordicNeurolab SyncBox (NordicNeuroLab Inc., Norway, https
://nordicneurolab.com/). There were nine ON-blocks with task presentations (three repetitions of each task),
alternated with nine black screen OFF-blocks without task-presentations. The OFF-blocks had a fixation-cross
in the middle of the visual field, and the subjects were instructed to keep their eyes open during OFF-blocks.
Each ON- and OFF-block lasted for 60 s, making up a total of 18 min.

The mental arithmetic task consisted of two digits that could vary between the digits 1-9, written on top of
each other, in purple font against black background (see Fig. 4a for examples). Each pair of digits was presented
for 1200 ms with a blank gap of 300 ms between trials and 20 pseudo-random trials in each ON-block. The
instruction to the subject was to mentally add the two numbers and press a hand-held button whenever the
sum was "11". There were five target trials randomly interspersed among the 20 trials (25%), with the restriction
of not allowing two or more consecutive targets by random selection. Thus, there were 15 target trials in total.

The mental rotation task (Fig. 4b) was tailored on the classic Shephard and Metzler mental rotation task?! with
images of two 3D non-configurative objects in white against black background, that were displayed on each trial.
The task of the subject was to decide by pressing the hand-held button whether the two shapes were two different
objects, or two shapes of the same object, which were rotated horizontally with regard to each other (rotation
varied between 20° and 180°). Each presentation trial lasted for 1500 ms, with 20 trial presentations during an
ON-block, and where the two shapes were the same on 10 trial presentations and different on 10 trial presenta-
tions. The instruction was to press on "same", thus there were a total of 30 targets across the Mental rotation task.

The working memory task (Fig. 4c) was an n-back task with presentations of incongruent Stroop colour-
words, like the word "red" written in blue ink. The instruction to the subject was to remember the colour of the
word presented two items back (2-back paradigm), and to press the hand-held when the item currently seen
in the goggles matched the one presented two items back. This task adds an executive function process to the
working memory process, making it cognitively more demanding. It has previously been shown to discriminate
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between healthy and depressed patients® and reliably elicits demands for working memory processing. Each
presentation lasted for 1500 ms, with 20 presentations in total, and with five (25%) pseudo-randomly interspersed
target trials where the two displays matched. Thus, there were a total of 15 targets for the working memory task.

Behavioural data statistics. Behavioural data for the three tasks were available for 46 participants, with
one data set missing. Behavioural data were automatically collected and stored by the E-prime software, for later
statistical analysis of response accuracy and response latency (RT ms).

For all three tasks, response accuracy and RT was evaluated statistically for means, standard deviations, and
hits ratio of correct responses to false alarms. Hits ratios were converted to Cohen’s d-statistic for effect sizes in
each task.

Procedure. The subjects were first interviewed for body implants such as pace-makers and any signs of
claustrophobia after they were presented with the informed consent form to sign. Females were in addition asked
about pregnancy, which was an exclusion criterion. The study was approved by the Regional Committee for
Medical Research Ethics in Western Norway (2014/1641/REK Vest). The study was conducted according to the
Declaration of Helsinki regarding ethical standards and in agreement with the good clinical practice framework
in accordance with all rules and guidelines at our institution for human research. Subjects who agreed to take
part in the study were then informed about the experiment and shown examples of the stimuli and familiar-
ized with the tasks to be presented when in the scanner, before being placed in the scanner. Written informed
consent was obtained from all participants. To facilitate direct communication with the MR-technicians in the
control-room, a balloon was placed on the chest, which should be squeezed in case of an emergency. There was
also direct audio contact between the scanner chamber and the control room. The E-Prime stimulus program
was run from a stand-alone PC and operated by a research assistant.

MR scanning and data acquisition. The experiment was conducted on a 3 T Magnetom Prisma MR
scanner (Siemens Healthcare, Germany). An anatomical T1-weighted image was acquired prior to the func-
tional imaging with the following sequence parameters: MPRAGE 3D T1-weighted sagittal volume, TE/TR/
TI=2.28 ms/1.8 s/900 ms, acquisition matrix=256 x 256 x 192, field of view (FOV) =256 x 256 mm?, 200 Hz/px
readout bandwidth, flip angle=8 degrees and total acquisition duration of 7.40 min. 2D gradient echo planar
imaging (EPI) was performed with the following parameters: TE/TR =30 ms/2 s, 306 volumes in time, acquisi-
tion matrix = 64 x 64, slice thickness =3.6 mm, 35 slices, FOV =230 x 230 mm?.

fMRI data processing. All pre-processing and analysis were performed in Matlab 9.5 (the MathWorks,
Natick, MA) using SPM12-r7219 (the Wellcome Centre for Human Neuroimaging, UCL, London, UK, https
://www.filion.ucl.ac.uk/spm/). Pre-processing consisted of rigid-realignment, normalisation to MNI space and
smoothing with an 8 x8x8 mm? Gaussian kernel. After pre-processing, first level analysis of all subjects was
performed using a general linear model (GLM) implementation of the block-based paradigm. The estimated
motion parameters from the re-alignment process were used as a regressor. Framewise displacement was cal-
culated from the re-alignment parameters***. For this, projection to the surface of a sphere of 50 mm radius
was used to convert rotational displacements from degrees into mm after motion parameter de-meaning and
de-trending*. Activation maps were re-calculated after removing subjects that had mean FDs>0.20 mm and
compared to the full data-set to test for the impact of motion on the results. Using the standard haemodynamic
response (HRF) function, t-contrast images for all three tasks were created with an FWE-corrected p-value
threshold of p=0.05 yielding a t-contrast image for each condition.

Conjunction analysis. The resultant contrast images (one for each condition) were then used to perform a
second level conjunction (one-way ANOVA random effects) analysis across all contrast images of the individual
tasks. Briefly, the steps resemble those of a general second-order analysis: All first-order contrast images (one
for each subject and each condition) were added into a second-order analysis (one-way ANOVA). The images
were grouped by condition. After estimation of the model, contrasts for each condition were defined as usual. To
compute the joint-conjunction, multiple contrasts at a time were selected. Statistical maps were calculated with
correction for multiple comparisons (FWE), a p-value of 0.05 and cluster extent of 20 voxels.

The tasks were also studied individually adjunct to the conjunction analysis to assess the effect of each task.
These individual maps were processed in MRICron (ch2.better.niftii) and superimposed on each other.

ROI time course analyses. A third analysis concerned comparing and contrasting activity in ROI that
were functionally defined from the activation patterns seen in the conjunction analyses. These ROI were chosen
because those regions have shown significant activations during resting- and task-absent periods*>*>%. Simi-
larly, they have shown ROI-activations during active processing and task-presence'>'*?%?*> including tasks and
processes covered by the current three tasks.

For this time-course analysis, the ROI were created using MarsBaR v0.44% from the thresholded SPM clusters.
Mean voxel values over the ROI were then extracted for each subject from the motion-corrected intensity images
in MNI-space. These images represent the actual BOLD signal change at each voxel, rather than the modelled,
HRF-corrected response. The images were then averaged over the cohort into a single time-course curve. This
resultant time-course curve was rescaled as a percentage of total BOLD signal change, see Fig. 3.
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