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The brain is wider than the sky,
For, put them side by side,
The one the other will include
With ease, and you beside.

Emily Dickinson (1830 - 1886)
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INTRODUCTION

THE CONNECTOMIC BLUEPRINT OF SCHIZOPHRENIA

BACKGROUND
Dating back over a century, a longstanding hypothesis of the clinical syndrome that we currently
refer to as schizophrenia is that it originates from a disruption of the brain’s ‘association system’
(Wernicke, 1906). Broadly in line with this concept, contemporary disconnectivity theories point
to abnormal functional collaboration between brain regions due to disruptions in white matter
pathways (Friston and Frith, 1995; Stephan et al., 2009) and recent studies examining the brain’s
wiring diagram as a whole have postulated that schizophrenia is a brain network disorder
(Rubinov and Bullmore, 2013; Van den Heuvel and Fornito, 2014). The rationale for studying
the structural brain network is the notion that ‘structure drives behavior’. In other words, that
the brain’s wiring architecture serves as a structural substrate for brain function (Sporns, 2013).
Delineating the brain’s wiring pattern may help elucidate how it shapes neural dynamics and,
ultimately, complex human behaviors, both in health and in brain disease.
The following paragraphs discuss the aims of this thesis, a description of schizophrenia’s
clinical picture and current insights into its etiology, as well as the origins of dissociation and
disconnectivity hypotheses. This is followed by a brief overview of brain network analysis,
covering the historical roots of ‘graph’ or network analysis, its application to the brain, and
findings from brain network investigations in health and in schizophrenia. Finally, the outline of
this dissertation is presented, introducing the chapters comprising this thesis.
AIMS OF THIS THESIS
This thesis builds on a wealth of studies on functional and structural brain connectivity and brain
network organization in schizophrenia. The work presented here explores brain connectivity
and the organization of the brain’s connectional anatomy in schizophrenia, and aims to link
abnormalities in brain structure, connections, and wiring organization to symptomatology,
familial predisposition, patterns of brain development, specificity to the disorder, and outcome.
SCHIZOPHRENIA
Schizophrenia is a severe psychiatric disorder that commonly manifests in the second or third
decade of life, has a chronic course, and is associated with serious morbidity that is only modestly
controlled by currently available treatments (van Os and Kapur, 2009; Rubinov and Bullmore,
2013). It is characterized by recurrent or continuous psychotic symptoms, cognitive deficits, and
so-called ‘negative symptoms’ such as social withdrawal and decreased initiative and motivation.
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These symptoms occur in heterogeneous combinations, such that two individual patients may
share no common symptoms (Andreasen, 2014). In addition, none of the individual symptoms
are in and of itself exclusive to schizophrenia. Psychotic symptoms, for example, are common
to many psychiatric disorders (Sommer and Kahn, 2014) and may also result from neurological
disorders, metabolic disturbances, and psychoactive substance use. The following paragraphs
briefly touch upon schizophrenia’s clinical presentation and etiology.
CLINICAL PRESENTATION
Psychosis
Psychosis is a broad term that refers to a clinical condition characterized by a reduced sense
of reality. Diagnostic criteria for a psychotic episode include hallucinations, delusions, formal
thought disorder and/or catatonic symptoms. Psychotic patients may show unusual behavior
because they perceive, understand or experience the world around them in an unusual way.
Thinking that there is a conspiracy against you, for example, is likely to result in paranoid behavior.
If such ideas are stuck to with absolute conviction, even in the face of contradictory evidence,
they are referred to as delusions (APA, 2000). Delusions may relate to the misinterpretation of
otherwise normal experiences, or to faulty perceptions such as auditory verbal hallucinations
(Mueser et al., 1990). Another feature of psychotic episodes is formal thought disorder, with
disorganized speech and behavior as its objective manifestations (Roche et al., 2014). Psychosis
may also include catatonic symptoms such as stupor (a motionless and mute unawareness of
external stimuli in a person who appears to be awake), catalepsy (abnormal posturing) and
rigidity (Van Harten, 2005; Stuivenga and Morrens, 2014).
Cognitive deficits
Cognitive impairment is not part of formal classification criteria for schizophrenia (APA, 2000),
but most patients experience substantial cognitive decrements as compared to their expected
level had they not developed the illness (Keefe et al., 2005; MacCabe, 2008; Khandaker et al.,
2011). These deficits have been shown to precede the onset of psychosis by many years (Fuller
et al., 2002) and to be driven by genetic factors (Toulopoulou et al., 2010). Although cognitive
deficits per se are not exclusive to schizophrenia - bipolar I disorder patients, for example,
also experience cognitive disturbances (Kumar and Frangou, 2010; Martino et al., 2014) - their
nature and time course (starting before first presentation of psychosis) appear to be, suggesting
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cognitive decline to be a core feature of schizophrenia (Kahn and Keefe, 2013).
Negative symptoms and psychosocial functioning
In addition to social withdrawal and decreased motivation, schizophrenia’s negative symptoms
include reduced emotional expression, poverty of speech and anhedonia (Millan et al., 2014).
Negative symptoms are among the strongest predictors of quality of life and social functioning
(Norman et al., 2000), with severe symptoms causing considerable limitations in interpersonal
and occupational functioning. In general, real-world deficits in areas such as employment and
everyday living are common (Harvey et al., 2009; Leifker et al., 2009; Harvey and Velligan, 2011),
but prognosis at the individual level is heterogeneous (Schultz and Andreasen, 1999).
ETIOLOGY
Schizophrenia is generally thought to result from a complex palette of interacting genetic,
epigenetic, developmental and environmental risk factors (Rapoport et al., 2012; Sullivan
et al., 2012; Millan, 2013). The proportion of the variance in susceptibility for schizophrenia
explained by genetic factors has been estimated at ~80% (Sullivan et al., 2003) and genomewide associations studies indicate the genetic predisposition for schizophrenia to be conferred
by a large number of risk variants, many of which common alleles of small effect (Ripke et al.,
2013, 2014). The importance of environmental factors is underscored by the estimated ~50%
concordance rate in monozygotic twins (Owen et al., 2005). Environmental risk factors include
pre- and perinatal and socio-economic factors (Geddes and Lawrie, 1995; McNeil, 1995;
Bourque et al., 2011; Vassos et al., 2012), which may impact schizophrenia risk directly or by
operating on predisposing genes (Bullmore et al., 1997; van Os et al., 2008).
THE HISTORICAL ROOTS OF THE DISCONNECTIVITY THEORY
“There is nothing more practical than a good theory.” (Kurt Lewin, 1952)
THE NOTION OF DISSOCIATION
From the first description of ‘Dementia praecox’ in 1887 by German physician Emil Kraepelin
(Kraepelin, 1893) until today, the nosology and underlying mechanisms of what we now refer to as
schizophrenia have been the topic of debate (Burns, 2007; Bernet, 2013). Around the turn of the
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20th century, pioneering German psychiatrist and neuropathologist Carl Wernicke (1848-1905)
suggested the term Sejunktionspsychose or ‘dissociation psychosis’ to describe the syndrome
(Wernicke, 1906). In following years, alternative proposals included Dissociationsprozess
(Stransky, 1903), Dementia sejunctiva (Gross, 1904), and Dementia dissecans (Zweig, 1908).
The common denominator among these terms is that the patients’ signs and symptoms are
suggested to stem from some form of ‘dissociation’. Carl Wernicke was one of the first to argue
that this dissociation was in essence structural; he assumed anatomical disruption of association
fibers to be at the core of the disorder (Wernicke, 1906). Of note, Wernicke build on the work
of his mentor neuropathologist Theodor Meynert, who already argued that a disruption of
cortical “association systems” was the primary cause of psychiatric illness (Meynert, 1885). Swiss
psychiatrist Eugen Bleuler, who eventually coined the term ‘schizophrenia’ in 1911, preferred
psychological understanding to a biological explanation and argued that a disturbance of
associations was the core disruption (Bleuler, 1911). Although Bleuler deemed it “not absolutely
necessary”, he also assumed an underlying physical disease process (Heckers, 2011), but at his
time – as Bleuler himself stated – there was no method to test this hypothesis (Burns, 2007).
DISSOCIATION THROUGH DISCONNECTION
The notion of schizophrenia as a disorder of neural communication is thus longstanding.
However, during a large part of the 20th century, the theme was mostly abandoned for
psychology and psychoanalysis (Wallace and Gach, 2008). In the 1980s and 90s, the hypothesis
of aberrant communication between brain regions reemerged (Friston and Frith, 1995; Friston,
1998; Stephan et al., 2009) when neuroimaging studies started providing evidence for abnormal
functional connectivity in schizophrenia (e.g., Volkow et al., 1988; Weinberger et al., 1992).
These findings were integrated into the ‘disconnection theory’, stating that “schizophrenia can
be understood in cognitive terms, and in terms pathofysiology, as a failure of proper functional
integration within the brain” (Friston and Frith, 1995; Friston, 1998), broadly consistent with
Wernicke’s original hypothesis that “Psychiatrische Erkrankungen […] konnten nichts anderes
sein als Erkrankungen des Assoziationsorgans” (Wernicke, 1906). The theory that schizophrenia
is a disconnection syndrome provides an intuitive explanation for the vast heterogeneity in
symptomatology that characterizes the illness, as it moves away from trying to localize specific
symptoms to specific brain regions towards abnormal interaction between brain regions, within
the brain’s network as a whole, as the core of it’s neuropathology.
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EXPLORING THE CONNECTOME
Healthy brain function requires interregional integration of neural information; the anatomical
infrastructure for which is the complex network of axonal projections known as the human
connectome (Hagmann, 2005; Sporns et al., 2005). It has been suggested that the connectome
gives rise to and shapes the collective and coordinated neural phenomena underlying cognitive
processes (Sporns, 2011) and studies have indeed linked connectome organization to general
intelligence (Li et al., 2009; Van den Heuvel et al., 2009; Zalesky et al., 2011), working memory
performance (Bassett et al., 2009; Cole et al., 2012), executive functioning (Reijmer et al., 2013;
Baggio et al., 2014), personality traits (Adelstein et al., 2011; Gao et al., 2013), and creativity
(Ryman et al., 2014). The notion that (complex) brain functions are not solely attributable to the
properties of individual brain regions but emerge from their interplay within the connectome
as a whole (Bullmore and Sporns, 2009; Van Den Heuvel et al., 2009) implies that the pattern
of brain wiring is crucial to brain function both in health and in brain disorders (Rubinov and
Bullmore, 2013; Van den Heuvel and Fornito, 2014; Fornito et al., 2015; Griffa et al., 2015).
The study of the brain’s wiring organization is referred to as ‘connectomics’. At the
basis of connectomics is graph theory, a mathematical framework to study ‘graphs’; abstract
configurations consisting of a collection of nodes (or ‘vertices’) interconnected by a set of edges
(i.e., connections). Network systems such as the Internet, social networks of acquaintance, geneinteraction networks, neural networks (Newman, 2003) can all be described as a graph and
examined as such. The following paragraphs provide a brief history of graph theory and its
application to the brain’s network. A glossary of terms relevant to graph analysis or network
science (compiled from Bullmore and Sporns, 2009; Rubinov and Sporns, 2010; Bassett and
Gazzaniga, 2011; Kaiser, 2011; Sporns, 2011; Baronchelli et al., 2013; Johansen-Berg and
Behrens, 2013) is provided at the end of this introduction.
A BRIEF HISTORY OF CONNECTOMICS
“Any intelligent fool can make things bigger and more complex. It takes a touch of genius
– and a lot of courage – to move in the opposite direction.” (Albert Einstein)
The seven bridges of Königsberg
The historical foundations of graph theory are commonly traced back to Swiss mathematician
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and physicist Leonhard Euler, and this 1736 paper on the seven bridges of Königsberg (Biggs et
al., 1986; Shields, 2012). The city of Königsberg (modern-day Kaliningrad, Russia) was divided
into four sections, including two large islands, by the Pregel River (Figure 1). The city’s sections
were connected through seven bridges and a long-standing puzzle was whether one could
take a walk through the city in which each bridge would be crossed once and only once. Euler
reformulated this problem in abstract terms: he replaced each city section by a node and each
bridge by an edge, thereby forming a graph. He observed that whenever one enters a node (i.e.,
a city section) by an edge (i.e., a bridge) one leaves that node by an edge. In other words, the
number of times one enters a node equals the number of times one leaves it, with the exception
of the first and last node if the walk is not required to start and end in the same place. From
this observation follows that, for the proposed walk to be possible, the nodes must have an
even number of edges. Since the graph corresponding to the city of Königsberg contains only
nodes with odd degree (one city section is connected through 5 bridges, the others through 3),
Euler was able to show that the walk in question is not possible, thereby solving the problem.
Revolutionary to Euler’s approach was that he realized that only the connectional information
was relevant; not the spatial layout of the city, or the chosen route inside a city section. This
insight is at the basis of topology and graph theory.

Figure 1 The first theorem of graph theory: Euler’s solution of the Königsberg bridge problem.
The left panel shows a map of Königsberg in 1651 (http://en.wikipedia.org/wiki/Königsberg), the middle
panel shows only city sections and bridges. The right panel depicts a graph representation of city sections
(i.e., nodes) and connecting edges (i.e., bridges), as proposed by Euler in 1736. Euler’s observation that
all nodes are connected by an odd number of edges (i.e., node A by 5, node B-D by 3) resulted in the
negative resolution of the Königsberg bridge problem. Note that the graph corresponsing to Königsberg is
a multigraph (containing nodes connected by more than one edge). The neural graphs described thoughout
this thesis are simple graphs (with a minimum of one edge between any pair of nodes).
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Connectomics before the connectome
Two hundred years after Euler’s paper, the first textbook on graph theory ‘Theorie der endlichen
und unendlichen Graphen’ by mathematician Dénes König, was published in 1936 (Biggs et
al., 1986). Afterwards, the mathematical development of graph theory (e.g., Bondy and Murty,
1976, 2008; Balakrishnan and Ranganathan, 2000) and its application in fields such as the social
sciences (e.g., Wasserman and Faust, 1994; Borgatti et al., 2009) have provided many insights
into different types of networks, topological properties of networks, and patterns of network
growth (Newman, 2003). The application of graph theory to the brain has its roots in the 1990s
with pioneering studies of neural networks across species (Felleman and Van Essen, 1991;
Young, 1993; Jouve et al., 1998; Watts et al., 1998; Hilgetag et al., 2000; Sporns et al., 2000,
2004; Kötter and Stephan, 2003). Formal definition of the term ‘connectome’ in 2005 (Hagmann,
2005; Sporns et al., 2005) heralded an exponential rise in neural network studies (Figure 2),
illustrating an unprecedented interest in studying the brain as the complex network it is.

Figure 2 The popularity of connectomics.
Pubmed search (“graph theory” OR “graph analysis” OR “network analysis”) AND (brain OR neural), August
2015, illustrating the exponential increase in connectomic studies in recent years.
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MAPPING THE BRAIN’S CONNECTIONAL ANATOMY
An important first step to understanding the brain’s wiring pattern is to map its nodes and
edges (Sporns, 2011). Brain connections can be mapped at various levels of resolution, ranging
from synaptic connections between individual neurons on the microscale, to mesoscale
axonal projections linking neuronal populations, and large axonal bundles connecting
spatially distributed brain regions at the ‘systems’ level (Sporns, 2011, 2013). To date, the
only complete map of all interactions in a neural system is the 302-neuron network of the
roundworm Caenorhabditis Elegans ((White et al., 1986; Varshney et al., 2011), but efforts to
map the connectome at the mesoscale are ongoing in drosophila (Shih et al., 2013), zebra fish
(Hughes, 2013) and mouse (www.mouseconnectome.org). Due to its vast size and complexity
(an estimated 1011 neurons and 1014 – 1015 connections) it is not currently possible to map the
human whole-brain connectome at the micro- (i.e., neuronal) or meso-scale. Nonetheless, novel
insights into human connectome organization have been provided by studies of whole-brain
network reconstructions at the scale of brain regions derived from neuroimaging (Box 1; see
next page). Importantly, using the analogy of a road map for which one doesn’t need to know
every byway to understand the road system’s major organization, it may not be necessary to
reconstruct the connectome as an exact replica of its connectonial anatomy down to its finest
ramifications (Sporns, 2011). Rather, the connectome should provide a description of brain
connections across spatial scales, including the macroscopic network of cortical regions and
their mutual white matter connections (Sporns, 2010, 2012).
Connectome reconstruction and analysis
Construction and analysis of structural and functional brain networks from empirical data
involves a number of steps (Bullmore and Sporns, 2009). The first step of node definition - when
examining neuroimaging derived brain networks – generally involves parcellation of the cortex
or whole brain into coherent regions (Sporns, 2011). Second, the association between nodes
is quantified in terms of structural or functional connectivity. Third, these pairwise associations
are aggregated into a connection matrix representing a graph or network. Fourth, the resulting
network’s architecture is explored using a variety of graph metrics.
Graph analytical metrics
Based on the type of information the measure provides about the networks organization, graph
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Box 1 Measuring brain connections at the macroscale using neuroimaging.

Structural connectivity
Macroscopic structural connections of the brain can be reconstructed using diffusion-weighted
imaging (DWI) (Basser and Pierpaoli, 1996; Basser et al., 2000; Beaulieu, 2002; Mori and Zhang, 2006).
Sensitive to the directional diffusion of water in the brain, this technique allows the delineation of white
matter bundles as their fatty myelin sheaths limit diffusion perpendicular to the tracts (Mori and van
Zijl, 2002). In addition to determining the spatial localization of tracts, their strength or ‘quality’ can be
estimated. For example, the number of reconstructed fibers between two regions is a commonly used
proxy of connection strength (Hagmann et al., 2010; Van den Heuvel and Sporns, 2011; Zalesky et
al., 2011; Cammoun et al., 2012). Validation studies in non-human primates have shown considerable
correspondence between diffusion-weighted indices of structural connectivity and anatomical
connectivity as derived from anatomical tract tracing (Van den Heuvel et al., 2015).
Functional connectivity
Functional connectivity refers to the temporal coherence in activation patterns of anatomically
distributed brain regions (Friston et al., 1993; Van den Heuvel and Hulshoff Pol, 2010), during task
or rest (i.e., resting-state). The coherence in the activation patterns of two regions is interpreted as a
proxy of their functional collaboration. Such patterns can be estimated using, e.g., functional Magnetic
Resonance Imaging (fMRI), electro- and magneto-encephalography (EEG/MEG) and positron emission
tomography (PET). High levels of functional connectivity have been demonstrated between spatially
distributed but interconnected brain regions such as the left and right motor cortex (Biswal et al., 1995,
1997) and among regions of visual and auditory networks and higher order cognitive networks (Cordes
et al., 2000; Lowe et al., 2000; Greicius et al., 2003; Damoiseaux et al., 2006; Fox & Raichle, 2007; Van
den Heuvel et al., 2008).

16

INTRODUCTION

Chapter 01

measures can roughly be divided into three classes: measures of segregation, integration, and
influence (Rubinov and Sporns, 2010; Sporns, 2011) (Figure 3).
Segregation. Measures of segregation reflect the degree to which the network can
be subdivided into local communities; strongly interconnected clusters with relatively sparse
connectivity to the rest of the network. Network clustering can be quantified using the clustering
coefficient, indicating the extent to which the neighbors of a node are mutually connected.
Modularity reflects the extent to which the network as a whole can be decomposed into modules.
Integration. Measures of integration reflect the efficiency of communication throughout
the network. Two commonly used and inversely related measures are path length and global
efficiency. Path length indicates the average number of steps it takes to traverse the network,
global efficiency the ease with which information can be distributed throughout the network.

Figure 3 The human connectome and connectomics.
Left panel shows binary human connectome reconstruction derived from diffusion weighted imaging in one
healthy subject. Right upper panel depicts measures of segreation (clustering and modularity). Right lower
panel shows measures of integration (path length) and influence (the presence of hubs).

17

THE CONNECTOMIC BLUEPRINT OF SCHIZOPHRENIA

Influence. Measures of influence indicate a node or edge’s potential for participation in
dynamic processes unfolding within the network. Node and edge centrality reflect the number
of shortest paths in the network traveling through that node or edge. Hubs are nodes with high
degree (i.e., many connections) and centrality (i.e., many shortest paths traverse it).
THE ARCHITECTURE OF THE HUMAN CONNECTOME
Graph theoretical studies of the human connectome indicate that the brain’s wiring architecture
has many nonrandom characteristics, including a propensity for nodes (i.e., brain regions) to
cluster into structural communities. This is combined with a high capacity for global information
flow, as indicated by high efficiency and short path length (Bullmore and Sporns, 2009; Sporns,
2011). The connectome’s modular community structure (He et al., 2009; Meunier et al., 2010;
Sporns, 2011) is thought to be advantageous to brain function as high connectivity between
nodes in one module favors local segregation of specialized functions such as primary sensory
processing (Meunier et al., 2010), while reducing wiring cost (Bullmore and Sporns, 2012). The
structural communities of the brain have been shown to be connected by a relatively small
number of highly connected brain hubs (Sporns et al., 2007; Van den Heuvel and Sporns, 2011),
commonly localized in association regions of the frontal, parietal and insular cortex (Van den
Heuvel and Sporns, 2013). Similar to inter-state highways in the US road network, the connections
spanning hubs form a topologically central backbone for global ‘neural traffic’; a system that
has been referred to as the ‘rich club’ (Van den Heuvel and Sporns, 2011). Damage to rich club
connections is believed to confer considerable disadvantage to the system as a whole (Van
den Heuvel et al., 2012). Notably, high levels of global integration and segregation, modularity
and the existence of high-degree hubs are not specific to the brain’s network, but appear to be
ubiquitous features of complex (biological) systems in general (Bullmore and Sporns, 2009).
CONNECTIVITY AND CONNECTOME ORGANIZATION IN SCHIZOPHRENIA
Brain connectivity disruptions in schizophrenia
Studies using structural and diffusion MRI have shown a range of structural connectivity deficits
in schizophrenia (Ellison-Wright and Bullmore, 2009; Fornito et al., 2012; Fitzsimmons et al.,
2013; Kubicki and Shenton, 2014), including deficits in major white matter bundles such as the
corpus callosum, cingulum bundle, internal capsule, arcuate and uncinate fasciculus, superior
and inferior longitudinal fasciculus, and fornix (Ellison-Wright and Bullmore, 2009; Whitford et
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al., 2011). These deficits may reflect a loss of coherence or changes in the number or density
of white matter tracts, or myelin/axonal disruptions (Foong et al., 2001; Kubicki et al., 2005;
Mandl et al., 2010). Indeed, histological studies of post-mortem brain tissue have demonstrated
pathologically myelinated fibers in prefrontal brain regions of schizophrenia patients (Uranova
et al., 2011). In addition, studies report abnormalities in functional connectivity, including
alterations in fronto-parietal (Roiser et al., 2013; Tu et al., 2013), cingulo-opercular (Palaniyappan
et al., 2013), default mode (Whitfield-Gabrieli et al., 2009), fronto-striatal (Dandash et al., 2014;
Fornito et al., 2013; Hoffman et al., 2011) and fronto-temporal (Hoffman et al., 2011) systems.
Both increases and decreases in functional connectivity have been shown in schizophrenia
(Skudlarski et al., 2010), but reductions appear to be more common (Pettersson-Yeo et al., 2011).
Altered connectome organization
In addition to disruptions in one or several connections, studies examining the organization of
the brain’s wiring diagram as a whole in schizophrenia are indicative of abnormal brain network
organization in schizophrenia. Alterations in connectome segregation follow from findings
of abnormal modularity (Van den Heuvel et al., 2013) and clustering (Van den Heuvel et al.,
2010; Zalesky et al., 2011, 2010; Alexander-Bloch et al., 2010; Anderson & Cohen, 2013; Liu
et al., 2008; Rubinov et al., 2009). In addition, a reduced capacity for communication between
more segregated parts of the brain (i.e., reduced integration) is indicated by decreased
global efficiency and increased path length (Zalesky et al., 2010; 2011; Wang et al., 2012; Van
den Heuvel et al., 2013). In line with these findings, studies of networks reconstructed from
interregional co-variation in regional morphology indicate a reduced ‘hub-role’ of frontal and
parietal cortices, with more primary brain areas including speech and sensorimotor cortices
gaining a more central role in within the overall connectome (Bassett et al., 2008; Shi et al.,
2012; Zhang et al., 2012). Recently, studies on hub connectivity have demonstrated that the
hubs’ many connections may not be at equal risk to be affected. Rather, ‘rich club’ connections
among frontal, parietal and insular hubs (as opposed to connections linking hubs to non-hubs)
appear to be disproportionally affected in schizophrenia patients (Van den Heuvel et al., 2013).
Whether affected hub and rich club connectivity is specific to schizophrenia or common to
brain disorders, whether it is associated with familial (possibly reflecting genetic) predisposition
for schizophrenia, and whether (and if so how) it relates to functional outcome is the topic of
ongoing research, including a number of the studies comprising this thesis.
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OUTLINE OF THIS THESIS
Following this general introduction, the research presented in this thesis is divided into three
parts. The first explores schizophrenia’s heterogeneous nature in terms of symptomatology and
neuropathology. The study described in chapter 2 explores whether heterogeneity in clinical
symptoms is related to individual variation in brain changes. In chapter 3, we explore the
widespread nature of connectivity deficits in schizophrenia, by examining whether functional
connectivity deficits include the cerebellum, which is typically excluded from brain connectivity
studies. Both schizophrenia patients and their unaffected siblings are examined, to see whether
alterations in functional connectivity relate to familial predisposition for schizophrenia.
The second part starts with a review of the literature on connectivity and connectome
topology throughout the lifespan (chapter 4) to explore the developmental formation and
transformation of the brain network. Next, chapter 5 describes a study on structural covariance
networks in a large group of schizophrenia patients, relative to healthy controls. As crosssectional covariance in morphometric measurements has been proposed to reflect correlation
maturation, putative abnormalities in structural covariance might be consistent with an aberrant
pattern of connectome maturation in schizophrenia.
The third and final part covers four studies that focus on ‘rich club’ organization of
the connectome. First, chapter 6 explores the rich club system in terms of various measures
of ‘cost’ and reflects on how this high-cost feature of brain architecture may be offset by its
benefits to overall brain functioning. Next, following up on findings in schizophrenia patients,
we examine rich club connections in unaffected siblings of patients, to examine whether rich
club disconnectivity relates to familial predisposition for schizophrenia (chapter 7). In chapter
8, connectome topology is examined bipolar I disorder to explore whether brain network
alterations observed in schizophrenia – including deficits of brain hubs and their rich club
connections – are specific to the disorder or cross the diagnostic boundary between bipolar
disorder and schizophrenia. The final chapter of this part describes a longitudinal study that
adresses the open question whether, and if so how, alterations in connectome wiring may relate
to illness progression and outcome in schizophrenia (chapter 9).
Finally, chapter 10 provides a discussion of the findings of this thesis in the context
of the overall literature, discusses methodological considerations and proposes directions for
future research.
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GLOSSARY
Centrality: a measure of how central a node or edge is to the overall network, for example in terms of
the number of shortest paths that travel through the node or edge (i.e., betweenness centrality).
Clustering: the fraction of connections that connect the neighbors of a node relative to all possible
connections, typically averaged over nodes to reflect the “cliquishness” of a network.
Community: a subset of tighly connected nodes, more sparsely connected with the rest of the network;
also ‘module’.
Complex network: a system with non-trivial topological features, demonstrating global behaviors
that cannot be reduced to the properties of its constituent elements; many real-world networks are
complex.
Connection matrix: a matrix representation of a graph, with rows corresponding to nodes, and matrix
entries indicating edges between nodes. Also ‘adjacency matrix’ (in binary form).
Connectome: complete connectivity map of a neural system.
Degree: total number of (binary) connections of a node.
Edge: link or connection between two nodes in a graph, e.g., representing a white matter connection.
Functional connectivity: temporal coherence in activity patterns between two regions.
Global efficiency: estimate of overall communication efficiency throughout the network, computed as
average inverse shortest path between each possible pair of nodes in the graph.
Graph: set of nodes and edges, together reflecting an abstract representation of a system.
Hub: node with high degree and centrality, serving an pivotal role in the overall network organization.
Influence: the potential participation of nodes and edges in processes unfolding within the network,
including node/edge centrality.
Integration: reflects the ease with which information can be distributed throughout the network; graph
metrics reflecting integration include path length and global efficiency.
Modularity: the property of a system that can be decomposed into subnetworks or modules (also:
communities) favoring for segregated processing.
Node: element of a graph connected to other nodes by edges, e.g., representing a cortical region.
Parcellation: division of the cortex into discrete cortical areas or regions, based for example on regional
differences in cytoarchitectury, such as in Brodmann’s parcellation of the cortex.
Path length: the number of edges (incorporating their strength in weighted networks) to be traversed
to connect any pair of nodes. Commonly averaged over all nodes in the network.
Resting-state: a cognitive state in which a subject is awake and alert but does not engage in a task.
Resting-state fMRI measures spontaneous fluctions in brain acitivity patterns in this state.
Rich club organization: organizational phenomenon of a network in which highly connected nodes
(i.e., hubs) are more strongly interconnected than can be inferred from their high connectivity alone.
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Segregation: extent to which the graph can be decomposed into local communities or clusters of
nodes that are highly interconnected; metrics include clustering coefficient and modularity.
Small world network: a type of network organization with segregation (i.e., clustering) exceeding, and
integration (e.g., efficiency) similar, to a comparable random network.
Structural connectivity: anatomical connectivity, e.g. derived from tract tracing or diffusion
tractography.
Topology: the connectional arrangement, organization, or architecture of a system or network.
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ABSTRACT
There is considerable variation in progressive brain volume changes in schizophrenia. Whether
this is related to the clinical heterogeneity that characterizes the illness remains to be determined.
This study examines the relationship between change in brain volume over time and individual
variation in psychopathology, as measured by five continuous symptom dimensions (i.e.,
negative, positive, disorganization, mania and depression). Global brain volume measurements
from 105 schizophrenia patients and 100 healthy comparison subjects, obtained at inclusion
and 5-year follow-up, were used in this study. Symptom dimension scores were calculated by
factor analysis of clinical symptoms. Using linear regression analyses and independent-samples
t-tests, the relationship between symptom dimensions and progressive brain volume changes,
corrected for age, gender and intracranial volume, was examined. Antipsychotic medication,
outcome and IQ were investigated as potential confounders. In patients, the disorganization
dimension was found to be associated with change in total brain (β = −0.295, p = 0.003) and
cerebellar (β = −0.349, p = 0.001) volume. Furthermore, higher levels of disorganization were
associated with lower IQ, irrespective of psychiatric status (i.e., patient or control). In healthy
comparison subjects, disorganization scores were not associated with progressive brain
volume changes. Heterogeneity in progressive brain volume changes in schizophrenia is thus
particularly associated with variation in disorganization. Schizophrenia patients with high levels
of disorganization exhibit more progressive decreases of global brain volumes and have lower
total IQ. We propose that these patients form a phenotypically and biologically homogenous
subgroup that may be useful for etiological (e.g., genetic) studies.

KEYWORDS
Magnetic resonance imaging, Disorganization, Cerebellum, Hebefrenia
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INTRODUCTION
The presence of structural brain abnormalities in schizophrenia has been well established
(DeLisi et al., 1995, 1997; Shenton et al., 2001). The most consistently reported abnormalities
include enlargement of the ventricles and reductions of whole brain and grey matter volume.
Longitudinal neuroimaging studies have shown that these brain volume abnormalities are
progressive, although heterogeneity in brain change over time is considerable across individual
patients (Pantelis et al., 2005; Hulshoff Pol and Kahn, 2008). In part, the heterogeneity may be
related to the broad diversity in signs and symptoms that characterizes schizophrenia (DeLisi
et al., 1998; Lieberman et al., 2001; Andreasen et al., 2011). The aim of the present study is
to examine whether individual variation in lifetime rated schizophrenia symptom dimensions is
associated with heterogeneity in progressive brain volume changes.
Studies examining the relationship between symptomatology and progressive brain
volume changes are limited in number and have yielded inconsistent findings. In a review of
progressive brain changes in schizophrenia, Hulshoff Pol and Kahn (2008) report that more
severe negative symptoms have been linked to more pronounced brain volume loss, but that
most studies examining clinical parameters in relation to possible change in brain volume over
time find no such associations. The lack of association may be due to clinical heterogeneity, and
various approaches to define a more homogenous phenotype have been employed. The use of
symptoms to divide schizophrenia patients into more uniform subgroups is the most common
method (Buchanan and Carpenter, 1997). More recently, factor-analytic studies have attempted
to characterize psychopathology in terms of quantitative symptom dimensions. Liddle (1987)
applied factor-analysis to symptoms rated by the Comprehensive Assessment of Symptoms and
History (CASH) (Andreasen et al., 1992) and identified three symptom dimensions: psychomotor
poverty, reality distortion and disorganization. Other studies using factor analysis to derive
symptom dimensions report on factor solutions including 4 to 11 factors, depending on the
content of the items included in the analyses (Peralta and Cuesta, 2001). While most of these
studies were restricted to patient samples, Derks et al. (2012) performed factor-analysis on
CASH-items in 4286 patients, their relatives and community controls. Lifetime-rated symptoms
and observational items of the CASH were used as they are considered to better reflect genetic
vulnerability and are less influenced by (antipsychotic) treatment compared to present state
symptoms. The analyses revealed the presence of negative, positive, disorganized, depressive
and manic symptom dimensions.
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The relationship between symptom dimensions and cross-sectional brain volume
measures has been studied previously. In a voxel based morphometry (VBM) study in 99
schizophrenia patients and 113 matched healthy comparison subjects, Nenadic et al. (2010)
reported on volume reductions in prefrontal cortices and thalamus in patients with predominantly
negative symptoms, whereas medial temporal and cerebellar grey matter reductions were
mostly present in a disorganized subgroup. Another VBM study, in 175 schizophrenia patients
and 177 healthy comparison subjects, also reported selective structural correlates of symptom
dimensions. A negative symptom dimension was found to correlate with grey matter reductions
in orbitofrontal, prefrontal and temporal cortices and limbic structures, while disorganization
was associated with reductions in temporal, insular and medial prefrontal cortices (Koutsouleris
et al., 2008). Findings on the positive symptom dimension are inconsistent, as correlations with
both decreased (Koutsouleris et al., 2008; Nesvåg et al., 2009) and increased grey matter volume
(Whitford et al., 2005) have been reported. To the best of our knowledge, the relationship
between lifetime rated schizophrenia symptom dimensions and change in brain volume over
time has not been investigated. The aim of this study is to explore the association between
CASH derived lifetime rated symptom dimensions and progressive brain volume changes over
a 5-year interval in schizophrenia patients and healthy comparison subjects.
MATERIALS AND METHODS
SUBJECTS
For the present study a total of 105 patients (81 men, 24 women) with schizophrenia and
related spectrum disorders and 100 healthy comparison subjects (69 men, 31 women) from
two previously published cohorts (Van Haren et al., 2008; Cahn et al., 2009) were included.
For all subjects, global brain volume measurements at inclusion and 5-year follow-up and at
least one CASH-interview with no more than 20 missing items (25%) were available. The CASH
interview was included at baseline (patients: N = 14 | controls: N = 5), one year after baseline
(patients: N = 14 | controls: N = 5), or at 5-year follow-up (patients: N = 77 | controls: N =
90). All patients were recruited from the Utrecht Schizophrenia Project and the First-Episode
Schizophrenia Research Program and were followed for a period of five years to examine
brain morphology in relation to clinical variables, such as outcome, medication and cannabis
use. All subjects provided written consent prior to participation. Subjects with major medical
or neurological illness were excluded. Patients were recruited from various out- and inpatient
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Table 1 Demographic and clinical information.
Schizophrenia patients (N=105)

Healthy control subjects (N=100)

P

Age at baseline in years (sd)

28.9 (10.6)

36.4 (13.5)

<0.001

Gender (male/female)

81/24

69/29

0.190

Diagnosis, no. (%)
Schizophrenia

90 (85%)

Psychotic disorder NOS

9 (9%)

Schizoaffective disorder

6 (6%)

Cumulative medication in HEQ (sd)a

2240 (1102)

CAN met and unmet needs (sd)b

2.9 (2.3)

Parental level of education in years (sd)

12.30 (3.60)

11.98 (3.31)

0.533

WAIS IQ (sd)c

102.1 (14.4)

110.8 (9.3)

<0.001

a
b
c

Cumulative typical and atypical antipsychotic medication per year scan-interval in haloperidol equivalent (HEQ)
Camberwell Assessment of Needs (CAN)

Wechsler Adult Intelligence Scale (WAIS); sd=standard deviation

clinics. The amount and type of medication prescribed between inclusion and 5-year follow-up
was recorded. Cumulative dosage of antipsychotic medication in a haloperidol equivalent was
calculated using conversion rates as described by van Haren et al. (2008). Healthy comparison
subjects had never been mentally ill and had no first-degree family member with a psychotic
illness. Parental socioeconomic status, expressed as the highest level of education completed
by one of the parents in years, was recorded for all subjects.
The statistical significance of group-differences in demographic characteristics was
examined using analysis of variance (ANOVA) for continuous and Chi-square tests for categorical
variables. Demographic and clinical characteristics are provided in Table 1.
PROCEDURES AND MEASURES
CASH-based symptom dimensions
All subjects were assessed with the Comprehensive Assessment of Symptoms and History
(Andreasen et al., 1992). Factor analysis of the lifetime-rated symptoms and observational
items produced five continuous symptom dimensions. Given the content of the items (see
Table 1 in Derks et al., 2012), the symptom dimensions were described as “negative”, “positive”,
“disorganization”, “mania” and “depression”. The procedure to calculate factor scores for each of
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the five dimensions was described in detail in Derks et al. (2012). Briefly, a total of 67 lifetimerated items were included in confirmatory factor analyses in a sample of 4286 schizophrenia
and bipolar patients, relatives of schizophrenia patients and community controls, recruited in
the GROUP study, Utrecht Schizophrenia Project, and the First-Episode Schizophrenia Research
Program. For the present study, estimation of factor scores was based on the entire sample of
4286 subjects, from which individual dimension scores were extracted. It should be noted that
subjects with more than 20% but less than 25% missing items were included in the analyses for
this paper while they were excluded from Derks et al. (2012).
Cognitive functioning
Global cognitive functioning, as measured by total IQ, was assessed with four subtests of the
Dutch version of the Wechsler Adult Intelligence Scale (WAIS; Stinissen et al., 1970): Vocabulary,
Comprehension, Block Design and Picture Arrangement. Mean raw scores were transformed
into the corresponding C-score of the WAIS for each subtest. Since the WAIS has a total of 11
subtests, a proximate total sum of C-scores was derived by adding the C-scores of the four
subtests, divided by 4 and multiplied by 11, as follows: proximate sum of C-scores = (C-score
of four subtests / 4) × 11. An estimated full-scale IQ was derived by transforming the sum of
C-scores into IQ-equivalents using transformation tables provided by the WAIS. IQ-scores were
corrected for an estimated IQ gain of 0.25 point per year for the number of years between 1971
and the date of the WAIS investigation (Flynn, 2009). IQ was assessed in 82 patients and 95
controls. Mean IQ and range are provided in Table 1.
Functional outcome
The Camberwell Assessment of Need (CAN; Phelan et al., 1995) was obtained at various intervals
during follow-up. The CAN is an instrument to identify the individual needs of people with severe
mental illness. It consists of 24 items covering a wide range of human needs, such as shelter
and the company of other people, as well as needs specific to people suffering from mental
illness. CAN-data was available for 95 out of 105 patients. The CAN-interview at 5-year follow-up
was used, and nine items that reflect basic daily life skills were selected: accommodation, food,
household skills, self-care, daily activities, company of others, intimate relationships, telephone
and transport. The number of met and unmet needs for these items was determined per patient
and was used as a measure of global functioning at 5-year follow-up (see Table 1).
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MRI acquisition and measurements
Magnetic Resonance Imaging (MRI) scans were acquired on a 1.5 Tesla Philips NT scanner at
inclusion and 5-year follow-up with a mean (sd) MRI interval of 4.98 (0.45) years. All images
were corrected for inhomogeneities in the magnetic field according to the method described by
Sled et al. (1998). In-house developed software was used to measure total brain, grey and white
matter, cerebellar en ventricle volumes. For a description of MRI procedure and segmentation
see Schnack et al. (2001a, 2001b), Hulshoff Pol et al. (2001) and Brouwer et al. (2010).
STATISTICAL ANALYSIS
Mean (sd) global brain volumes at baseline and 5-year follow-up were calculated. Volume
change over time per subject was computed for all brain volumes by subtracting the volume at
baseline from the volume at follow-up. The percentage of change during the scan interval was
calculated by dividing the volume change by the volume at baseline multiplied by 100%, and
this was divided by the time between MRI scans in years to compute the percentage of volume
change per year scan-interval. Mean global brain volumes at baseline and 5-year follow-up and
the percentage of volume change per year scan-interval are summarized in Table 2.

Table 2 Global brain volumes at inclusion (T0) and 5 year FU (T5), and change in brain volumes.
Schizophrenia patients
(N = 105)

Healthy control subjects
(N =100)

Time
effect

Time*
status

T0

T5

∆ (%)

T0

T5

∆ (%)

P

P

Total brain

1269
(123.5)

1248
(122.8)

-0.32

1274
(126.6)

1263
(127.8)

-0.18

<0.001

0.005

Grey matter

622.6
(63.0)

598.1
(58.6)

-0.78

607.4
(62.8)

596.7
(60.0)

-0.34

<0.001

<0.001

White matter

488.4
(59.8)

490.5
(60.0)

0.11

508.9
(65.8)

506.7
(65.1)

-0.08

0.984

0.065

Lat. ventricle

16.73
(9.23)

18.50
(10.40)

2.68

15.56
(9.07)

17.10
(9.96)

1.72

<0.001

0.617

Third ventricle

1.13
(0.54)

1.23
(0.59)

2.27

1.06
(0.45)

1.08
(0.47)

0.52

0.001

0.032

Cerebellum

142.1
(15.1)

143.5
(15.2)

0.20

142.3
(12.8)

142.8
(13.2)

0.07

<0.001

0.071

Uncorrected mean (sd) brain volumes in ml; change in brain volume in % per year; statistical significance of brain volume
change (time) and statistical significance of group differences in brain volume change (time*status). In the analyses, the

percentage of brain volume change was corrected for age, gender & intracranial volume. Lat. ventricle = Lateral ventricle;
∆ (%) = brain volume change in percentage per year.
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Brain volume data and symptom dimension scores were examined for outliers and
normality of distribution. In patients, symptom dimension scores were normally distributed.
However, in controls, distributions of dimension scores were not continuous, with the majority of
the subjects obtaining a very low score while a minority showed elevated dimension scores.
To assess whether symptom dimension scores are associated with brain volume change
over time in schizophrenia patients, we performed linear regression analyses in the patient
sample in which the percentage of volume change per year scan-interval for each of the global
brain volumes was the dependent variable. To correct for age, gender and intracranial volume,
these variables were included as predictors. Dimension scores were included in the model if this
resulted in a significant improvement in the prediction of brain volume change, according to
forward stepwise analysis. As antipsychotic medication may influence progressive brain volume
change, the analyses were repeated with total cumulative medication during scan interval,
in haloperidol equivalent, as a covariate in a subgroup of 101 patients for whom medication
data was available. In addition, socioeconomic status (i.e., parental level of education), global
functional outcome (i.e., CAN) and cognitive functioning (i.e., estimated IQ) were investigated
as potential confounders for any significant associations between symptom dimensions and
progressive change in global brain volumes.
Based on the observed effects in patients, the relationship between disorganization
and progressive brain volume changes was investigated in the healthy comparison subjects. The
healthy comparison sample was categorized in two groups based on disorganization dimension
scores, because the distribution of dimension scores was not continuous, as mentioned
previously. Independent samples t-tests were conducted to investigate the relationship between
disorganization dimension scores and brain volume change over time, corrected for age, gender
and intracranial volume, in the healthy comparison sample.
We performed multiple tests as we investigated the association between change in
six different brain volumes and five symptom dimensions. We did not apply a strict Bonferroni
correction as this would control type-I error rate but would result in an increased type-II error
rate. A p-value of 0.008 was decided on so that type-I error rate is controlled for the comparison
of six brain volumes but should be regarded as explorative for the five symptom dimensions.
For the analyses with a single dependent variable (i.e., total cumulative medication, IQ and
functional outcome), the p-value was set at 0.05.
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RESULTS
Progressive changes in global brain volumes were heterogeneous across individual subjects.
On average, total brain and cerebral grey matter volume decreased over time and ventricle
volumes increased with patients exhibiting greater change than healthy comparison subjects.
Average cerebral white matter and cerebellar volume did not change significantly (Table 2).
In patients, progressive decline of global brain volumes was significantly associated
with the level of disorganization. Higher levels of disorganization were associated with more
pronounced decrease in total brain (β = −0.295, p = 0.003) and cerebellar volume (β = −0.349,
p = 0.001) (Figure 1). To ascertain that the effect in total brain volume decline was not solely
driven by the decrease in cerebellar volume, a post-hoc regression analysis with total brain
minus cerebellar volume (i.e., total cerebral and brainstem volume) and disorganization score
was performed, which also demonstrated a significant association (β = −0.269, p = 0.008). The
positive, negative, mania, and depression dimensions were not significantly associated with
progressive change in any of the brain volumes (all p > 0.05). Mean (sd) symptom dimensions
scores across the two subject groups are provided in Table 3.
Total cumulative antipsychotic medication in haloperidol equivalent between baseline

Figure 1 Percentage of brain volume change as a function of disorganization score in patients.
The x-axis represents the level of disorganization in a standardized factor score; the y-axis the annual
percentage of volume change of (A) total brain and (B) cerebellum. The reference line indicates no change
in brain volume, i.e. the area above the reference line represents volume increase, below volume decrease.
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Table 3 Mean (sd) symptom dimension scores.
Schizophrenia patients

Healthy control subjects

p

Disorganization

0.72 (0.42)

-0.25 (0.30)

<0.001

Positive

0.93 (0.45)

-0.57 (0.24)

<0.001

Negative

0.60 (0.39

-0.27 (0 23)

<0.001

Mania

0.55 (0.49

-0.36 (0.35)

<0.001

Depression

0.49 (0.43)

-0.47 (0.47)

<0.001

Mean (sd) scores on each of the five symptoms dimensions across the subject groups; and the statistical significance of
group-differences.

and 5-year follow-up was not associated with progressive brain volume change or symptom
dimension scores. Cognitive functioning (i.e., IQ) was not associated with progressive change
in brain volumes. Lower total IQ was, however, significantly associated with higher levels of
disorganization (β = −0.258, p = 0.021). Functional outcome at 5-year follow-up was significantly
associated with change in total brain (β = −0.350, p = 0.001), cerebral grey matter (β = −0.260,
p = 0.013) and lateral ventricle (β = 0.281, p = 0.007) volume. Functional outcome was not
significantly associated with symptom dimension scores. When total cumulative medication,
socioeconomic status, functional outcome and cognitive functioning were included as covariates
in the regression analyses, the association between disorganization and change in total brain
and cerebellar volume remained significant.
As disorganization was significantly associated with change in global brain volumes in
schizophrenia patients, this association was also investigated in healthy controls. In the healthy
comparison sample, disorganization scores were not normally distributed. We therefore created
two groups based on a cut-off of the standardized score of −0.250 for the disorganization
dimension. The majority of controls (N = 81) scored below −0.250 on disorganization (mean
[sd] disorganization score = −0.36 [0.05]), 19 control subjects scored above − 0.250 (mean
[sd] disorganization score = 0.25 [0.41]). Healthy comparison subjects with relatively high
disorganization scores had significantly lower total IQ (t (93) = 3.962, p = 0.001, medium
sized effect: r = 0.38) than those with low disorganization scores (Figure 2). Progressive brain
volume changes were not significantly associated with the level of disorganization in the healthy
comparison subjects.
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Figure 2 Mean IQ of healthy
control subjects with low (N = 19,
mean IQ = 103.4, sd = 9.1) versus
high (N = 81, mean IQ = 112.4,
sd = 8.5) disorganization scores.
The difference is statistically
significant at p < 0.001.

DISCUSSION
This study investigated the relationship between clinical heterogeneity and variation in
progressive structural brain changes in schizophrenia. To this end, the association between
individual variation in lifetime rated symptomatology, as measured by five continuous symptom
dimensions, and brain volume change over time was examined in 105 schizophrenia patients
and 100 healthy comparison subjects. Our main finding is that greater severity of disorganization
symptoms is associated with more pronounced decrease of total brain and cerebellar volume
over time in schizophrenia patients. Negative, positive, mania and depression symptom
dimensions were not associated with brain volume change over time.
Studies examining the relationship between schizophrenia symptom dimensions and
disease markers have found that early onset of disease, long duration of illness (Salokangas
et al., 2002) and antipsychotic treatment resistance (Rodriguez et al., 1998) are particularly
associated with disorganization. This study adds that disorganization is also associated
with a pronounced decrease in global brain volume over time. Furthermore, we found that
disorganization is associated with decreased intellectual functioning, consistent with a recent
meta-analysis showing that more severe disorganization symptoms predict lower IQ (Dibben
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et al., 2009). Finally, studies examining the familiality of symptom dimensions have consistently
shown that the disorganization dimension is highly heritable (Rietkerk et al., 2008; McGrath et
al., 2009). Together, these findings suggest that not only may disorganization be a biologically
distinct feature of schizophrenia; the subgroup of patients identified by high scores on the
disorganization dimension may also be biologically separate.
Indeed, patients with high levels of disorganization, low IQ and relatively large
progressive brain changes resemble the patients described by Kraepelin as suffering from
dementia praecox (Kraepelin, 1919), in particular hebephrenia (Hecker, 1871; Kraepelin, 1919;
Kraam, 2009). In fact, in a recent editorial arguing for the replacement of the schizophrenia
concept by hebephrenia, Taylor et al. (2010) show that empirical data on psychopathology,
clinical course, treatment response and biological and genetic markers do not support the
concept of schizophrenia as a medical model. The authors argue that hebephrenia is a more
homogenous construct with distinctive and reliably identified clinical features and conclude that
hebephrenia is not merely a subtype of schizophrenia, “it is schizophrenia” (Taylor et al., 2010).
A number of longitudinal studies have been performed in which the association
between brain volume change and outcome measures is investigated. Milev et al. (2003)
showed that small temporal lobe grey matter volume at onset is associated with persistence
of hallucinations five years later. Reductions in grey matter volume over time were found to be
associated with poor outcome, such as number of hospitalizations (Van Haren et al., 2007), and
duration of psychosis (Cahn et al., 2009). Ho et al. (2003) showed that patients with poor outcome
had greater increase in lateral ventricle volumes compared to patients who recovered well. They
also showed that greater negative symptom severity at 3-year follow-up was predicted by a
greater decline in frontal lobe WM volume and greater enlargement in frontal lobe CSF volume.
We have not found an association between change in brain volume and positive and negative
symptoms in patients with schizophrenia. This is slightly counterintuitive, but previous findings
also lack consistency. Our findings show that future studies should include disorganization as
a symptom dimension of interest as we find the strongest association between change in total
brain volume and the level of disorganization.
Progressive brain volume changes in schizophrenia are sometimes attributed to the
effects of antipsychotic medication (e.g., Lewis, 2011). Interestingly, patients with a greater
severity of disorganization symptoms – who, as our results indicate, showed the largest loss of
brain volume over time – did not receive higher doses of antipsychotic medication than the
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other patients. Therefore, antipsychotic medication cannot explain the loss of brain tissue in
this subgroup of patients. The association between progressive change in global brain volumes
and variation in symptomatology (i.e. level of disorganization), in the absence of differential
exposure to medication, suggests that the progressive brain changes are an integral part of the
pathophysiology of the illness. In fact, studies in individuals at high genetic risk of schizophrenia
show that progressive brain changes predate not just antipsychotic treatment, but even illness
onset (McIntosh et al., 2011).
The neuropathologic mechanism underlying disorganization may thus be different from
the neuropathology leading to other symptom dimensions. In a review of dopamine dysfunction
in schizophrenia, Howes and Kapur (2009) report that dopamine hyperfunction is closely linked
to the psychosis dimension, but predict that nonpsychotic dimensions of schizophrenia would
not show similar dopamine abnormalities, thus dissociating psychosis from the other dimensions
of schizophrenia. The glutamate hypothesis may be better able to explain schizophrenia features
other than psychosis. Indeed, the concept of glutamate dysfunction in schizophrenia originates
from observations that drugs acting on the glutamate N-methyl-D-aspartate (NMDA) receptor
(e.g. phenylcyclidine, ketamine) also induce the cognitive and negative features of schizophrenia,
while dopamine agonists only produce positive (psychotic) symptoms (Krystal et al., 1994).
Dysfunction of the glutamatergic system, through NMDA-hypofunction, may also account for
the progressive brain changes in schizophrenia: high extracellular concentrations of glutamate
cause excessive calcium influx through NMDA-channels, resulting in cell damage and cell death.
Moreover, glutamate-induced neurotoxicity can be reversed by NMDA receptor antagonists in
neuronal cultures. Sustained NMDA-hypofunction may thus lead to not only neurochemical but
also neuroplastic changes in the brain (Gunduz-Bruce, 2009).
Interestingly, there is some evidence from genetic studies that the glutamatergic system
is involved in the disorganization dimension. In a genome wide linkage study, an association was
found between a factor-analytically derived schizophrenia subtype with severe disorganization
and negative symptoms and a susceptibility locus on chromosome 1q23-25 (Holliday et al.,
2009). The best-studied gene in that region is the regulator of G-protein signaling 4 (RGS4)
gene, which is involved in glutamate systems and is thought to have downstream effects on
the NMDA receptor (Volk et al., 2010). RGS4 expression is downregulated in the prefrontal
cortex and superior temporal gyrus in schizophrenia (Prasad et al., 2005). Furthermore, genetic
variation in RGS4 has been associated with brain volume alterations in schizophrenia patients
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and healthy subjects (Bowden et al., 2007). Thus, dysregulation of the glutamate system may,
possibly through genetic variation in RGS4, explain the association between disorganization and
progressive brain volume decline in schizophrenia.
The association between disorganization and progressive decrease of cerebellar
volume is particularly interesting in light of the concept of “cognitive dysmetria” (Andreasen et
al., 1998). In this model, all schizophrenia symptoms are secondary to a core cognitive deficit,
resulting from a disruption in brain circuitry involving the cerebellum. Alterations in cerebellar
volume have been associated with disorganization symptoms previously. In a cross-sectional
study, Nenadic et al. (2010) found cerebellar volume deficits in a disorganized subgroup of
99 chronic stable schizophrenia patients. However, evidence for cerebellar abnormalities
in schizophrenia is inconclusive (Picard et al., 2008) and the present study did not establish
decline of cerebellar volume in schizophrenia patients versus healthy comparison subjects. One
possible explanation for these inconsistencies is that only a subgroup of schizophrenia patients
(i.e. disorganized patients) exhibits cerebellar volume change.
Some limitations should be taken into account when interpreting our findings. First, this
study examined only global, and not regional, changes in brain volumes. Second, there was large
heterogeneity with respect to duration of illness and age. Third, only a small number of healthy
comparison subjects (N = 19) had relatively high disorganization scores, mandating caution
when interpreting the association between disorganization dimension score and cognitive
functioning in healthy individuals. Finally, in the majority of subjects, the CASH interview was
completed at 5-year follow-up. Therefore, the direction of causality cannot be determined and it
remains unresolved how the association between disorganization and progressive brain volume
changes arises.
In conclusion, we find that heterogeneity in progressive brain volume changes in
schizophrenia is particularly associated with the level of disorganization. Patients with high
levels of disorganization exhibit a larger decrease in global brain volumes over time and
are characterized by lower total IQ. We propose that these patients form a biologically and
genetically distinct subgroup of schizophrenia patients. The identification of this subgroup of
patients may facilitate detection of causal genetic factors in schizophrenia.
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ABSTRACT
The long-standing notion of schizophrenia as a disorder of connectivity is supported by
emerging evidence from neuroimaging studies suggesting impairments of both structural and
functional connectivity in schizophrenia. However, investigations are generally restricted to
supratentorial brain regions, thereby excluding the cerebellum. As increasing evidence suggests
that the cerebellum contributes to cognitive and affective processing, aberrant connectivity in
schizophrenia may include cerebellar dysconnectivity. Moreover, as schizophrenia is highly
heritable, unaffected family members of schizophrenia patients may exhibit similar connectivity
profiles. The present study applies resting-state functional magnetic resonance imaging to
determine cerebellar functional connectivity profiles, and the familial component of cerebellar
connectivity profiles, in 62 schizophrenia patients and 67 siblings of schizophrenia patients.
Compared to healthy control subjects, schizophrenia patients showed impaired functional
connectivity between the cerebellum and several left-sided cerebral regions, including the
hippocampus, thalamus, middle cingulate gyrus, triangular part of the inferior frontal gyrus,
supplementary motor area, and lingual gyrus (all p < 0.0025, whole-brain significant). Importantly,
siblings of schizophrenia patients showed several similarities to patients in cerebellar functional
connectivity, suggesting that cerebellar dysconnectivity in schizophrenia might be related to
familial factors. In conclusion, our findings suggest that dysconnectivity in schizophrenia involves
the cerebellum and that this defect may be related to the risk to develop the illness.

KEYWORDS
Cerebellum, schizophrenia, siblings, functional connectivity, resting-state fMRI, dysconnectivity
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INTRODUCTION
The cerebellum has long been regarded as a brain structure that is exclusively involved in
motor systems, but an increasing body of evidence suggests that is also involved in cognition
and emotion (Schmahmann and Caplan, 2006). The cerebellum is thought to influence motor
systems by evaluating disparities between intention and action and by adjusting the operation
of motor cortices accordingly, through feedback and -forward loops via the thalamus and
pons (Kandel et al., 2000). The cerebellum may be integrated in the neural circuits governing
higher cognitive functions in a similar fashion. Cerebellar modulation of cognitive processes
was shown in error-related learning and timing, but a more general involvement has also been
suggested (Schmahmann, 2000; Andreasen and Pierson, 2008). According to the “cognitive
dysmetria” and “dysmetria of thought” models of schizophrenia – a severe psychiatric disorder
characterized by hallucinations, delusions, and disintegration of thinking – aberrant cerebellar
modulation of information from and to the cerebral cortex may be a part of the pathophysiology
of schizophrenia (Andreasen et al., 1998; Schmahmann, 1998).
The notion that schizophrenia involves the aberrant integration of information
between anatomically separated brain regions is long-standing (Wernicke, 1906; Bleuler, 1911;
Kraepelin, 1919; Friston, 1998; Stephan et al., 2009) and is supported by recent neuroimaging
studies showing aberrant structural (Assaf and Pasternak, 2008; Bassett et al., 2008; Bassett and
Bullmore, 2009; Van den Heuvel et al., 2010; Zalesky et al., 2011) and functional (Lynall et al.,
2010; Fornito et al., 2011) connectivity in schizophrenia (Petterson-Yeo et al., 2011; Rubinov
and Bassett, 2011). However, the cerebellum is typically excluded from these “whole-brain”
analyses of brain connectivity in schizophrenia. Interestingly, some studies using diffusion tensor
imaging (DTI) to target specific white matter tracts have shown impaired structural connectivity
of the cerebellum (Kanaan et al., 2009; Kyriakopoulos and Frangou, 2009). Furthermore, a few
functional connectivity studies in schizophrenia have reported impaired functional integration
of the cerebellum (Honey et al., 2005; Kim et al., 2008; Becerril et al., 2011; Repovs et al., 2011).
However, it remains unclear whether functional connectivity between the cerebellum and the
rest of the brain is affected in schizophrenia, and if so, to what extent. Functional connectivity
between anatomically separated brain regions is defined as the temporal dependency of their
neural activation patterns and is thought to be reflected, to some extent, by their coherence
in spontaneous (resting-state) fluctuations in functional magnetic resonance imaging (fMRI)
signal (Friston et al., 1993; Biswal et al., 1995, 1997; Van den Heuvel and Hulshoff Pol, 2010).
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Allowing for the investigation of all functional connections of the cerebellum, the present study
employs resting-state fMRI to determine the functional connectivity profile of the cerebellum in
schizophrenia. Furthermore, as schizophrenia is highly heritable (Sullivan et al., 2003), aberrant
connectivity in schizophrenia may also be present in unaffected family members of schizophrenia
patients. To determine the familial component of any changes in cerebellar connectivity profiles,
these profiles are also investigated in siblings of schizophrenia patients, who share the genetic
predisposition for psychosis, but are not (yet) ill. This way, the present study seeks to determine
whether impaired cerebellar connectivity might be related to the risk to develop schizophrenia.
MATERIALS AND METHODS
SUBJECTS
A total of 62 schizophrenia patients, 67 siblings of schizophrenia patients, and 41 healthy
comparison subjects were included in this study. Study participants were recruited at the
University Medical Center Utrecht, during a large ongoing cohort in the Netherlands (Genetic
Risk and Outcome of Psychosis; GROUP). The affiliated ethical committee approved the study.
Study participants were between 18 and 60 years of age. All subjects provided written informed
consent prior to participation. Subjects with a history of head trauma or major medical or
neurological illness were excluded.
Presence or absence of current and lifetime psychopathology was established for all
participants, using the Comprehensive Assessment of Symptoms and History (CASH) interview
(Andreasen et al., 1992). Schizophrenia patients were eligible for the present study if they
met Diagnostic and Statistical Manual of Mental Disorders fourth edition (DSM IV; American
Psychiatric Association, 1994) criteria of schizophrenia or related spectrum disorders. Both
siblings of schizophrenia patients and healthy comparison subjects could have no history of any
psychiatric illness, including substance dependence of abuse; and healthy comparison subjects
had no first- or second-degree family members with a lifetime psychotic disorder.
Study participants originated from a total number of 132 families. Within the healthy
comparison group, there were two sibling pairs (both healthy control subjects, i.e., without a
first- or second-degree relative with a lifetime psychotic disorder), and within the 67 siblings
of patients, there were seven pairs of siblings of a schizophrenia patient and one set of three
siblings of a schizophrenia patient. There were no family relationships within the patient group.
Between the sibling and patient groups, there were a total number of 27 family-ties (i.e., one
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schizophrenia patient and (one of) their sibling(s) participating in this study).
For schizophrenia patients, symptom severity was assessed using the positive and
negative syndrome scale (PANSS; Kay et al., 1987); Furthermore, the type and daily dose of
antipsychotic medication at the time of scanning was recorded, and a haloperidol equivalent
dose was calculated using conversion rates (risperidone 0.5:1; olanzapine 1.66:1; quetiapine
25:1; clozapine 33.33:1; aripiprazole 2.5:1; flupenthixol 0.66:1; perphenazine 2.66:1; Kroken
et al., 2009). In healthy comparison subjects and siblings of patients, a shortened version of
the structured interview of schizotypy-revised (SIS-R; Kendler et al., 1989; Vollema and Ormel,
2000) was employed [excluding four items: social isolation (last 3 years); antisocial behavior;
dysfunction (obligatory activities); and dysfunction (personal caretaking)], to measure the overall
severity of schizotypal features on a four-point scale (0 = absent, 1 = mild, 2 = moderate, 3 =
severe). For all participants, global cognitive functioning, as measured by total IQ, was estimated
using four subtests (i.e., Information, Arithmetic, Block design, and Digit symbol coding) of the
Dutch version of the Wechsler adult intelligence scale (WAIS; Stinissen et al., 1970).
Finally, statistical testing of group-differences in demographic characteristics was
performed using analysis of variance (ANOVA) for continuous and chi-square tests for categorical
variables. All demographic and clinical characteristics are provided in Table 1.
PROCEDURES AND MEASURES
Image acquisition and preprocessing
Resting-state fMRI data were acquired on two 1.5 Tesla Magnetic Resonance Imaging scanners
(Philips Medical Systems, Best, The Netherlands) at the University Medical Center Utrecht, The
Netherlands. BOLD time-series were recorded during 9 minutes using a 3D-PRESTO sequence
(acquisition parameters: TR/TE 21.1/31.1 ms; voxel size 4 × 4 × 4 mm; Van Gelderen et al., 1995;
Ramsey et al., 1996). Subsequently, a T1 weighted image was acquired for anatomical reference
(3D FFE pulse sequence, TR/TE = 30/4.6 ms, flip-angle 30 ̊, FOV 256 × 256 mm, voxel size 1
× 1 × 1.2 mm, 160–180 contiguous slices; Ramsey et al., 2006). Preprocessing was performed
using SPM5 software. In short, all resting-state functional images were registered to the last
functional scan to correct for head movements and co-registered with the T1 scan to ensure
overlap between the anatomical reference scan and resting-state time-series. The registered
functional images were spatially smoothed, using an 8-mm full width half–max smoothing kernel.
Next, the T1 scan and resting-state time-series were normalized to standard space, matching
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Table 1 Demographic and clinical characteristics.
Controls (N = 41)

Siblings (N = 67)

Patients (N = 62)

Age, mean (sd)

30.4 (8.8)

29.8 (8.0)

31.2 (5.8)

Gender, M/F

19/22

34/33

52/10*

Handedness , R/L

34/7

60/7

54/5

Highest degree of educationb, mean (sd)

5.5 (1.4)

5.2 (2.1)

4.1 (2.1)*

IQc, mean (sd)

110.1 (15.4)*

102.7 (14.9)*

93.7 (13.5)*

a

Duration of illness in years, mean (sd)

7.5 (4.3)

Diagnosis
Schizophrenia, N (%)

44 (71.0)

Schizophreniform disorder, N (%)

3 (4.8)

Schizoaffective disorder, N (%)

8 (12.9)

Other , N (%)

7 (11.3)

d

Schizotypal features, mean (sd)

0.19 (0.18)

0.17 (0.15)

PANSS symptomse
Positive, mean (sd) [range]

10.8 (4.0) [7-24]

Negative, mean (sd) [range]

11.8 (3.8) [7-23]

Total, mean (sd) [range]

61.8 (16.3) [41-108]

Antipsychotic medicationf
Atypical, N

43

Risperidone, N; mean HEQ dose (sd)

11; 5.8 (2.5)

Olanzapine, N; mean HEQ dose (sd)

17; 7.8 (4.2)

Quetiapine, N; mean HEQ dose (sd)

5; 19.2 (16.6)

Clozapine, N; mean HEQ dose (sd)

8; 13.7 (6.1)

Aripiprazole, N; mean HEQ dose (sd)

2; 9.0 (4.2)

Typical, N

5

Haloperidol, N; mean HEQ dose (sd)

2; 3.5 (0.7)

Other typical , N; mean HEQ dose (sd)

3; 4.7 (4.0)

g

No current antipsychotics, N
a

8

Data missing for 3 patients; b Ranging from no education (0) to university (8). c estimated intelligence quotient (IQ). d Other

diagnoses: delusional disorder (N = 2); brief psychotic disorder (N = 2); psychosis not otherwise specified (N = 3). e Positive

And Negative Syndrome Scale (PANSS), data missing for 3 patients; f average haloperidol equivalent (HEQ) dose (mg);
g

other typical medication: flupentixol (N = 1), perfenazine (N = 1) and penfluridol (N = 1), data missing for 5 patients; *

statistically significant group (at p < 0.05).
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Table 2 AAL-regions per cerebellar ROI.
L Anterior
hemisphere

R Anterior
hemisphere

Anterior vermis

L Posterior
hemisphere

R Posterior
hemisphere

Posterior vermis

Flocullo-nodular
lobe

Lobule III of L
hemisphere

Lobule III of R
hemisphere

Lobule I, II of
vermis

Lobule VI of L
hemisphere

Lobule VI of R
hemisphere

Lobule VI of
vermis

Lobule X of L
hemisphere
(flocculus)

Lobule IV, V of L
hemisphere

Lobule IV, V of R
hemisphere

Lobule III of
vermis

Crus I of L
hemisphere

Crus I of R
hemisphere

Lobule VII of
vermis

Lobule X of R
hemisphere
(flocculus)

Lobule IV, V of
vermis

Crus II of L
hemisphere

Crus II of R
hemisphere

Lobule VIII of
vermis

Lobule X of
vermis (nodulus)

Lobule VIIB of L
hemisphere

Lobule VIIB of R
hemisphere

Lobule IX of
vermis

Lobule VIII of L
hemisphere

Lobule VIII of R
hemisphere

Lobule IX of L
hemisphere

Lobule IX of R
hemisphere

The 26 cerebellar regions distinguished by the Automated Anatomical Labeling (AAL) atlas were assigned to one of seven
cerebellar regions of interest; L = left, R = right.

the MNI-152 template. To create individual anatomical label maps, the spatially normalized T1
image was overlaid with the automated anatomical labeling (AAL) template (Tzourio-Mazoyer
et al., 2002), distinguishing 116 anatomical brain regions. Time-series were corrected for white
matter, ventricle, and motion parameters (using regression) and band pass filtered (bandwidth
0.01 – 0.1 Hz) to eliminate low frequency noise and influences of frequencies reflecting possible
cardiac or respiratory oscillations.
Cerebellar regions of interest definition
The cerebellum has three anterior–posterior divisions (Kandel et al., 2000). The primary fissure
separates the anterior lobe from the posterior lobe, and the posterolateral fissure the posterior
and flocculo-nodular lobe. Three mediolateral regions that are important functionally are
distinguished by two longitudinal grooves that define an elevated ridge in the midline known as
the vermis and the cerebellar hemispheres on either side of the vermis. Each of the 26 cerebellar
regions distinguished by the AAL template was assigned to one of seven cerebellar anatomical
regions of interest (ROI; Table 2), including the anterior and posterior vermis, the bilateral
anterior and posterior cerebellar hemispheres and the flocculo-nodular lobe (see Figure 1).
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Figure 1 Schematic illustration of the flattened cerebellar cortex and ROIs.
Major anatomical landmarks are depicted, as well as the cerebellar regions of interest, including left (1) &
right (2) anterior hemispheres, anterior vermis (3), left (4) & right (5) posterior hemispheres, posterior vermis
(6), and flocullonodular lobe (7). Adjusted to “Schematic representation of the major anatomical divisions of
the cerebellum”, source: en.wikipedia, released under the GNU Free Documentation License, version 1.3,
2008, published by Free Software Foundation.

Functional connectivity analyses
Figure 2 illustrates the consecutive steps of the performed functional connectivity analysis. For
each subject, 116 regional mean time-series were computed by averaging the voxel-based
time-series within each of the anatomically defined regions. Next, interregional correlation in
resting-state time-series between each possible pair of the 26 cerebellar regions and the 90
cerebral regions in the AAL template was computed (Figure 2A). For each subject, functional
connectivity per cerebellar ROI was then calculated by averaging the correlation coefficients
of the AAL regions within each of the seven cerebellar regions (Figure 2B), rendering weighted
correlation coefficients ri,j for the connections {i, j} of each cerebellar ROI i (N =7) with each
cerebral region j (N = 90). Interregional correlations were first computed and subsequently
averaged for each ROI - rather than averaging at the level of regional time-series - as the ROIs
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Figure 2 Functional connectivity analysis.
Consecutive steps of functional connectivity analysis. (A) Computation of correlation between cerebellar
and cerebral resting-state fMRI time-series, (B) calculation of correlation coefficients of cerebellar ROIs, (C)
computation of weighted correlation maps per subject group and per cerebellar ROI. Next, computation of
(D) overall connectivity strength per cerebellar ROI, and (E) functional connectivity of discrete connections.
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may comprise more than one functional region and averaging distinct regional time-series
may lead signals to phase out when averaged. Fisher r-Z transforms were not applied as the
correlations were normally distributed. Next, weighted correlation maps per subject group were
computed for each cerebellar ROI (Figure 2C), rendering three matrices (for control, sibling, and
patient groups) per ROI, with all 90 connections {i, j} of the particular ROI i on the x-axis and the
number of subjects in the group (N = 41; 67; 62 respectively) on the y-axis.
Healthy cerebellar functional connectivity
In order to interpret possible differences in cerebellar functional connectivity between subject
groups, the general pattern of functional connections per cerebellar ROI was investigated in
the healthy control subjects. As functionally connected regions have been shown to exhibit a
high degree of temporal coherence (Biswal et al., 1995; Van den Heuvel et al., 2008), higher
interregional correlation in time-series was interpreted as a higher degree of functional
connectivity between two regions.
Cerebellar functional connectivity in schizophrenia patients and siblings
Differences between subject groups in cerebellar functional connectivity patterns were examined
using two functional connectivity measures.
Analysis 1 overall connectivity strength S per cerebellar ROI. First, overall connectivity
strength per cerebellar ROI was computed, providing information on the global level of
communication between each cerebellar ROI and the rest of the brain. Connectivity strength Si
of each cerebellar ROI i was computed as the average of all correlations between region i and
all extra-cerebellar regions j, providing information on the total level of connectivity of each
cerebellar ROI (Figure 2D).
Analysis 2 functional connectivity FC of discrete connections. Overall connectivity
strength is a global measure of the extent to which the ROI is integrated in the brain network.
However, it is not specific as to whether any particular connections are affected. Therefore,
a pairwise approach was used next, to “zoom in” on discrete connections. Computed as the
(averaged) correlation of each cerebellar region i with each extra-cerebellar region j of the brain
network, each functional connection FCi,j is an element of the set FCi of all functional connections
(N = 90) of the cerebellar ROI (Figure 2E).
In both analyses, the actual values (i.e., both positive and negative correlations) were
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used when averaging across correlation coefficients. As a consequence, negative correlations
– which were both scarce and small in amplitude (all mean correlation coefficients > −0.1) –
were interpreted as lower levels of functional connectivity. To exclude potential bias (in variance
estimates) of family relationships within and between subject groups, the analyses were repeated
with only unrelated individuals (N = 132; including 46 schizophrenia patients, 47 siblings of
patients, and 39 healthy controls).
Clinical correlates of cerebellar connectivity
Using linear regression analyses, the association between any possible changes in cerebellar
connectivity measures and clinical variables (i.e., duration of illness; severity of PANSS symptoms
and IQ) was investigated, and the dose of antipsychotic medication (in haloperidol equivalent)
at the time of scanning was examined as a potential confounder.
STATISTICAL ANALYSIS
Connectivity strength S of each cerebellar ROI and functional connectivity FC of each individual
connection of schizophrenia patients and siblings of schizophrenia patients were compared
to those of the healthy comparison subjects. To examine the statistical significance of groupdifferences, permutation testing was used (5 000 permutations; Bassett et al., 2008; Lynall et
al., 2010; Van den Heuvel et al., 2010). To this end, random permutation of group assignment
was performed, maintaining the original number of subjects per group, rendering three groups
of 41, 62, and 67 randomly assigned subjects. Consequently, weighted correlation maps per
randomly assigned subject group were computed for each cerebellar ROI. Using the resulting
correlation maps, the connectivity measures were recalculated. This process was repeated 5 000
times, resulting in a between-group difference null distribution of the connectivity measures.
Finally, the observed differences between the original subject groups were compared to the
normal distribution of differences after random permutation, to explore the null hypothesis that
the observed differences were not determined by subject group membership. Finally, p-values
were assigned to the group effects by computing (after random permutation) the percentage
of findings that was more extreme than the observed difference between the original subject
groups. In view of the number of tests performed in the connectivity strength analysis (Analysis
1, Figure 2D), a p-value of <0.01 was considered to indicate statistical significance, and a p-value
between 0.01 and 0.05 to indicate a statistical trend. To account for the multiple comparisons
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Figure 3 Healthy cerebellar functional connectivity profile.
Mean functional connectivity of all possible connections per cerebellar regions of interest (ROI) in the healthy
comparison sample. High correlations indicate high interregional functional connectivity; low correlations
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indicate low interregional functional connectivity. Negative correlations (N = 4, mean [sd] = -0.05 [0.18]) are
depicted as zero.
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of the second analysis (Analysis 2, Figure 2E), the effects on functional connectivity of discrete
connections were subjected to a false discovery rate (FDR) threshold of q = 0.05 (Benjami and
Hochberg, 1995; Storey, 2002) over all functional connections (N = 90) of each cerebellar ROI,
providing control over false positive findings.
RESULTS
HEALTHY CEREBELLAR FUNCTIONAL CONNECTIVITY
In healthy subjects, mean functional connectivity of the posterior hemispheres (mean [sd] FC
= 0.27 [0.07]) > anterior hemispheres (mean [sd] FC = 0.21 [0.06]), and of the right cerebellum
(mean [sd] FC = 0.27 [0.08]) > left cerebellum (mean [sd] FC = 0.22 [0.06]). These differences were
statistically significant (both p < 0.0001). Mean functional connectivity of the lateral cerebellum
(i.e., hemispheres) (mean [sd] FC = 0.24 [0.06]) was also significantly higher than that of midline
structures (i.e., vermis and flocculo-nodular lobe) (mean [sd] FC = 0.14 [0.05]; p < 0.0001).

Figure 4 Connectivity strength per cerebellar ROI.
Connectivity strength S, as the average of all correlations (unthresholded) between the cerebellar ROI and
all extra-cerebellar regions in the brain, per subject group.
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The highest levels of functional connectivity were found between the right anterior
cerebellar hemisphere and right lingual gyrus (mean [sd] FC = 0.54 [0.14]), hippocampus (mean
[sd] FC = 0.50 [0.18]) and parahippocampal gyrus (mean [sd] FC = 0.50 [0.15]). Overall, cerebellar
connections to posterior medial regions of the cerebral cortex (i.e., (pre)cuneus, calcarine sulcus,
lingual gyrus) showed high levels of functional connectivity, irrespective of cerebellar ROI (mean
[sd] FC of all ROIs: 0.26 [0.08], 0.26 [0.10]; 0.34 [0.08], 0.32 [0.08]; 0.32 [0.09], 0.29 [0.10]; 0.29
[0.09], 0.33 [0.12] for the left and right cuneus; precuneus; calcarine sulcus; and lingual gyrus
respectively). The lowest levels of functional connectivity were observed for connections with
the bilateral lentiform nucleus (mean [sd] FC = 0.11 [0.15]), in particular the globus pallidus (left;
right mean [sd] FC = 0.05 [0.15]; 0.09 [0.15]), as well as for connection with gyrus rectus (left;
right mean [sd] FC = 0.11 [0.17]; 0.09 [0.17]). All functional connections per cerebellar ROI are
depicted in Figure 3.
CEREBELLAR FUNCTIONAL CONNECTIVITY IN PATIENTS AND SIBLINGS
Analysis 1 overall connectivity strength S of cerebellar ROIs
Overall connectivity strength of the posterior and flocculo-nodular lobes of the cerebellum with
the rest of the brain did not differ between groups, suggesting intact functional connectivity of
posterior and flocculo-nodular cerebellar regions in schizophrenia. Connectivity strength of the
right anterior hemisphere of the cerebellum however, was found to be 23% less (p = 0.01) in
schizophrenia patients compared to healthy comparison subjects. Furthermore, on trend level,
connectivity strength of the anterior vermis was less in both schizophrenia patients (−27%, p =
0.04) and siblings (−22%, p = 0.05), compared to healthy comparison subjects (Figure 4).
Analysis 2 functional connectivity of discrete connections: patients versus controls
Impaired functional connectivity was most pronounced in the connections between the right
anterior cerebellar hemisphere and vermis, and left-cerebral regions. Particularly between the
right anterior vermis and the left-sided triangular part of the inferior frontal gyrus (FC = −0.13,
p = 0.0024), supplementary motor area (FC = −0.12, p = 0.0014), middle cingulate gyrus (FC =
−12, p = 0.0004), hippocampus (FC = −0.17, p = 0.0004), and thalamus (FC = −0.16, p < 0.0001).
Functional connectivity between the latter two regions (i.e., left hippocampus and thalamus) and
the anterior cerebellar vermis was also decreased in patients (Fc = −0.14, p < 0.0001; FC = −0.13,
p = 0.0008 respectively). The only significant increase in functional connectivity in schizophrenia
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Figure 5 Brain regions functionally dysconnected from the cerebellum in schizophrenia.
Left lateral (A), superior (B) and anterior (C) view of the brain, showing the cerebral regions that were found
to be functionally dysconnected (whole-brain significant) from the cerebellum. Blue signifies decreased
functional connectivity with the cerebellum in schizophrenia patients compared to healthy comparison
subjects (all p< 0.0025, FDR-corrected), red indicates increased functional connectivity (p < 0.0001, FDRcorrected). Reduced functional connectivity involved the right anterior cerebellar hemisphere (Inferior
Frontal gyrus, triangular part (IFt); Supplementary Motor Area (SMA); Middle Cingulate gyrus (MCin);
Hippocampus (Hip); Thalamus (Tha)) and anterior vermis of the cerebellum (Hippocampus (Hip); Thalamus
(Tha)). Increased functional connectivity involved the posterior cerebellar vermis (Lingual gyrus (Lin)).

patients relative to controls was found between the posterior vermis and left lingual gyrus (FC =
0.15, p < 0.0001). These findings survived FDR-correction (Figure 5).
Analysis 2 functional connectivity of discrete connections: siblings versus controls
Compared to schizophrenia patients, the siblings demonstrated both similarities and disparities
in functional connectivity of the cerebellum. Siblings showed decreased functional connectivity
(compared to control subjects) between the anterior cerebellar vermis and the triangular part
of the left inferior frontal gyrus (FC = −0.08, p = 0.009), left insula (FC = −0.08, p = 0.007),
and left hippocampus (FC = −0.11, p = 0.002), as well as between the right anterior cerebellar
hemisphere and left hippocampus (FC = −0.12, p = 0.003), resembling the findings in patients.
How- ever, these findings were not as strong as in patients, as they failed to reach whole-brain
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Table 3 Absolute differences in functional connectivity between subject groups.
Cerebellar regions
L anterior
hemisphere
Sz

Sib

R anterior
hemisphere

Anterior
vermis

L posterior
hemisphere

R posterior
hemisphere

Posterior
vermis

Flocullonodular

Sz

Sz

Sz

Sz

Sz

Sz

Sib

R dorsolateral SFG

0.10

L orbital SFG

0.11

L orbital MFG

0.10

L triangular IFG

0.13*

0.09

L SMA

0.12*

0.09

R SMA

0.10

R medial SFG

Sib

Sib

0.08

L gyrus rectus

0.09

0.08

0.07

L insula

0.10

0.08

L ACG

0.07

L MCG

0.12*

L hippocampus

0.17*

0.10
0.12

0.14*

0.11

0.11

L lingual gyrus

0.15*

R lingual gyrus

0.10

0.08
0.10

L caudate nucleus

0.08

R caudate nucleus

0.09

R globus pallidus

0.10

L thalamus

0.16*

0.13*

L STG
R STP

0.08

0.11

L IPL
L paracentral lobule

Sib

0.09

L medialorbital SFG

R IOG

Sib

0.07

R gyrus rectus
Cerebral regions

Sib

0.11
0.06

0.11

Absolute difference in interregional correlation coefficients between schizophrenia patients and healthy comparison

subjects; and siblings of patients and healthy comparison subjects. Decreased functional connectivity relative to healthy
comparison subjects is displayed in blue, increased functional connectivity in red. Findings at p < 0.01 are depicted; *

indicates whole-brain significance after FDR-correction. Sz = schizophrenia patients; Sib = siblings of schizophrenia patients,
L = left-sided, R = right-sided. SFG = superior frontal gyrus; MFG = middle frontal gyrus; IFG = inferior frontal gyrus; SMA =
supplementary motor area; ACG = anterior cingulate gyrus; MCG = middle cingulate gyrus; IOG = inferior occipital gyrus;
IPL = inferior parietal lobule; STG = superior temporal gyrus; STP = superior temporal pole.
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significance (note that impaired functional connectivity between the anterior cerebellar vermis
and left insula did not reach whole-brain significance in both siblings and patients), and should
be considered exploratory. Conversely, functional connectivity to other brain regions that were
found to be dysconnected from the cerebellum in schizophrenia patients (e.g., left thalamus,
middle cingulate gyrus, and supplementary motor area) was not decreased in siblings of
schizophrenia patients, compared to the healthy control subjects. Table 3 depicts all findings at
p < 0.01 in schizophrenia patients and siblings of patients.
Importantly, as siblings were psychiatrically healthy (see inclusion criteria and SIS-R
scores, Table 1) and, on average, around 30 years of age, it is unlikely that any would still convert
to illness. Lastly, repeating the functional connectivity analyses in a reduced number of study
participants that were completely unrelated did not alter the findings.
CLINICAL CORRELATES OF CEREBELLAR CONNECTIVITY
Cerebellar functional connectivity measures that were significantly different in schizophrenia
patients, compared to healthy comparison subjects, were investigated for associations with
medication dose, duration of illness, symptom severity, and global cognitive performance, using
linear regression analysis. No association between the dose of antipsychotic medication at the
time of scanning and cerebellar functional connectivity was found (all p > 0.42). After multiple
comparison correction, there were no significant associations between aberrant cerebellar
functional connectivity measures and clinical variables. On trend level, a counter-intuitive
association between more negative symptoms and increased FC between the cerebellar right
anterior hemisphere and left hippocampus was observed (Table 4).
DISCUSSION
The main finding of our study is the presence of an aberrant level of functional c onnectivity
of the cerebellum in schizophrenia patients and their healthy siblings. Our findings suggest
that in schizophrenia, the cerebellum, specifically the vermis, and right anterior hemisphere,
is functionally dysconnected from a range of left-cerebral cortical and subcortical regions,
including frontal, cingulate, and occipital regions, as well as the thalamus and hippocampus.
Importantly, unaffected siblings of schizophrenia patients demonstrated several similarities in
cerebellar functional dysconnectivity compared to patients, in particular reduced functional
connectivity of the cerebellum to the left hippocampus. This overlap suggests that cerebellar
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Table 4 Clinical correlates of aberrant functional connectivity measures.
Aberrant functional connectivity measures
S
Cer2

S
Cer3

Fc
Cer2IFt

-0.21

-0.07

-0.29

-0.26

-0.15

-0.05

-0.10

0.10

0.12

-0.22

Total score

0.24

0.12

0.09

0.02

0.29

0.33

0.31

0.26

0.10

-0.10

Positive symptoms

0.16

0.15

-0.01

0.01

0.23

0.17

0.26

0.16

0.03

-0.01

Negative symptoms

0.17

0.07

0.05

-0.01

0.22

0.37*

0.27

0.25

0.18

-0.07

-0.02

-0.04

-0.15

-0.02

-0.03

-0.29

-0.16

-0.11

-0.07

-0.12

Duration of illness

Fc
Cer2SMA

Fc
Cer2MCin

Fc
Cer2Hip

Fc
Cer2Tha

Fc
Cer3Hip

Fc
Cer3Tha

Fc
Cer6Lin

PANSS

IQ

Standardized correlation coefficients (ß) describing the correlation between clinical variables and cerebellar functional
connectivity metrics that were found to be aberrant in schizophrenia patients compared to healthy comparison subjects (*

= p < 0.01, uncorrected). S = connectivity strength; Fc = Functional connectivity; Cerebellar ROI 2 (Cer2) = right anterior
cerebellar hemisphere; Cerebellar ROI 3 (Cer3) = Anterior vermis; Inferior Frontal gyrus, triangular part (IFt); Supplementary
Motor Area (SMA), Middle Cingulate gyrus (MCin), Hippocampus (Hip), Thalamus (Tha), Lingual gyrus (Lin).

dysconnectivity may be related, at least in part, to familial (and possibly genetic) factors.
Disparities in cerebellar connectivity between schizophrenia patients and their siblings
were also found. Of these, the dissimilarity in cerebellar–thalamic dysconnectivity may be the
most meaningful, as the thalamus is the obligatory relay for all efferent cerebellar projections to
the cortex. In this context, our findings may imply that cerebellar–thalamic dysconnectivity might
be related more to the manifestation of the illness, than to familial (or genetic) factors.
Although the term “dysconnectivity” emphasizes the notion of abnormal, rather than
necessarily decreased, functional integration between brain regions (Stephan et al., 2009),
structural and functional connectivity studies in schizophrenia have mostly reported reduced
(rather than increased) connectivity in schizophrenia (Petterson-Yeo et al., 2011). In line with these
findings, our study shows that in schizophrenia, functional connectivity of the cerebellum is mostly
decreased. Furthermore, studies have reported changing patterns of reduced connectivity across
the different stages of disease, from chronic schizophrenia to individuals at high (genetic) risk
for psychosis (including healthy first-degree relatives of schizophrenia patients; Petterson-Yeo et
al., 2011). These findings support the presently reported overlap in cerebellar dysconnectivity
between patients and siblings. Additional support for this finding comes from a recent study
examining functional connectivity within and between four predefined functional networks:
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the default mode network and three cognitive control (frontal–parietal, cingulo-opercular, and
cerebellar) networks (Repovs et al., 2011). Compared to controls, reduced connectivity between
cerebellar, frontal–parietal, and cingulo-opercular networks was shown in both schizophrenia
patients and siblings of patients. Intriguingly, greater reductions in connectivity between the
frontal–parietal and cerebellar regions were found to be robustly predictive of worse cognitive
performance across groups and predictive of more disorganization symptoms among patients.
The association between cognitive performance and cerebellar functional connectivity is
not replicated by the present study. However, as modest cognitive deficits are reported in
adult patients with (especially right-sided) cerebellar lesions, while similar lesions in children
lead to pervasive impairments (suggesting a critical role for the cerebellum in development;
Alexander et al., 2011), the relationship between cerebellar abnormalities and cognition may
not be straightforward, i.e., depending on factors such as age of illness onset. Regarding the
relationship with clinical symptoms, the meaning of the counter-intuitive trend between greater
severity of PANSS negative symptoms and increased functional connectivity between the
cerebellar anterior right hemisphere and left hippocampus is unclear, but may be indicative of
discrete symptom dimensions in schizophrenia with distinct neurobiology (Ke et al., 2010).
Our findings suggest that functional dysconnectivity of the cerebellum to the cerebrum
involves mainly anterior and vermal areas of the cerebellum. The vermis has previously been
labeled the “limbic cerebellum,” as the (anterior) vermis is the principal cerebellar target of
limbic projections (Schmahmann, 2000). Furthermore, behavioral studies support a relationship
between cerebellar midline structures and the modulation of emotion (Heath and Harper, 1974;
Stoodley and Schmahmann, 2010), and lesions of the vermis have been shown to produce
affective symptoms, ranging from emotional blunting and depression to disinhibition and
psychotic features (Schmahmann and Sherman, 1998). The observed reduction in functional
integration between this cerebellar region and limbic regions such as the hippocampus,
cingulate cortex and (anterior nuclei of) the thalamus, could perhaps be interpreted in this
context. Notably, the present study found no evidence for impaired functional connectivity of the
posterior cerebellar hemispheres, while these cerebellar regions have been preferentially linked
to cognitive processing (Habas et al., 2009; Krienen and Buckner, 2009). Cerebellar involvement
in schizophrenia may be either limited to the vermis and anterior lobe, or involvement of the
posterior cerebellar hemispheres in (cognitive deficits in) schizophrenia may be more subtle,
attenuating in our whole-brain approach with corresponding stringent correction for multiple
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comparisons. Alternatively, as a distinct topographic organization of the cerebellum has been
proposed in which certain areas of the cerebellar cortex interact specifically with certain areas
of the cerebral cortex (Stoodley and Schmahmann, 2010; Buckner et al., 2011), the relatively
large posterior hemispheres (compared to the other cerebellar ROIs) may have such distributed
functional connections, that “picking up” on dysconnectivity of any particular connection(s) was
precluded by our definition of ROIs.
The neuronal basis for dysconnectivity remains to be established. It could result from
either aberrant wiring of connections during development or from impaired synaptic plasticity
(or both; Stephan et al., 2009). As studies have suggested a link between functional and structural
brain connectivity (Hagmann et al., 2008; Honey et al., 2009; Van den Heuvel et al., 2009), our
findings may reflect impaired structural connections (i.e., white matter tracts) between affected
brain regions. Indeed, reduced fractional anisotropy (FA), commonly interpreted as reduced
integrity, of cerebellar white matter tracts has been shown in schizophrenia (Kanaan et al., 2009;
Kyriakopoulos and Frangou, 2009). Accompanied by normal mean diffusivity, this FA reduction
is most likely due to disordered microstructural architecture, rather than disordered myelination
(Kanaan et al., 2009). Accordingly, one study using magnetic resonance spectroscopic imaging
reported decreased levels of a putative neuronal/axonal marker in the anterior cerebellar
vermis, suggesting dysfunction or loss of neurons in that region (Deicken et al., 2001). Cerebellar
dysconnectivity may thus result from decreased neurons or disordered neuronal architecture in
the cerebellum.
Some issues have to be taken into account when interpreting the results of our study.
First, medicated patients were studied and antipsychotic mediation has been shown to affect
cerebellar functional connectivity (Stephan et al., 2001). However, the haloperidol equivalent
dose of antipsychotic medication at the time of scanning was not associated with functional
connectivity measures and the unmedicated siblings of schizophrenia patients showed similar
abnormalities in cerebellar functional connectivity, suggesting that cerebellar dysconnectivity
is unlikely to be due to antipsychotic medication alone. Second, there was a preponderance of
men in the schizophrenia patients, which was not paralleled in the healthy control and sibling
groups. Nonetheless, as we applied permutation testing, it is very unlikely that our findings were
driven by any other factor than group membership (i.e., patient, sibling, or control), as groupdifferences determined by other factors – such as gender – would not have been among the
most extreme findings after random permutation of group assignment and thus not be deemed
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significant. Furthermore, our subdivision of the cerebellum may not be the optimal division of
the cerebellum in terms of its functional connections. As the connectional properties of the
cerebellum (i.e., connected to the cerebral cortex only by ways of polysynaptic connections) are
relatively unamenable to traditional anatomical methods, the connectional topography of the
cerebellum remains largely unmapped (O’Reilly et al., 2010). Recent studies using transneuronal
tracing techniques and functional neuroimaging have provided some insight into the functional
organization of the cerebellar cortex, but both distinct and overlapping functional zones of the
cerebellar cortex have been reported and findings diverge between studies (O’Reilly et al.,
2010; Stoodley and Schmahmann, 2010; Buckner et al., 2011). We therefore decided to adhere
to a broad division of the cerebellum, based on gross anatomy. Moreover, although various
preprocessing steps were used to deal with potential confounds associated with resting-state
fMRI (e.g., cardiorespiratory oscillations, head movement, scanner noise), influences of these
factors cannot be ruled out. There is also an inherent risk of potential bias associated with cortical
parcellation methods such as the AAL template, as the spatial scale of nodal parcellation has
been shown to influence brain network properties (Wang et al., 2009; Fornito et al., 2010). New
approaches are being developed to perform whole-brain connectivity mapping using individual
pairs of voxels, without the need of arbitrary parcellation of the cortex (Zalesky et al., 2010), but
interpreting voxels as distinct information processing units has its own limitations and inevitably,
investigations of in vivo whole-brain functional connectivity have a resolution limit (Wig et al.,
2011). Finally, although we interpret our findings of cerebellar dysconnectivity in schizophrenia
in terms of underlying neurobiology and psychopathology, it should be noted that cause and
effect cannot be derived from our cross-sectional data.
In conclusion, our study indicates that the cerebellum, in particular the vermis and right
anterior hemisphere, is functionally dysconnected in schizophrenia. Furthermore, the observed
overlap in cerebellar dysconnectivity between schizophrenia patients and their healthy siblings
suggest that cerebellar dysconnectivity is related, at least in part, to familial risk for psychosis.
Whether, and if so to what extent, cerebellar dysconnectivity is mediated by genetic factors
needs to be established in genetic studies.
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ABSTRACT
The human brain comprises distributed cortical regions that are structurally and functionally
connected into a network that is known as the human connectome. Elaborate developmental
processes starting in utero herald connectome genesis, with dynamic changes in its architecture
continuing throughout life. Connectome changes during development, maturation, and aging
may be governed by a set of biological rules or algorithms, forming and shaping the macroscopic
architecture of the brain’s wiring network. To explore the presence of developmental patterns
indicative of such rules, this review considers insights from studies on the cellular and the systems
level into macroscopic connectome genesis and dynamics across the life span. We observe
that in parallel with synaptogenesis, macroscopic connectome formation and transformation
is characterized by an initial overgrowth and subsequent elimination of cortico-cortical axonal
projections. Furthermore, dynamic changes in connectome organization throughout the life span
are suggested to follow an inverted U-shaped pattern, with an increasingly integrated topology
during development, a plateau lasting for the majority of adulthood and an increasingly localized
topology in late life. Elucidating developmental patterns in brain connectivity is crucial for our
understanding of the human connectome and how it may give rise to brain function, including
the occurrence of brain network disorders across the life span.

KEYWORDS
Connectome, development, neurodevelopment, brain network, structural connectivity,
functional connectivity.
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INTRODUCTION
Brain function depends on efficient local information processing, combined with efficient
global integration of information within a network of neural interactions known as the human
connectome (Sporns et al., 2005). This integrative network guides neuronal traffic between locally
connected neurons and also between distributed cortical regions (see Box 1). Studies using
graph theory to probe the organization of this network have demonstrated that the connectome
shows features of an efficient network architecture, including cost-efficient wiring, high levels of
local clustering, formation of structural and functional communities, combined with the presence
of short global communication pathways (Bullmore and Sporns, 2009). Dense local clustering
of connectivity is thought to drive the formation of segregated functional modules, and the
presence of a small set of long-distance connections and central communication hubs (Sporns
et al., 2007) are suggested to promote short communication pathways and effective information
integration between these segregated subnetworks (Bullmore and Sporns, 2009, 2012; Gong et
al., 2009; Hagmann et al., 2008; Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2012a).
Following the reconstruction of a complete map of all neural interactions of the roundworm
Caenorhabditis Elegans (Varshney et al., 2011; White et al., 1986), efforts to map the connectome
of man (www.humanconnectomeproject.org), mouse (www. mouseconnectome.org), zebra fish
(Hughes, 2013), and drosophila (Shih et al., 2013) are currently ongoing. These endeavors will
provide a description of the adult human and animal connectome at an unprecedented level of
detail.
It is important, however, to realize that the brain’s wiring pattern, or connectivity
architecture, does not come into existence in a mature state. Many technical, social, and
biological networks (the Internet, transportation grids, online social networks, and geneinteraction networks) do not suddenly emerge but are formed and shaped by growth processes,
including expansion, strengthening, elimination, and transformation of the network’s nodes
and connections (Barabasi and Albert, 1999; Fuller et al., 2007; Guimera and Nunes Amaral,
2005; Zhou and Mondragon, 2004). The connectome is no exception; it is the result of elaborate
developmental processes (Hagmann et al., 2010). From the appearance of its first neurons, the
brain undergoes extensive developmental changes. Similarly, near the end of life, age-related
changes have been suggested to substantially affect brain connectivity (Peters, 2002; Salat,
2011). Such modulations of the brain’s wiring pattern and concomitant changes in functional
network interactions are likely to underlie changes in brain function throughout life.
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Box 1 Brain connectivity and brain graphs.

Brain connectivity is studied at various scales. Histological or cellular studies examine individual neurons
and their axonal and dendritic branches with which they form synaptic connections to other neurons.
Studies applying antero- or retrograde tracing techniques are able to visualize the neuronal projections
from a single population of neurons, to their various targets. Finally, in neuroimaging, both functional
and structural cortico-cortical connections are investigated.
A schematic representation of all interactions (or connections) in a neural system is called
a connectome, or neural graph. A graph consists of a collection of nodes and a set of connections,
or ‘edges’. In a microscopic neural graph, nodes are individual neurons and edges their reciprocal
synaptic connections. In a macroscopic brain graph, nodes represent circumscribed cortical regions
and edges represent white matter axonal connections. Each of these connections comprises large
axonal tracts, consisting of millions of axons and supporting tissue including their surrounding myelin
sheath produced by oligodendrocytes, as illustrated. Microscopic changes in the white matter structure
of axonal bundles will affect the network as a whole.
Brain graphs are typically examined using graph theory. Four commonly used measures
to probe the organization of the human connectome are depicted here: path length, clustering, and
the presence of hubs and modules. The characteristic path length of a brain graph is defined as the
average number of steps required to travel between nodes of the network (e.g. brain regions). The most
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left bottom graph depicts path length between node a and b measuring three steps. The clustering
coefficient indicates the extent to which to the neighbors of a node are mutually connected, as depicted
in the brain graph entitled clustering. Note that the grained lines indicate the absence of a connection
between the neighbors of node c. The hub graph shows a highly connected hub node d, with an aboveaverage number of connections. The module graph shows the presence of a module, as the three nodes
encircled in blue are mutually fully interconnected, but sparsely connected to the rest of the graph.

Elucidating the ontogeny of the brain’s wiring pattern is thus crucial for our
understanding of the architecture and workings of the human connectome. Many developmental
neural changes on the microscopic scale are known to be nonarbitrary, involving sequentially
implemented rules, or algorithms, for example dictating the routes of migrating neurons and
the growth and guidance of axonal and dendritic projections (Innocenti and Price, 2005).
However, our understanding of the natural rules shaping the brain’s large-scale macroscopic
wiring architecture, involving the formation and transformation of the connectome on the systems
level, remains sparse. This review examines current insights into connectome organization
across different stages of life, to explore the existence of underlying patterns of development
and dynamic change of the human connectome across the life span.
This review is structured into five sections, together providing an overview of the
changes in the organization of the human connectome throughout development, maturation
and aging. The first two sections describe findings on the genesis of the connectome in prenatal
and early postnatal neurodevelopment. The third section discusses connectome transformation
during childhood and adolescence, the fourth concerns the relatively stable architecture of the
connectome in the majority of adulthood and the fifth section covers reports on the decline of brain
network organization in aging. This review surveys studies examining developmental changes in
macroscopic brain connectivity, with a focus on structural and functional neuroimaging findings.
The insights into connectome development on the macroscopic scale will be incorporated with
findings from studies at the cellular, microscopic, level, to provide an integrative overview.
PRENATAL CONNECTOME DEVELOPMENT
Prenatal neurodevelopment is a highly dynamic period in which abundant developmental
changes occur in a relatively short timespan. Studies into early neurodevelopment include
postmortem examinations of embryos, fetuses and neonates, investigating brain connectivity on
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the cellular level. Their findings suggest that neural networks are established through exuberant
development (Figure 1), involving an initial phase of abundant formation of new connections,
followed by a phase of selection and pruning of connections, putatively based on competition
for trophic and other factors (Innocenti and Price, 2005; Marcucci et al., 2011). Studies have
suggested that the first “predecessor” neurons appear as early as 31 days after fertilization (Bystron
et al., 2006), with subsequent development involving rapid cell proliferation and differentiation
into various brain cell types. Once neurons are formed, glial cells guide their migration into the
developing cortex (Hatten, 1990). It has been suggested that neuron production and migration
are roughly completed by midgestation (~20 weeks) (Stiles and Jernigan, 2010). After reaching
their cortical destination, neurons extend axons and dendrites to form synaptic connections with
other neurons (Huttenlocher and Dabholkar, 1997; Zecevic, 1998). A steady increase in synaptic
density of about 4% per week is observed until the end of the second trimester (Huttenlocher and
Dabholkar, 1997; Tau and Peterson, 2010; Zecevic, 1998). Around that time, axons start to grow
and elongate, as indicated by the presence of axon growth cone markers from midgestation
until postnatally, with particularly high levels of these markers between ~27 postconceptional
weeks and birth (Haynes et al., 2005). Studies in nonhuman primates report similar findings, with
a somewhat linear increase in the number of callosal axons from midgestation to birth (Figure

Figure 1 Exuberant connection development.
Drawing from Innocenti and Price (2005), of
coronal sections showing the distribution of
neurons (green dots) labeled by injections of
a retrograde tracer into the visual areas of the
opposite hemisphere at two developmental
ages. The study shows that during the first
postnatal week the projection originates from
the whole of area 17 and other visual areas,
whereas by day 90, the origin of the projection
has become fo-cused by two regions, near
the border of areas 17 and 18, and around
the bottom of the suprasylvian sulcus. This
illustrates initial exuberant – possibly fairly
random – connectogenesis and subsequent
elimination of long-range cortico-cortical
connections. Reproduced and modified from
(Innocenti and Price, 2005).
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2) (LaMantia and Rakic, 1990). Together, these findings suggest that the period from roughly the
middle until the end of the second trimester (~20-27 weeks) heralds the onset of macroscopic
connectome genesis. Indeed, the earliest study of macroscopic brain connectivity suggests that
at 26 postconceptual weeks, some premature functional coupling is already detectable in very
preterm infants (Smyser et al., 2010).
Around birth there is a peak in synaptogenesis, during which time tens of thousands
of new synapses are formed every second (for a review, see Tau and Peterson, 2010). The
formation of new synapses continues well into postnatal life, but it appears that the formation
of new macroscopic cortico-cortical axonal connections is largely finished around birth, as
indicated by reports of a sharp decrease of axonal growth cone markers shortly after birth
(Benowitz and Routtenberg, 1997), combined with reports that the peak number of axons in
the primate brain is reached at birth (LaMantia and Rakic, 1990; LaMantia and Rakic, 1994).
This is consistent with observations from magnetic resonance (MR) connectome studies in early
human neurodevelopment showing that all the major white matter tracts are present, although
not necessarily well delineated, at birth (Dubois et al., 2006; Hermoye et al., 2006). This suggests

Figure 2 Axon formation and elimination in prenatal and early postnatal life.
Findings from LaMantia and Rakic (1990) illustrating the total number of axons in the corpora callosa of 22
fetal, neonatal and juvenile rhesus monkeys plotted as a function of postconceptional age in days, with each
point representing one animal. The hatched line indicates the number of axons in the adult rhesus monkey
corpus callosum (~56 million). The data from LaMantia and Rakic’s study indicates a relatively linear increase
during gestation and a sharp decrease in the early postnatal period, with the number of axons continuing to
decrease until the 6th postnatal month, roughly equivalent to around 18-24 months in humans. Reproduced
and modified with permission from (LaMantia and Rakic, 1990).
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the presence of an early connectome architecture, albeit in an immature state. Examination of
functional connectivity in preterm infants underscores the presumed immaturity of these tracts
before full term, showing only limited functional connectivity throughout the third trimester
(Smyser et al., 2010). At that time, functional connectivity is restricted to interhemispheric
coupling between medial cortical homotopic counterparts, with functional connections between
more spatially distant regions emerging later in development (Smyser et al., 2010).
Together, studies into prenatal white matter development suggest that the axonal
projections comprising the connectome are formed mainly between midgestation and (term)
birth. Around birth, all major macroscopic white matter tracts appear to be in place, suggesting
that the developmental phase in which new (macroscopic) white matter tracts are added to
the connectome is roughly completed by birth, but with the actual tracts in an immature state,
supporting only limited, immature, functional interactions.
EARLY POSTNATAL DEVELOPMENT
Studies have suggested that the early postnatal connectome is characterized by an
overrepresentation of macroscopic connections. Consistent with the exuberant increase and
subsequent decrease in supernumary (synaptic) connections on the microscopic scale (Low and
Cheng, 2006; Luo and O’Leary, 2005), early neurodevelopment is thus also characterized by
a decrease in macroscopic connectivity, involving large-scale pruning of axonal branches and
connections (Low and Cheng, 2006; Luo and O’Leary, 2005). Studies in nonhuman primates
indicate that the abundant elimination of cortico-cortical axonal branches occurs mainly during
the first postnatal month(s), when a staggering 70% of callosal axonal connections are eliminated
(Innocenti and Price, 2005; LaMantia and Rakic, 1990, 1994). Thereafter, axon elimination
continues in a slower pace until the sixth postnatal month (Innocenti and Price, 2005), which
would be roughly equivalent to 1 to 2 years in human infants (Francis et al., 2008). The massive
decrease in long-range axonal connections and axonal branches indicates a short, but likely
crucial, phase of connectome development, in which the number and/or strength of connections
comprising the connectome is reduced, involving specialization of the connectivity profile of
regions. The pruning of long-distance axonal connections during this time may be reflected by
reports from neuroimaging studies that functional interactions decrease during the first months
of life (Gao et al., 2011; Homae et al., 2010). Considering the initial overgrowth and subsequent
pruning of macroscopic connections, one might hypothesize that the initial wiring pattern of
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the connectome may be relatively random, with the subsequent pruning of inappropriate tracts
resulting in a more adult-like connectivity pattern.
Investigations of the neonatal (birth to 1 month) and infant (1 month to 1 year)
connectome show that despite a possibly more random topology, features of an efficient
communication architecture are already present. These network features include a smallworld, modular, and scale-free network organization suggestive of a community structure,
combined with the presence of highly connected “hub” regions (Fan et al., 2011; Tymofiyeva
et al., 2013; Yap et al., 2011). The functional organization of the infant connectome, however,
shows marked immaturity, as functional brain networks in infants have been demonstrated to
involve predominantly primary visual, auditory, and sensorimotor regions and to involve mostly
homologous areas across hemispheres, with a relative absence of functional connections
between anterior and posterior cortical regions (Fransson et al., 2007). Moreover, brain regions

Figure 3 Identification of hubs in infants and adults.
Modified illustration from Fransson et al. (2011) showing cortical regions with high functional degree in
term-born neonates (age 0-2 weeks) and adults (age 22-41 years). As concluded by the authors, prominent
locations for hubs in adults are precuneus, medial prefrontal cortex, parietal lobe, and portions of the
cingulate cortex and insula. In neonates, the majority of cortical regions with high functional degree are
located in primary auditory, visual and sensorimotor cortices. Reproduced with permission from (Franssen
et al., 2011).
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with high functional coupling and a central role in the overall network are, at this time, mostly
found in auditory, visual, and sensorimotor primary cortices (Figure 3) (Fransson et al., 2011; Gao
et al., 2011). In all, these findings indicate that the structural connectome already shows features
of an efficient communication architecture in early infant life, but with an immature functional
organization including an emphasis on primary functions.
During the first postnatal months to years, it has been noted that surviving connections
comprising the connectome are strengthened by increases in axon diameter and myelination.
Myelinogenesis of the cortex has been suggested to take place between a few months before and
after birth, with primary (sensorimotor) cortical regions being myelinated first (Flechsig, 1901;
Catani and Ffytche, 2005). The myelination of white matter pathways has been suggested by
some studies to start before birth, with around 5% of white matter fibers being myelinated in the
third trimester of pregnancy (Tau and Peterson, 2010). Other findings suggest that myelination
starts postnatally, with a post-mortem study in human fetuses, neonates, and infants showing
myelin protein expression from around 3 months after birth (Haynes et al., 2005). Irrespective
of the exact moment of onset, these reports of strengthening of axonal projections in the early
postnatal phase are consistent with MR findings in human infants showing increasing volume
and integrity of white matter tracts during this period (Hermoye et al., 2006). The maturation of
particularly long-range connections during the first years of life may be what underlies reported
increases in global efficiency (Fan et al., 2011; Gao et al., 2011; Yap et al., 2011), often taken as a
measure of the overall capacity for information transfer and integrated pro-cessing in the adult
brain (Bullmore and Sporns, 2012; Van den Heuvel and Sporns, 2013).
Maturational changes in white matter efficacy is likely not to be synchronous across
disparate axonal tracts, as suggested by both anatomical studies in nonhuman primates
(LaMantia and Rakic, 1990) and MR studies in human infants (Hermoye et al., 2006). These studies
show regional differences in axon maturation, with association tracts generally maturing late. The
inferior longitudinal, fronto-occipital, and uncinate fasciculus, for example, are faint at birth and
become increasingly apparent by 3 months and it takes until the 12th postnatal month for the
superior longitudinal fasciculus to become well delineated (Hermoye et al., 2006). Consistent
with these findings, it has been shown that the maturational trajectory of white matter axonal
pathways is shorter for primary cortical regions, compared with highly connected association
cortices (Collin et al., 2014; Glasser and van Essen, 2011). These differences in the timing of
maturation between tracts may be related to developmental changes in connectome topology
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during these years. That is, cortical regions that are connected by association tracts that involve
a more elaborate developmental trajectory may gain an increasingly central position in the
brain network from zero to two years. For example, supplementary cortices have been shown to
display an increasingly central role in the overall network from zero to 1 year, while the centrality
of superior medial frontal regions in the macroscopic functional connectome increases from
1 to 2 years (Gao et al., 2011). These reports may indicate that during the first years of life, the
structural connectome becomes increasingly supportive of higher cognitive functioning (Figure
4), as suggested by (Fransson et al., 2011; Power et al., 2010).
Remarkably, the bilateral insula has been reported to be the only region showing
consistently high functional connectivity during the first postnatal years, which is noteworthy as
the insula is typically associated with higher order functions. Observations that the insula is the
first cortex to differentiate and develop in the fetus (Zecevic, 1998) may provide the structural

Figure 4 Figure modified from Dosenbach et al. (2010) (A) and Hagmann et al. (2010) (B).
Panel A illustrates functional connections increasing in strength with age (from 7-30 years) in orange and
connections decreasing in strength in green. Cortical brain regions are represented as nodes, scaled
to indicate their weighted degree (sum of connections), and color-coded according to the indicate
participation in a functional network: cingulo-opercular in black, fronto-parietal in yellow, default in red,
sensorimotor in light blue, occipital in green, cerebellum in dark blue (A). Panel B illustrates connectivity
matrtices (reflecting all reconstructed structural and functional connections between each pair of cortical
regions) during development (<4 years, upper pannels) and during adolescence (>13 years, lower panels).
Right scatterplot shows increasing structural-functional coupling with age, indicating an increased influence
of structural connectivity on interrregional functional coupling during brain development.
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basis for its hub role shortly after birth (Gao et al., 2011). Furthermore, as the insular cortex
has diverging functions ranging from motor control to higher order decision-making, it has
been proposed that the functional role of the insula may evolve with age (Gao et al., 2011).
In all, shortly after birth, the neonatal connectome appears particularly supportive of primary
functions. In the subsequent 2 years, developmental changes in connectome topology support
increasingly integrated information processing, a process paralleled by the development of
cognitive functions (Fair et al., 2009; Fransson et al., 2011; Hagmann et al., 2010).
CONNECTOME DEVELOPMENT IN CHILDHOOD AND ADOLESCENCE
By the age of 2 years, the phase of exuberant axon removal has been suggested to be roughly
completed (LaMantia and Rakic, 1990; Low and Cheng, 2006; Luo and O’Leary, 2005), suggesting
a relative maturity of the layout of macroscopic brain connectivity. After this time, MR imaging
findings suggest that connectome development is mainly driven by modulations in connection
strength (Hagmann et al., 2010). Findings from studies on axon development during this time
show that axonal bundles continue to undergo adjustments in diameter, the relative alignment
of individual axons, their packing density and myelination, all of which are thought to promote
the efficacy of neural communication (Paus 2010). This ongoing process of maturation is thus
likely to have a profound effect on overall network architecture and brain function. Specifically,
changes in connectome topology during childhood and adolescence have been reported to
converge on a trajectory of decreasing segregation and increasing integration (Figure 5) (Fair
et al., 2009), as indicated by increasing node strength and efficiency and decreasing clustering
(Hagmann et al., 2010). Furthermore, while there appear to be no major reorganizations in the
composition of structural modules — i.e., sets of brain regions that are densely interconnected,
with relatively few connections to regions in other modules (see Box 1) — these modules do
appear to become increasingly interlinked by the ongoing maturation of long fiber pathways
(Hagmann and others, 2010), connections that have been noted to be crucial for integration of
information between different functional domains of the brain (Bullmore and Sporns, 2012; De
Reus and Van den Heuvel, 2013; Hagmann et al., 2010; Van den Heuvel and Sporns, 2012, 2013).
The structural topology of communication hubs in the human brain appears to be
largely in place by the age of 2 years, as indicated by reports of a consistently central role of
brain hubs between 2 and 18 years of age (Hagmann et al., 2010; Hwang et al., 2013). While the
structural layout (but likely not the efficacy of their connections) may be on a mature level, the
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functional role of these hubs is under clear continuing development. For example, it has been
shown that the causal influence of the frontal insular cortex on other brain regions increases
during childhood (Uddin et al., 2011). In addition, functional coupling of frontal hubs to other
brain regions has been observed to show strong increases during adolescence, suggested
to reflect the gradual maturation of the frontal lobe’s ability to coordinate distributed cortical
functions (Hwang et al., 2012; Wu et al., 2013). Furthermore, MR studies have suggested
that during childhood and adolescence, functional networks in the human brain undergo a
developmental trajectory from a pattern of diffuse, local connectivity, into a more integrative
pattern of connectivity (Kelly et al., 2009; Supekar et al., 2009). The rate of maturation has been
shown to be different across functional networks, with social, cognitive, and emotion processing

Figure 5 Increasingly integrated connectome topology with development.
Figure from Fair et al. (2009) illustrating that across childhood, adolescence and early adulthood, the
connectome reorganizes into a more integrated topology, as indicated by increasing segregation of
anatomically clustered regions (A) and increasing integration between cortical regions that are spatially
distributed, but functionally connected into a subnetwork (B). Reproduced and modified (Fair et al., 2009).
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networks showing an extended developmental course as compared to networks associated with
motor control and less complex aspects of cognition (De Bie et al., 2012; Kelly et al., 2009;
Zielinski et al., 2010). Particularly, functional coupling between prominent neurocognitive
networks has been shown to increase from late childhood to early adulthood (Fair et al., 2009;
Uddin et al., 2011), a development that coincides with increasing connectivity strength of
underlying structural connections (Uddin et al., 2011). These connections were noted to show
significant structural–functional coupling in adults, but not children, consistent with the notion
of higher order regions obtaining a more prominent functional role in the overall network with
development. This may suggest that the interaction between the brain’s structural wiring and
its functional dynamics becomes more stable and strengthens with development (Gordon et
al., 2011; Hagmann et al., 2010; Supekar et al., 2009; Uddin et al., 2011). Together, findings on
connectome development and maturation in child-hood and adolescence (~2-18 years) suggest
that there are no more changes to the structural layout of the (binary) connectome during these
years, with changes in brain connectivity involving adjustments in the strength of structural and
functional connections. These changes in connection strength result in considerable changes
in connectome architecture, including continuing increases in the capacity for information
integration and a topology that is increasingly capable of facilitating higher order cognitive
functions.
THE CONNECTOME IN ADULTHOOD
Studies into human white matter development across the life span indicate that macroscopic
white matter tracts develop throughout childhood, adolescence and early adulthood, before
reaching a relative plateau phase lasting for several decades during middle adulthood
(Hasan et al., 2008; 2009; Lebel et al., 2012; Westlye et al., 2010). Accordingly, from early to
middle adulthood, the layout of the connectome continues to develop toward an increasingly
integrated topology, with increasing connectivity strength between high-degree regions (Wang
et al., 2012) and increasing global information integration (Montembeault et al., 2012; Sun et
al., 2012; Wang et al., 2012; 2013; Wu et al., 2012; 2013). After that time, diffusion-weighted
indices of white matter microstructure, indicative of axonal efficacy, have been noted to plateau
in the fourth decade of life (Lebel et al., 2012; Westlye et al., 2010), heralding a phase of relative
stability in overall brain network architecture. The stability of connectome topology in middle
adulthood is indicated by studies demonstrating a plateau in indices of connectome integration
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and segregation during this time (Wang et al., 2012; Wu et al., 2012; 2013). Further support
for such a stable phase comes from reports showing conserved hub architecture, with several
studies reporting brain hubs in prefrontal, parietal and temporal association network throughout
adulthood, irrespective of age (Meunier et al., 2009; Wu et al., 2012; Achard and Bullmore, 2007;
Gong et al., 2009; Wang et al., 2012).
This stable connectome organization throughout the majority of adulthood may
underlie the observed overall stability of certain human features such as personality traits and
intelligence during this period of life. Intellectual performance has been related to the underlying
architecture of the connectome, as reports have noted a relationship between higher levels of
functional and structural brain efficiency and higher levels of intelligence (Li et al., 2009; Van
den Heuvel et al., 2009). Intriguingly, around the fourth decade of life, similar to the plateau
in indices of connectome organization, a plateau in intelligence has been reported by studies
examining intellectual functioning across the life span (Baxendale, 2011; Miller et al., 2009).
Likewise, major personality traits such as extraversion and neuroticism (McCrae and Costa,
1987) have been reported to be relatively stable during adulthood (Costa and McCrae, 1988;
McCrae et al., 2005; Roberts and DelVecchio, 2000) as well as being related to brain network
organization (Adelstein et al., 2011; Gao et al., 2013). For example, it has been suggested that
individuals high in extraversion have a more clustered configuration of the connectome (Gao et
al., 2013). Together, these studies not only suggest that fundamental traits such as personality
and intelligence may be related to the organization of the human connectome but also that the
plateau in connectome organization may be what underlies the stability of these features during
adult life.
Both genetic and environmental influences are likely to be critical for determining
individual differences in brain connectivity patterns (Glahn et al., 2010). Genetic control over
brain network architecture has been shown for both the adult (Fornito et al., 2011; Glahn et al.,
2010) and adolescent (Van den Heuvel et al., 2012b) connectome. It has been suggested that
genetic factors may have a strong influence on the overall layout of brain wiring, as opposed
to just the number of connections (Van den Heuvel et al., 2012b). Heritability estimates of
connectome topology, ranging between 40% (Glahn et al., 2010; Van den Heuvel et al., 2012b)
and 60% (Fornito et al., 2011) are similar to heritability estimates of basic features of human
behavior, including cognitive abilities (Boomsma et al., 2002; Bouchard and McGue, 2003;
McClearn et al., 1997) and personality (Boomsma et al., 2002; Bouchard and McGue, 2003).
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Considering this overlap and the reported association between features of human behavior
and the brain’s wiring pattern, one might speculate that the heritability of these features may be
mediated by genetic factors underlying the development of connectome architecture.
CONNECTOME AGING
Studies examining the cellular structure of brain tissue during normal, nonpathological aging
have shown that brain aging is not predominantly associated with neuronal loss, as long thought,
but rather that age-related changes to grey and white matter brain volume are associated with
microstructural changes in brain connectivity (for reviews, see Morrison, 1997; Peters, 2002;
Salat, 2011). These age-associated changes include a reduction in the number of myelinated
nerve fibers, alterations in fiber diameter, degenerative changes to the myelin sheath, as well
as changes in dendritic arbor, spines and synapse morphology (Morrison, 1997; Paus, 2010;
Peters, 2002; Salat, 2011). Consistent with these findings on the cellular level, diffusion-weighted
indices of white matter efficacy indicate a slow decline from midlife (~40 years) until late middle
life (~65 years), followed by an accelerated decrease in white matter efficacy in the last decade(s)
of life (Westlye et al., 2010). As white matter micro-structure and efficacy are presumed to be
crucial for neural information transfer, this age-related deterioration of white matter may have a
profound impact on the overall architecture and performance of the brain network as a whole.
With advancing age, the organization of functional and structural brain wiring has indeed been
shown to degrade to a more locally organized topology, with a decrease in long-distance
connectivity and a concomitant relative increase in local connectivity (Achard and Bullmore,
2007; Andrews-Hanna et al., 2007; Montembeault et al., 2012; Tomasi and Volkow, 2012; Wang
et al., 2012; Wen et al., 2011; Wu et al., 2012; 2013).
Age-related deterioration of white matter connectivity has been hypothesized to
impact in particular long cortico-cortical connections (Peters and Rosene, 2003). Long- distance
tracts have been suggested to be crucial for efficient information integration between cortical
hub regions (Bullmore and Sporns, 2012; Collin et al., 2014; Van den Heuvel and Sporns, 2011).
Increased vulnerability of long-distance white matter connections (Peters and Rosene, 2003) may
putatively underlie the reported decreases in connectivity strength among high-degree regions
with advancing age (Montembeault et al., 2012; Tomasi and Volkow, 2012; Wang et al., 2012), as
well as the age-related reductions in the strength of connections linking different functional and
structural modules (Meunier et al., 2009; Wu et al., 2012). Such changes may affect the efficiency
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with which brain regions are able to transfer information to other regions. This may be reflected
by the observed reductions in functional connectivity of frontal, temporal, and cingulate cortices
(Achard and Bullmore, 2007; Wu et al., 2012). These changes may result from reductions in
conduction velocity caused by damage to the myelin sheath of axonal projections, affecting
neural synchrony and thereby affecting behavior and cognition (Peters, 2002; Salat, 2011).
Indeed, decreased communication efficiency, particularly of highly connected regions, has
been associated with impaired neuropsychological performance during the last decades of life
(Wen et al., 2011). Together, these findings are indicative of a relationship between connectome
decline and decreasing cognitive function.
DEVIATING PATTERNS OF CONNECTOME DEVELOPMENT
Deviating patterns of connectome development, maturation, and aging may play a vital role
in brain dysfunction. In recent years, graph analytical studies of macroscopic brain networks
derived from neuroimaging data have reported a pronounced influence of aberrant connectome
architecture in a wide spectrum of neurodevelopmental and neurodegenerative disorders. These
disorders include autism (Boersma et al., 2013; Müller et al., 2011; Shih et al., 2011), attention
deficit hyperactivity disorder (Castellanos and Proal, 2012), schizophrenia (Bassett et al., 2008;
Collin et al., 2013; Fornito et al., 2012; Lynall et al., 2010; Skudlarski et al., 2011; Van den Heuvel
and Kahn, 2011; Van den Heuvel et al., 2010; 2013), amyotrophic lateral sclerosis (Agosta et al.,
2013; Douaud et al., 2011; Verstraete et al., 2011; Verstraete et al., 2014), Alzheimer’s disease
(De Haan et al., 2012; Raj et al., 2012; Sanz-Arigita et al., 2010; Stam et al., 2009; Tijms et al.,
2013) and Parkinson’s disease (Bosboom et al., 2009; Gómez et al., 2011). Distinct biological
algorithms governing developmental changes in connectome topology during a particular
period of time may be implicated in the pathophysiology of specific disorders. For example
in autism, an early neurodevelopmental illness, there have been reports of a more diffuse
macroscopic connectivity patterns and it has been suggested that such changes may stem from a
disturbance of early maturational schedules, possibly resulting in a disruption of local functional
differentiation and associated sculpting of distributed specialized networks (Müller et al., 2011;
Shih et al., 2011). Furthermore, schizophrenia, a disorder of (late) neurodevelopment, has been
associated with a less central position of hubs (Bassett et al., 2008; Lynall et al., 2010; Van den
Heuvel et al., 2010; 2013) and an impaired capacity for global integration (Van den Heuvel et al.,
2013). These effects may be related to deviating connectome development in late childhood or

95

PART II

CONNECTOME DEVELOPMENT AND MATURATION

adolescence, as studies have shown maturational changes in functional coupling between frontal
hubs and other brain regions during this period of development (Hwang et al., 2012; Wu et al.,
2013). Furthermore, it has been hypothesized that the structural architecture of the connectome
may play an important role in the spread of disease in neurodegenerative disorders such as
Alzheimer’s disease (Raj et al., 2012) and amyotrophic lateral sclerosis (Verstraete et al., 2014). In
all, these findings converge on the notion that connectome architecture and dynamic changes
in its topology may be central to many, if not all, neurodevelopment and neurodegenerative
brain disorders.
CONCLUDING REMARKS
Considering current insights into the ontogeny of the connectome, two major patterns are
observed that may be indicative of the presence of biological or natural “rules” that govern
dynamic changes in macroscopic connectome topology throughout life. First, similar to the
overgrowth and subsequent pruning of short-range intracortical connections, pre- and early
postnatal macroscopic connectome genesis appears to be characterized by an initial overgrowth
of long-distance axonal projections, followed by (a relatively short period of) abundant elimination
of long-distance axonal projections (LaMantia and Rakic, 1990, 1994; Innocenti and Price, 2005;
Low and Cheng, 2006; Luo and O’Leary, 2005). Which and to what extent anatomical projections
are eliminated is likely determined by both genetic and environmental factors (Fornito et al.,
2011; Glahn et al., 2010; Van den Heuvel et al., 2012b). The second major observation is that
dynamic changes in connectome organization follow an inverted U-shaped trajectory throughout
life, with an increasingly integrated topology during development, a relative plateau lasting for
the majority of adulthood and an increasingly localized topology in late life (Hagmann et al.,
2010; Kelly et al., 2009; Supekar et al., 2009; Wang et al., 2012; Wang et al., 2013; Westlye et
al., 2010; Wu et al., 2012). Genetically and environmentally induced alterations of these putative
biological rules are likely to have a profound effect on macroscopic connectome organization
and therewith brain function, and may form an important developmental pathway for the
occurrence of neurological and psychiatric disorders across the lifespan.
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ABSTRACT
In schizophrenia, grey matter deficits have been shown for many regions throughout the
brain. These regions do not operate in isolation. Rather, they form a structural network of
interconnected grey matter regions. To examine the mutual dependence of brain regions, this
study investigated interregional coupling in lobar and regional grey matter volumes obtained
from 146 schizophrenia patients and 122 healthy comparison subjects. Compared to healthy
controls, schizophrenia patients showed both decreased (e.g., between left frontal and bilateral
subcortical, p = 0.005) and increased (e.g., between left temporal and bilateral subcortical, p =
0.001) coupling between lobar grey matter volumes. On a regional scale, decreased coupling
was most pronounced between fronto-parietal cortical regions and subcortical structures, and
between frontal and occipital regions. In addition, an increased association was found among
frontal and limbic regions, and for temporo-occipital connections. Consistent with dysconnectivity
theories of schizophrenia, impaired grey matter coupling may be reflective of reduced integrity
of the brain’s network. Furthermore, as cross-sectional volumetric coupling is indicative of
correlated maturation, aberrant grey matter coupling may be a marker of neurodevelopmental
abnormalities in schizophrenia.

KEYWORDS
Schizophrenia, grey matter, volumetric coupling, interregional correlation, connectivity, networks
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INTRODUCTION
Schizophrenia is characterized by widespread structural brain abnormalities. Volume deficits
have been reported for distributed grey matter regions (Shenton et al., 2010). The presence of
these structural alterations, at the onset of illness (Steen et al., 2006), and in those at high risk for
schizophrenia, including first-degree relatives (Chan et al., 2011; Brans et al., 2008; Boos et al.,
2007; Gogtay et al., 2007), suggests that the vulnerability to develop the illness may be present
from birth. In healthy human cortical development, it has been shown that developmental
changes in different brain regions are coordinated with one another. This ‘maturational coupling’
has been shown to be particularly evident between cortical regions with strong structural and
functional interconnectivity (Raznahan et al., 2011), possibly through mutually trophic influences
(Mechelli et al., 2005) or common experience-related plasticity (Draganski et al., 2004; Hyde et
al., 2009).
Schizophrenia is believed to involve abnormal brain connectivity (Bullmore et al., 1997;
Friston, 1998; Stephan et al., 2009). Indeed, both structural (Ellison-Wright and Bullmore, 2009;
Van den Heuvel et al., 2010; Whitford et al., 2011) and functional (Van den Heuvel and Hulshoff
Pol, 2010; Lynall et al., 2010; Collin et al., 2011; Fornito et al., 2012) connectivity impairments
have been shown in patients. The origins of abnormal brain wiring remains to be resolved, but
it may result from aberrant maturation of the connectome during brain development (Van den
Heuvel and Kahn, 2011). As this would impact maturational coupling, dysconnectivity might lead
to abnormal volumetric dependence between grey matter regions. Putatively, this may account
for the multifocal nature of grey matter abnormalities in schizophrenia (Shenton et al., 2010).
This study seeks to explore such patterns of grey matter coupling in schizophrenia.
MATERIALS AND METHODS
SUBJECTS
A total of 146 schizophrenia patients and 122 healthy comparison subjects were included in
this study. Participants were recruited at the University Medical Center Utrecht, the Netherlands,
during a large ongoing cohort (Genetic Risk and Outcome of Psychosis; GROUP). The affiliated
medical ethics committee approved the study and participants gave written informed consent.
Study participants were between 17 and 55 years of age and were fluent in Dutch. Subjects with
a history of head trauma or major medical or neurological illness were excluded.
For all subjects, presence or absence of psychopathology was established using
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the Comprehensive Assessment of Symptoms and History Interview (Andreasen et al., 1992).
Patients met Diagnostic and Statistical Manual for Mental Disorders, Fourth Edition (American
Psychiatric Association, 2000) criteria for schizophrenia or related spectrum disorders. Healthy
control subjects had no current or lifetime psychiatric disorder and no first- or second-degree
family members with a psychotic disorder.
For all participants, global cognitive functioning, as measured by total IQ, was
estimated using four subtests of the Dutch version of the Wechsler Adult Intelligence scale
(WAIS; Stinissen et al., 1970). Furthermore, as an indication of socioeconomic status, the highest
degree of parental education was recorded. For patients, symptom severity was assessed using
the Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987); and the type and current
dose of antipsychotic therapy was documented.
Finally, statistical testing of group-differences in demographic characteristics was
performed using analysis of variance (ANOVA) for continuous and chi-squared tests for
categorical variables. Demographic and clinical characteristics of all participants and the
statistical significance of group-differences are provided in Table 1.
PROCEDURES AND MEASURES
Imaging
Magnetic resonance imaging (MRI) data were obtained on a 1.5 T scanner (Philips Medical
Systems, Best, The Netherlands). Three-dimensional T1-weighted scans (FFE pulse sequence,
TR/TE = 30 ms / 4.6 ms, flip-angle 301, FOV 256 x 256 mm voxelsize 1 x 1 x 1.2 mm, 160–
180 contiguous slices) of the whole brain were acquired. T1-images were processed using
Freesurfer software (</http://surfer.nmr.mhg.harvard.edu/>) (Fischl, 2012). First, global brain
volumes (i.e., total brain, cerebral grey and white matter, and ventricle volumes) were computed
for each subject and compared between groups using t-tests. Mean (sd) global brain volumes
per subject group, patient-control differences, and statistical significance of the differences are
listed in Supplementary Table 3 (SI).
In addition, the Freesurfer suite was used for automatic segmentation of subcortical grey
matter regions and for automatic parcellation of the cortical surface into cortical grey matter (GM)
regions. This way, a total of 82 cortical and subcortical GM volumes were produced (see Figure
1B). In addition to the regional parcellation, regional GM volumes were used to compute lobar
GM volumes. To this end, five bilateral cerebral lobes were distinguished: i.e. frontal, temporal,

106

Disturbed Grey Matter Coupling in Schizophrenia

Chapter 05

Table 1 Demographic and clinical characteristics.
Healthy controls
(N = 122)

Schizophrenia patients
(N = 146)

p

Age, mean (sd)

27.6 (8.6)

27.0 (5.6)

0.728

Gender, M/F

62/60

119/27

<0.001

WAIS IQ , mean (sd)

111.5 (14.8)

93.6 (15.5)

<0.001

Parental education b, mean (sd)

5.1 (2.1)

4.7 (2.0)

0.321

a

Diagnosis
Schizophrenia, N (%)

119 (81.5)

Schizophreniform disorder, N (%)

8 (5.5)

Schizoaffective disorder, N (%)

19 (13.0)

Duration of illness in years, mean (std)
PANSS

4.0 (3.6)

c

Positive scale, mean (sd) [range]

14.9 (5.8) [7-35]

Negative scale, mean (sd) [range]

15.2 (5.7) [7-31]

General scale, mean (sd) [range]

31.0 (8.9) [16-59]

Antipsychotic medication d

a

Atypical antipsychotics, N (%)

107 (74.3)

Typical antipsychotics, N (%)

12 (8.2)

No current antipsychotic, N (%)

15 (10.3)

Data missing, N (%)

12 (8.2)

Wechsler Adult Intelligence Scale (WAIS); estimated Intelligence Quotient (IQ); b Highest degree of parental education,

ranging from no education (0) to university (8); c Positive and Negative Syndrome Scale (PANSS); d Atypical antipsychotics:

risperidone, olanzapine, quetiapine, clozapine and aripiprazole; typical antipsychotics: haloperidol, penfluridol, pimozide,
zuclopentixol and perfenazine; p = p-value.

parietal, occipital and limbic lobes, the latter including cingulate and parahippocampal gyri,
hippocampus and amygdala. The remaining subcortical regions (i.e. caudate nucleus, putamen,
pallidum and thalamus) and the cerebellar cortex were collapsed into one subcortical ‘lobe’ per
hemisphere (Figure 1A). Mean (sd) and group-differences in lobar and regional (Tables 4 and 5,
Supplementary Information) GM volumes are provided. Regional and lobar GM volumes were
corrected for the effects of age, gender, and total GM volume, using linear regression.
Computing grey matter coupling
Grey matter coupling was measured as the Pearson’s correlation in corrected grey matter volume
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Figure 1 Lobar and regional grey matter volumes.
Lateral (1,3) and medial (2,4) surface of the left hemisphere, indicating color-coded brain lobes (and legend;
Panel A) and grey matter regions (Panel B).

between each possible pair of brain lobes or grey matter regions, across the subjects in each
group. This way, for each subject group, two [N x N] correlation matrices were populated with a
total of N (N - 1) / 2 unique pairwise correlations in grey matter volume: one interlobar [12 x 12]
correlation matrix comprising 66 unique interlobar correlations; and one interregional [82 x 82]
correlation matrix with a total of 3321 unique correlations in grey matter volume.
Constructing networks of grey matter coupling
Structural networks were constructed from interregional correlations that were statistically
different from zero in healthy controls, as demonstrated by bootstrap resampling. To this end,
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within each bootstrap, half the subjects in the group of healthy controls were randomly selected
and pairwise correlations were computed across these subjects. Second, 1.000 resampling
repetitions were obtained, resulting in a distribution of correlation coefficients for each
connection. Next, this distribution was investigated to see whether it included zero. If more than
5% of all bootstraps included zero, the pairwise correlation was excluded; only those correlations
that were consistently demonstrated in 95% or more of all bootstrap repetitions were included
in the structural network of volumetric correlations and subsequently investigated for groupdifferences in pairwise correlation. These correlations were marked 1 in a binary matrix; all other
correlations were marked 0.
STATISTICAL ANALYSIS
Analysis of interlobar coupling
Permutation analysis was used to test the statistical significance of group-differences (Bassett
et al., 2008; Van den Heuvel et al., 2010; Verstraete et al., 2011) in volumetric coupling for the
connections in the lobar network of grey matter coupling. First, within each iteration, random
permutation of group assignment was applied, maintaining the original size of the subject
groups, rendering two groups of 146 and 122 randomly assigned subjects. Second, interlobar
correlations in GM volume were recomputed across the subjects in the random groups, and
the differences between the groups were determined. This process was repeated 10 000 times,
resulting in a distribution of differences in interlobar coupling that can occur under the nullhypothesis (i.e., null-distribution). Next, for each connection, the original group-difference was
compared to the null-distribution and p-values were assigned to the group-effects by computing
the percentage of findings that was more extreme than the original difference between patients
and controls. To control for multiple comparisons, findings were subjected to a false discovery
rate (FDR) threshold of q = 0.05 (Benjami and Hochberg, 1995).
Analysis of interregional coupling
The network of interregional grey matter coupling was examined for group-differences using
Network Based Statistic (NBS) (Zalesky et al., 2010). Analogous to Statistical Parametric Mapping,
NBS assumes that impaired connections that are interconnected into a subnetwork are more
likely to indicate true abnormality than isolated dysconnections. The topological extent of any
such subnetwork is then used to determine its significance, thus avoiding multiple comparisons
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and corresponding correction, resulting in increased power to identify a contrast between
groups (Zalesky et al., 2010). The NBS procedure is summarized in Figure 2 and included the
following steps: first, one correlation matrix [82 x 82] was computed per subject group (Figure
2A) and masked to include only those correlations that were consistently identified in healthy
controls as described previously. Second, a test-statistic was produced for the group-difference
in each pairwise correlation in GM volume (Figure 2B). To this end, correlation coefficients of
patients (rpat) and controls (rcon) were compared using Fisher’s Z transformation (Mitelman et al.,
2005b, 2005c). Next, any pairwise correlation with a Z-statistic such that |Z| ≥ 2.5, matching a
p-value of 0.0062, was marked 1 in a binary difference matrix, and 0 otherwise (Figure 2C). In
the resulting binary difference matrix, the largest connected component was identified (Figure
2D) and the size of this component was computed (Figure 2E). Finally, permutation testing
(10.000 permutations, randomizing group assignment) was used to test the probability that a
subnetwork of such size would arise by chance (Figure 2F) (Zalesky et al., 2010; Verstraete et al.,

Figure 2 Group-comparison of interregional coupling.
A) Compute a matrix of interregional correlations in GM volume across the subjects in each group; B) Produce
a test-statistic for the group-difference in each pairwise correlation; C) Populate a binary difference matrix:
elements corresponding to a test-statistic exceeding a predefined significance threshold are marked 1,
otherwise 0; D) Identify the largest connected component(s) in the difference matrix and E) determine and
store component size; F) Apply random permutation of group assignment to determine the probability that a
component of such a size would arise by chance.
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2011). A component was declared significant if less than 5% of random permutations of group
assignment resulted in a contrast of equal or greater size than the observed subnetwork in the
original computation. In addition, the procedure was repeated with a less conservative threshold
(Zalesky et al., 2010) of |Z| ≥ 2.325, matching a one-sided p-value of 0.01 (Verstraete et al., 2011).
RESULTS
INTERLOBAR GREY MATTER COUPLING
Bootstrap resampling revealed a total of 33 interlobar connections to be statistically different
from zero in healthy subjects. These correlations were subsequently investigated for groupdifferences in grey matter coupling. Compared to healthy controls, schizophrenia patients
showed both increased and decreased coupling between lobar grey matter volumes (Table 2).
Coupling between left frontal and bilateral subcortical GM volume was lower in patients than
controls (both p ≤ 0.005, surviving FDR correction). Increased coupling was found between left
temporal and bilateral subcortical, between right temporal and left subcortical volume, as well
as between the left and right frontal lobes and left frontal and left limbic grey matter volume (all
p ≤ 0.012, surviving FDR correction). Using a more exploratory FDR-threshold of q = 0.1 (Zalesky
et al., 2010), abnormal coupling was also found between right temporal and right subcortical
grey matter volume (rcon = -0.45, rpat = -0.23, p = 0.017), and between the left and right temporal
lobe (rcon = 0.70, rpat = 0.56, p = 0.022). A post-hoc analysis with lobar GM volumes corrected for

Table 2 Aberrant interlobar correlations.
Healthy controls
(N = 122)

Schizophrenia patients
(N = 146)

patients vs controls
∆

p

L frontal

R frontal

0.60

0.79

0.19

0.002

L frontal

L limbic

-0.34

0.01

0.35

0.004

L frontal

L subcortical

-0.45

-0.69

-0.24

0.003

L frontal

R subcortical

-0.45

-0.69

-0.24

0.005

L temporal

L subcortical

-0.56

-0.14

0.42

<0.001

L temporal

R subcortical

-0.55

-0.18

0.37

0.001

R temporal

L subcortical

-0.46

-0.22

0.24

0.012

Pairwise correlations in lobar grey matter volume per subject group, and group-differences (∆; patients - controls), of those

lobe pairs between which FDR-significant group-differences were found.L = Left; R = Right; p = p-value (permutation
testing); vs = versus.
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the effects of the current dose of antipsychotic medication, in a haloperidol equivalent, did not
affect these findings.
INTERREGIONAL GREY MATTER COUPLING
In the regional analysis, 1 000 resampling repetitions identified a total of 596 interregional
correlations in healthy subjects. Strong correlations in GM volume were found between regions
within frontal, temporal and occipital lobes, between different regions of the cingulate gyrus and
between distinct regions in the left and right occipital lobe.
NBS revealed two subnetworks of abnormal coupling between 12 (p = 0.002) and 8
(p = 0.025) grey matter regions (Figure 3). The first and largest subnetwork reflects abnormal
coupling among bilateral prefrontal, left temporal and occipital, right parietal and bilateral
limbic (i.e. bilateral parahippocampal gyrus; right rostral anterior cingulate) regions (Figure 3A).
In this subnetwork, coupling was higher in patients than controls among frontal and limbic (i.e.,
anterior cingulate, parahippocampal gyrus) regions, between left temporal and occipital regions,
and between temporoparietal and limbic regions. Decreased coupling in patients relative to
controls was found between prefrontal and posterior cortical regions (i.e., left pericalcarine
sulcus, right superior parietal gyrus) and between regions in the medial temporal lobe and right
fronto-limbic regions. The second smaller subnetwork involved abnormal coupling among left
supramarginal, postcentral and caudal anterior cingulate gyrus, bilateral subcortical regions
(i.e., bilateral thalamus, right pallidum), and right inferior frontal gyrus (Figure 3B).
Using an exploratory NBS-threshold matching a one-sided p-value of 0.01, one
extended subnetwork (Figure 4, supplementary) was found, encompassing both previously
discussed subnetworks, and comprising a total 43 dyscoupled regions (p = 0.001). This
subnetwork included increased coupling among bilateral frontal and temporo-limbic regions
(23%) and among parietal and fronto-limbic regions (12%); increased temporo-occipital (14%)
and decreased fronto-occipital (12%) coupling and decreased coupling between fronto-parietal
and subcortical regions (12%).
DISCUSSION
The main finding of this study is the presence of abnormal volumetric coupling between
distributed grey matter regions, reflecting reduced structural integrity of the brain network
in schizophrenia. Both increased and decreased volumetric coupling were shown in patients
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Figure 3 Aberrant interregional coupling.
Two subnetworks of abnormal interregional coupling in grey matter volume were identified using NBS. Both
components were of sufficient size to be declared significant in their own right: p = 0.002 (A); p = 0.025
(B). Brain regions are depicted as nodes, colored to indicate lobe location and positioned at their twodimensional center of mass (x,y). Connections that were individually identified as abnormal (FDR-significant
at q < 0.05) are indicated. L = Left; R = Right; Lateral Orbitofrontal (LOF); Medial Orbitofrontal (MOF); Rostral
Middle Frontal (RMF); Caudal Middle Frontal (CMF); Inferior Frontal, orbital part (IFor); Inferior Frontal,
opercular part (IFop); Rostral Anterior Cingulate (RAC); Caudal Anterior Cingulate (CAC); Parahippocampal
(PaH); Middle Temporal (MT); Transverse Temporal (TT); Postcentral (PoC); Supramarginal (SM); Superior
Parietal (SP); Pericalcarine (PCa); Thalamus (Tha); Pallidum (Pal).

relative to controls. These abnormalities in grey matter coupling are indicative of a diseaserelated loss of network integrity and are in concordance with recent reports of affected brain
network structure in schizophrenia patients (Zalesky et al., 2011; Van den Heuvel et al., 2010;
Skudlarski et al., 2010) and dysconnectivity theories of schizophrenia (Friston, 1998; Stephan et
al., 2006, 2009).
The presently reported impairments in grey matter coupling are consistent with previous
findings. The significant reduction in volumetric coupling between the left supramarginal gyrus,
part of Brodmann’s area 40, and bilateral thalamus in schizophrenia patients is supported by a
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previous study reporting on affected thalamocortical coupling in schizophrenia (Mitelman et al.,
2005a). Extending previous findings, our study also indicates abnormal coupling between the left
supramarginal gyrus and the postcentral gyrus and right pallidum. Interestingly, these regions i.e. the supramarginal gyrus, thalamus, pallidum and postcentral gyrus - are interconnected into
a neural circuit that is associated with language processing, including phonological processing
and word recognition (Stoeckel et al., 2009; Sakurai et al., 2011; Sliwinska et al., 2012). Altered
coupling between these regions may thus reflect disturbances within such a network. In addition,
our results indicate increased temporo-occipital coupling, consistent with strengthening of
positive associations between temporal and occipital regions (Mitelman et al., 2005b), which
was proposed to relate to disordered sensory information processing in schizophrenia. Finally,
reported decreases in coupling between corpus callosum and superior temporal gyrus and
increased coupling between corpus callosum and medial orbitofrontal cortex (Hulshoff Pol et
al., 2004) are consistent with our findings of increased interhemispheric coupling of the frontal
lobes and decreased interhemispheric temporal coupling.
Differences between our results and previous findings can also be reported.
Most notably, positive correlations between frontal and temporal regions were identified
in schizophrenia patients, but not in normal controls (Mitelman et al., 2005b, 2005c); results
that could not be replicated by the present study. This discrepancy is likely to result from the
fact that our study only examined those correlations that were first established in controls
through bootstrap resampling. Indeed, a post-hoc analysis using a less conservative method
(i.e., extending the investigation to include correlations that could be demonstrated in either
of the subject groups) confirmed previous findings of increased fronto-temporal coupling
(i.e., increased coupling between left rostral middle frontal and inferior temporal gyrus; left
precentral gyrus and temporal pole; and right inferior frontal gyrus, and left temporal pole and
right transverse temporal gyrus; all p < 0.006, permutation testing, 1 000 permutations).
The exact biological substrate for impaired volumetric coupling, and whether the same
pathophysiological mechanism underlies increased and decreased coupling in patients relative
to controls, remains to be resolved. As interregional coupling has been shown to be particularly
evident between regions with strong interconnectivity (Lerch et al., 2006; Raznahan et al., 2011),
the presently reported reductions in grey matter coupling may, to an extent, reflect reduced
structural connectivity, which has been shown in schizophrenia (Kanaan et al., 2005; Kubicki et
al., 2007; Ellison-Wright and Bullmore, 2009; Whitford et al., 2011; Pettersson-Yeo et al., 2011).
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Nonetheless, a substantial portion of interregional correlations are not accompanied by diffusion
connections (Gong et al., 2012), suggesting that there must be additional factors underlying
impaired grey matter coupling. Alternative interpretations of volume correlations relate to
shared molecular profiles or a common set of genetic influences (Raznahan et al., 2011) initiating
volumetric coupling between regions. Furthermore, a common vulnerability to insults (Mitelman
et al., 2005c), e.g., of environmental origin, such as cannabis use, perinatal complications or
(antipsychotic) medication, could impact volumetric coupling. Reduced grey matter coupling in
schizophrenia may thus also relate to genetic or environmental factors relevant to the disorder.
In addition to reduced grey matter coupling, our study also indicates abnormally increased grey
matter coupling in schizophrenia. Increased volumetric coupling is unlikely to directly reflect
increases in white matter connectivity and is more likely to indicate synchronized reductions in
grey matter integrity. In addition to the previously discussed interpretations, these may relate to
indirect or functional connections between regions, or may result from the effects that impaired
structural connections exert on the brain network as a whole. Specifically, increased coupling
may relate to a more isolated position within the brain network as has been suggested for frontal
brain regions (Van den Heuvel et al., 2010; Lynall et al., 2010), which would be consistent with
previous reports (Mitelman et al., 2005b, 2005c) and our current findings.
It also remains to be determined at what point in time abnormalities in grey matter
coupling occur. Importantly, cross-sectional correlations in cortical thickness were recently
shown to be closely related to correlations in thickness change over time, suggesting that crosssectional coupling in cortical thickness is a result of correlated maturation over time (Raznahan
et al., 2011). The currently reported abnormalities in grey matter coupling may thus indicate an
aberrant trajectory of ‘‘maturational coupling’’. Future studies examining grey matter coupling in
individuals at high (genetic) risk for schizophrenia are therefore of particular interest.
Some methodological considerations should be acknowledged when interpreting the
findings of our study. First, the majority of patients in our study received antipsychotic treatment.
The effects of antipsychotics on brain volumes have been the topic of extensive debate (e.g.,
Lewis, 2011). Antipsychotic medication has been associated with volume decreases (Ho et al.,
2011), as well as increases in (e.g., basal ganglia) volumes (Scheepers et al., 2001), depending on
the type of antipsychotic treatment and which brain structure is investigated (Navari and Dazzan,
2009). In the present study, a post-hoc reanalysis of volumetric coupling with GM volumes
corrected for antipsychotic medication dose did not yield different findings, suggesting that
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aberrant grey matter coupling is not caused by antipsychotic medication. However, to definitively
exclude the potential influence of antipsychotics on volumetric coupling, our findings should be
replicated in a sample of antipsychotic-naïve patients. A second consideration is the applied
correction for total grey matter volume. This was done because diverging overall brain volume
can introduce a correlation between two regions that are otherwise uncorrelated (due to the
fact that the volumes of both regions correlate with overall brain volume), and the possible
influence of group-differences in overall GM volume on interregional coupling was sought to be
eliminated. Thirdly, as NBS was used to investigate interregional coupling, individual links in the
dysconnected subnetworks could not be declared abnormal, only the components as a whole.
Despite this limitation, NBS offers a substantial gain in power as compared to link-based control
for family-wise error rate (Zalesky et al., 2010). Indeed, a post-hoc analysis examining individual
connections, using permutation testing and FDR-correction (q = 0.05), revealed only three
significant group-differences: relative to controls, patients showed increased coupling between
the right medial orbitofrontal and rostral middle frontal gyri (p = 0.0001) and decreased coupling
between the left supramarginal gyrus and bilateral thalamus (p = 0.0001 and p = 0.0003, left
and right respectively). These may signify the strongest group- differences. Finally, as volume
coupling between regions was measured as the interregional correlation in grey matter volume
across subjects, abnormalities in grey matter coupling could not directly be related to individual
differences in clinical characteristics (Bassett et al., 2008), such as symptomatology.
This study shows that, compared to controls, schizophrenia patients show both
increased and decreased volumetric coupling between distributed grey matter regions, as well
as on a lobar level, indicating impaired structural integrity of the brain network. As cross-sectional
volumetric coupling is reflective of maturational coupling, aberrant grey matter coupling may be
a marker of neurodevelopmental abnormalities in schizophrenia.
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SUPPLEMENTARY INFORMATION

Table 3 Global brain volumes.
patients vs controls

Healthy controls

Schizophrenia patients

(N = 122)

(N = 146)

∆ in mL (%)

P

Total brain

1390.9 (65.1)

1358.6 (55.5)

-32.2 (-2.3)

<0.001

Cerebral grey

592.2 (34.7)

567.9 (34.2)

-24.2 (-4.1)

<0.001

Cerebral white

533.6 (33.5)

526.1 (33.5)

-7.5 (-1.4)

0.068

Lateral ventricle

13.2 (5.5)

15.9 (8.0)

2.7 (20.6)

0.002

Third ventricle

0.95 (0.22)

1.00 (0.23)

0.05 (5.3)

0.057

Mean (sd) global brain volumes in mL, corrected for the effects of age, gender and intracranial volume (ICV) using

regression; group-differences (∆) in mL (percentage) in corrected global brain volumes (i.e. patients – controls); and the
statistical significance of the difference between subject groups. p = p-value (permutation testing); vs = versus.

Table 4 Lobar grey matter volumes.
Healthy controls

Schizophrenia patients

patients vs controls

(N = 122)

(N = 146)

∆ in mL (%)

P

Left frontal

91.2 (6.3)

87.7 (6.5)

-3.5 (-3.8)

<0.001

Left temporal

62.0 (3.8)

60.0 (3.9)

-2.0 (-3.3)

<0.001

Left parietal

58.6 (4.6)

57.5 (4.6)

-1.1 (-1.9)

0.050

Left occipital

23.3 (2.6)

22.6 (2.6)

-0.7 (-3.0)

0.027

Left limbic

19.5 (1.5)

19.0 (1.4)

-0.6 (-2.9)

0.001

Left subcortical

84.2 (5.5)

82.8 (5.1)

-1.3 (-1.6)

0.045

Right frontal

91.1 (6.1)

87.6 (6.4)

-3.5 (-3.8)

<0.001

Right temporal

60.9 (3.9)

59.1 (4.1)

-1.8 (-2.9)

<0.001

Right parietal

60.4 (4.5)

59.2 (4.1)

-1.2 (-1.9)

0.026

Right occipital

23.3 (2.5)

22.6 (2.5)

-0.7 (-3.2)

0.016

Right limbic

19.0 (1.2)

18.4 (1.3)

-0.6 (-3.0)

<0.001

Right subcortical

86.1 (6.1)

84.8 (5.1)

-1.4 (-1.6)

0.048

Mean (sd) lobar grey matter volumes in mL, corrected for the effects of age, gender and ICV using regression; groupdifferences (∆) in mL (percentage) in corrected lobar grey matter volumes (patients – controls); and the statistical significance
of the difference between subject groups. p = p-value (permutation testing); vs = versus.

117

PART II

CONNECTOME DEVELOPMENT AND MATURATION

Table 5 Regional grey matter volumes , left cerebral hemisphere and subcortical.
patients vs controls

Abbr.

Healthy controls

Schizophrenia patients

∆ in mL (%)

sig.

Left Superior frontal

SF

24.70 (2.30)

23.78 (2.31)

-0.92 (-3.7)

**

Left Rostral middle frontal

RMF

17.25 (2.17)

16.47 (1.94)

-0.78 (-4.5)

**

Left Caudal middle frontal

CMF

7.35 (1.39)

6.84 (1.23)

-0.51 (-6.9)

**

Left Inferior frontal, pars opercularis

IFop

5.55 (1.04)

5.11 (0.93)

-0.45 (-8.0)

***

Left Inferior frontal, pars triangularis

IFtr

3.98 (0.80)

3.81 (0.79)

-0.17 (-4.4)

Left Inferior frontal, pars orbitalis

IFor

2.47 (0.37)

2.38 (0.39)

-0.09 (-3.5)

Left Lateral orbitofrontal

LOF

7.62 (0.68)

7.47 (0.78)

-0.15 (-2.0)

Left Medial orbitofrontal

MOF

4.38 (0.64)

4.30 (0.68)

-0.08 (-1.8)

Left Precentral

PrC

13.41 (1.28)

13.17 (1.76)

-0.24 (-1.8)

Left Paracentral

PaC

3.49 (0.57)

3.41 (0.55)

-0.08 (-2.3)

Left Frontal pole

FP

0.77 (0.19)

0.75 (0.22)

-0.01 (-1.8)

Left Superior temporal

ST

13.08 (1.38)

12.65 (1.49)

-0.43 (-3.3)

Left Middle temporal

MT

12.11 (1.39)

11.82 (1.48)

-0.29 (-2.4)

Left Inferior temporal

IT

11.16 (1.4)

10.55 (1.52)

-0.61 (-5.4)

Left Banks of superior temporal sulcus

BS

3.03 (0.53)

2.96 (0.59)

-0.07 (-2.3)

Left Fusiform

Fus

10.17 (1.20)

9.86 (1.29)

-0.31 (-3.0)

Left Transverse temporal

TT

1.18 (0.24)

1.15 (0.23

-0.03 (-2.2)

Left Entorhinal

Ent

2.06 (0.41)

1.98 (0.40)

-0.08 (-4.1)

Left Temporal pole

TP

0.243 (0.41)

2.40 (0.36)

-0.03 (-1.0)

Left Insula

In

6.73 (0.55)

6.58 (0.52)

-0.15 (-2.2)

Left Superior parietal

SP

13.13 (1.85)

13.12 (1.79)

-0.02 (-0.1)

Left Inferior parietal

IP

13.22 (1.64)

12.87 (1.92)

-0.36 (-2.7)

Left Supramarginal

Sm

12.06 (1.52)

11.76 (1.56)

-0.30 (-2.5)

Left Postcentral

PoC

10.29 (1.35)

10.17 (1.45)

-0.12 (-1.1)

Left Precuneus

PCu

10.02 (1.15)

9.66 (1.03)

-0.36 (-3.6)

**

Left Lateral occipital

LOc

12.22 (1.67)

11.72 (1.66)

-0.50 (-4.1)

*

Left Lingual

Lin

6.36 (1.03)

6.32 (1.00)

-0.05 (-0.7)

Left Cuneus

Cu

2.92 (0.51)

2.77 (0.55)

-0.15 (-5.1)

Left Pericalcarine

PCa

1.84 (0.37)

1.82 (0.39)

-0.03 (-1.5)

Left Rostral anterior cingulate

RAC

2.49 (0.50)

2.43 (0.47)

-0.06 (-2.4)

Left Caudal anterior cingulate

CAC

1.97 (0.48)

1.94 (0.48)

-0.03 (-1.6)

Left Posterior cingulate

PC

3.70 (0.47)

3.60 (0.44)

-0.09 (-2.6)

Left Isthmus cingulate

IC

2.63 (0.38)

2.51 (0.37)

-0.12 (-4.7)

**

Left Parahippocampal

PaH

2.42 (0.33)

2.34 (0.31)

-0.08 (-3.2)

*

Left Hippocampus

Hip

4.71 (0.36)

4.53 (0.37)

-0.18 (-3.8)

***

Left Amygdala

Amy

1.65 (0.15)

1.60 (0.15)

-0.05 (-3.0)

**

Left Cerebellar Cortex

Cer

63.88 (4.95)

62.82 (4.70)

-1.06 (-1.7)

Left Thalamus

Tha

8.36 (0.65)

8.28 (0.64)

-0.08 (-1.0)

Left Caudate

Cau

3.74 (0.40)

3.69 (0.43)

-0.04 (-1.1)

Left Putamen

Put

5.78 (0.50)

5.86 (0.52)

0.07 (1.3)

Left Pallidum

Pal

2.08 (0.18)

2.09 (0.19)

0.00 (0.0)

*
**

*

*

Age, gender and ICV corrected mean (sd) regional grey matter volumes in mL; group-differences (∆) in mL (%), (i.e. patients
– controls); statistical significance (sig.): * = < 0.05; ** = < 0.01; *** = < 0.001; Abbr. = abbreviation; vs = versus.
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Table 5 continued Regional grey matter volumes , right cerebral hemisphere and subcortical.
Abbr.

Healthy controls

Schizophrenia patients

Right Superior frontal

SF

23.93 (2.28)

Right Rostral middle frontal

RMF

18.06 (2.31)

Right Caudal middle frontal

CMF

Right Inferior frontal, pars opercularis

patients vs controls
∆ in mL (%)

sig.

23.05 (2.300

-0.88 (-3.7)

**

17.31 (2.25)

-0.75 (-4.1)

**

6.70 (1.33)

6.30 (1.28)

-0.40 (-6.0)

*

IFop

4.46 (0.78)

4.15 (0.73)

-0.30 (-6.8)

**

Right Inferior frontal, pars triangularis

IFtr

4.76 (0.91)

4.60 (0.98)

-0.16 (-3.4)

Right Inferior frontal, pars orbitalis

IFor

2.92 (0.52)

2.76 (0.46)

-0.16 (-5.5)

**

Right Lateral orbitofrontal

LOF

7.34 (0.73)

7.10 (0.82)

-0.24 (-3.3)

*

Right Medial orbitofrontal

MOF

4.56 (0.63)

4.45 (0.62)

-0.11 (-2.5)

Right Precentral

PrC

13.64 (1.35)

13.25 (1.52)

-0.39 (-2.8)

*

Right Paracentral

PaC

3.79 (0.53)

3.62 (0.59)

-0.17 (-4.6)

*

Right Frontal pole

FP

1.10 (0.26)

1.07 (0.26)

-0.03 (-2.5)

Right Superior temporal

ST

12.44 (1.21)

11.93 (1.29)

-0.51 (-4.1)

Right Middle temporal

MT

13.65 (1.40)

13.29 (1.56)

-0.36 (-2.6)

Right Inferior temporal

IT

10.76 (1.50)

10.31 (1.53)

-0.45 (-4.1)

*

Right Banks of superior temporal sulcus

BS

2.77 (0.49)

2.64 (0.50)

-0.13 (-4.7)

*

Right Fusiform

Fu

9.69 (1.22)

9.44 (1.15)

-0.24 (-2.5)

Right Transverse temporal

TT

0.92 (0.16)

0.92 (0.17)

0.01 (0.8)

Right Entorhinal

Ent

1.88 (0.33)

1.84 (0.40)

-0.04 (-2.0)

Right Temporal pole

TP

2.16 (0.38)

2.20 (0.36)

0.04 (1.9)

Right Insula

In

6.73 (0.57)

6.59 (0.55)

-0.14 (-2.1)

Right Superior parietal

SP

13.49 (1.56)

13.28 (1.64)

-0.21 (-1.6)

Right Inferior parietal

IP

16.45 (2.06)

16.08 (1.83)

-0.37 (-2.2)

Right Supramarginal

Sm

11.03 (1.55)

10.83 (1.49)

-0.20 (-1.8)

Right Postcentral

PoC

9.56 (1.33)

9.33 (1.29)

-0.23 (-2.4)

Right Precuneus

PCu

9.98 (1.19)

9.73 (1.00)

-0.25 (-2.5)

Right Lateral occipital

LOc

12.30 (1.60)

11.85 (1.70)

-0.45 (-3.7)

Right Lingual

Lin

6.18 (0.95)

6.05 (0.90)

-0.13 (-2.1)

Right Cuneus

Cu

2.90 (0.54)

2.74 (0.49)

-0.16 (-5.5)

Right Pericalcarine

PCa

1.91 (0.37)

1.91 (0.40)

0.00 (0.1)

**

*

*
*

Right Rostral anterior cingulate

RAC

2.03 (0.42)

1.97 (0.44)

-0.05 (-2.7)

Right Caudal anterior cingulate

CaC

2.27 (0.48)

2.14 (0.52)

-0.13 (-5.7)

Right Posterior cingulate

PC

3.65 (0.40)

3.57 (0.46)

-0.09 (-2.4)

Right Isthmus cingulate

IC

2.46 (0.34)

2.34 (0.37)

-0.12 (-4.8)

Right Parahippocampal

PaH

2.27 (0.34)

2.24 (0.31)

-0.03 (-1.3)

Right Hippocampus

Hip

4.60 (0.33)

4.47 (0.36)

-0.13 (-2.8)

**

Right Amygdala

Amy

1.70 (0.17)

1.65 (0.16)

-0.04 (-2.6)

*

Right Cerebellar Cortex

Cer

66.63 (5.60)

65.52 (4.67)

-1.11 (-1.7)

Right Thalamus

Tha

7.87 (0.56)

7.74 (0.53)

-0.14 (-1.7)

Right Caudate

Cau

3.79 (0.42)

3.77 (0.43)

-0.02 (-0.6)

Right Putamen

Put

5.55 (0.49)

5.63 (0.56)

0.08 (1.5)

Right Pallidum

Pal

1.80 (0.20)

1.82 (0.20)

0.02 (1.1)

*
**

*

Age, gender and ICV corrected mean (sd) regional grey matter volumes in mL; group-differences (∆) in mL (%), (i.e. patients
– controls); statistical significance (sig.): * = < 0.05; ** = < 0.01; *** = < 0.001; Abbr. = abbreviation; vs = versus.
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Figure 4 Extended subnetwork of aberrant interregional coupling.
Using an exploratory NBS-threshold matching a one-sided p-value of 0.01, a more extended subnetwork
of abnormal coupling was found, encompassing both smaller subnetworks (Figure 3). In this subnetwork,
more extensive increased temporo-occipital coupling, decreased fronto-occipital coupling and decreased
coupling between fronto-parietal cortices and subcortical regions were observed. Increased (red lines, A)
and decreased (blue lines, B) coupling are part of the same component, but are depicted separately for
visualization. Brain regions are depicted as nodes, colored to indicate lobe location and positioned at their
two-dimensional center of mass (x, y). For node abbreviations, see supplementary Table 5.
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THE RICHNESS OF THE CONNECTOME

ABSTRACT
Recent findings have demonstrated that a small set of highly connected brain regions may
play a central role in enabling efficient communication between cortical regions, together
forming a densely interconnected “rich club.” However, the density and spatial layout of the
rich club also suggest that it constitutes a costly feature of brain architecture. Here, combining
anatomical T1, diffusion tensor imaging, magnetic transfer imaging, and functional MRI, several
aspects of structural and functional connectivity of the brain’s rich club were examined. Our
findings suggest that rich club regions and rich club connections exhibit high levels of wiring
volume, high levels of white matter organization, high levels of metabolic energy usage, long
maturational trajectories, more variable regional time series, and more inter-regional functional
couplings. Taken together, these structural and functional measures extend the notion that rich
club organization represents a high-cost feature of brain architecture that puts a significant strain
on brain resources. The high cost of the rich club may, however, be offset by significant functional
benefits that the rich club confers to the brain network as a whole.

KEYWORDS
Connectivity, connectome, diffusion tensor imaging, fMRI, rich club
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INTRODUCTION
Healthy brain function depends on large-scale integration of information across brain regions,
facilitated, and structured by the complex connectivity architecture of the brain’s axonal pathways,
the human connectome (Sporns et al., 2005). Previous studies using graph analytical tools to
examine the topology of the mammalian brain network have shown the existence of a number
of highly connected regions that occupy a central place in the overall architecture (Bassett et al.,
2008; Hagmann et al., 2008; Bullmore and Sporns, 2009). From the perspective of integration of
information between brain regions, these putative structural “connectivity hubs” are of particular
interest, as hubs are known to be crucial for efficient communication between different parts of
a network and thus the integration of information from different sources. Indeed, studies have
hypothesized a pivotal role of hubs in brain communication (Sporns et al., 2007; Hagmann et al.,
2008; Bullmore and Sporns, 2009; Van den Heuvel and Sporns, 2011; Zuo et al., 2012). Besides
being individually highly connected, and therefore referred to as “rich,” brain hubs have been
shown to be densely interconnected by rich club connections. This organization suggests that
the rich club constitutes a coherent structural subnetwork in the mammalian brain: a densely and
widely connected network core that plays a crucial role in attracting and integrating neuronal
information across the brain (Zamora-López et al., 2009, 2011; Van den Heuvel and Sporns,
2011).
With their high connection density and propensity to link regions over long distances,
rich club connections have been suggested to form a high-cost feature of brain connectivity.
It has also been suggested that their important role as global network shortcuts offsets their
above average wiring cost (Bullmore and Sporns, 2012; Van den Heuvel et al., 2012). Up until
now, an estimation of the cost of rich club connections has been attempted solely in terms of
physical connectivity, for example, the number of structural pathways (Zamora-Lopez et al.,
2009, 2011; Van den Heuvel and Sporns, 2011; Harriger et al., 2012) and their density (Van den
Heuvel et al., 2012). However, other structural and functional properties of brain connectivity
may play additional important roles regarding the “cost” and “benefit” of a central rich club.
For example, high levels of fiber density, long projection distances, and complex white matter
microstructure may implicate not only a high demand on the brain’s material resources, but
may also confer several “advantages” in terms of promoting shorter communication relays. In
this study, combining measurements obtained by diffusion-weighted imaging (DWI), magnetic
transfer imaging (MTI), and functional magnetic resonance imaging (fMRI), we examined
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several structural and functional aspects of rich club organization in the human brain. Structural
aspects included the examination of fiber density, projection distance, and aspects of white
matter microstructure (e.g., fractional anisotropy [FA], myelination). Functional aspects of rich
club connectivity included the strength of functional coupling and the level of signal diversity
recorded at individual nodes. Using a multi-modal functional/structural imaging design, we
show that the brain’s rich club is not only costly in terms white matter volume, but should also be
considered high cost or “rich” in regard to other aspects of brain connectivity, including white
matter microstructure, myelination levels and developmental trajectories, metabolic activity,
structural–functional integration, and functional dynamics.
MATERIALS AND METHODS
SUBJECTS
Forty-two healthy subjects (age, mean [sd]: 29 [8.0] | male/female: 26/16) participated in this
study, and gave written consent as approved by the medical ethics committee of the University
Medical Center Utrecht, The Netherlands. Participants were healthy adults selected from a
running patient/control imaging cohort (Van den Heuvel et al., 2013a).
PROCEDURES AND MEASURES
Image acquisition and preprocessing
Participants underwent a 45-min scanning session on a 3T medical scanner (Van den Heuvel et
al., 2012), including an anatomical scan (T1), 2 DWI scans, MTI scan, and resting-state fMRI scan.
Anatomical T1-weighted imaging. A T1-weighed image (3D FFE using parallel imaging; TR/TE
10 ms / 4.6 ms; FOV 240 × 240 mm, 200 slices, 0.75 mm isotropic voxelsize) was acquired. Grey/
white matter tissue classification and automatic cortical segmentation was performed using
the Freesurfer suite (V5, http://surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2004), parcellating
the cortex into 68 distinct brain regions (34 regions per hemisphere). For each of the 68 brain
regions, the average level of cortical thickness (CT) — an estimate of the thickness of the cortical
sheet — was computed, together with their level of cortical volume (CV).
Diffusion-weighted imaging. Two DWI sets of 30 weighted diffusion scans (b = 1000 s/mm2) and
5 × 2 unweighted B0 scans (b = 0 s/mm2) were acquired (DWI-MR using parallel imaging SENSE
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p-reduction 3; high angular gradient set of 30 weighting directions [Jones 2008], TR = 7035 ms,
TE = 68 ms, EPI factor 35; FOV 240 × 240 mm, 2 mm isotropic, 75 slices). A second diffusion
set was acquired with a reversed k-space read-out direction. DWI images were 1) corrected for
possible susceptibility distortions by applying a field distortion map computed based on the 2
in opposite k-space readouts acquired b = 0 images (Andersson et al., 2003); 2) corrected for
eddy-current distortions (Andersson and Skare, 2002); and 3) realigned to the b = 0 image. DWI
images were analyzed using a diffusion tensor imaging (DTI) model. A tensor was computed from
the diffusion profile of each voxel using a robust tensor fitting method (Chang et al., 2005), and
the preferred diffusion direction was computed as the principal eigenvector of the eigenvalue
decomposition of the fitted tensor. Based on the eigenvalue decomposition of the tensor,
several metrics of microstructural organization of white matter were computed, including: 1)
the FA, a metric of global microstructural organization and often used as an estimate of the level
of white matter integrity; 2) the level of axial or parallel diffusion (PD) expressing the amount of
diffusion in the direction of the first eigenvector and a metric of local fiber orientation; 3) the
level of radial or transverse diffusion (TD), expressing the amount of restricted diffusion in the
direction perpendicular to the first eigenvector and an estimate of the level of myelination of
white matter; and 4) the level of mean diffusion (MD), an estimate of the total level of diffusion
within a voxel (Beaulieu and Allen, 1994; Basser et al., 2000; Jones, 2008).
Magnetic transfer imaging. An estimate of local myelination content was examined through
means of MTI. The MTI scan included the acquisition of 2 images (MTI, TE/TR = 2.19/65.8 ms,
FOV 240 × 190 mm, matrix 128 × 128, flip angle 18, 95 slices of 2.5 mm), with the second image
acquired with an additional off-resonance prepulse (3-lobe sync-shaped prepulse of frequency
offset 1100 Hz, 620°) designed to excite macromolecules, which include myelin (Wolff and
Balaban, 1994; Van Buchem, 1999). The 2 volumes were realigned and the magnetic transfer
ratio (MTR) value per voxel was computed as the percentage of signal loss due to the applied
prepulse, computed as (Imt − Io) / Io, with Io referring to the nonprepulsed volume and Imt referring
to the prepulsed volume. The level of MTR has been suggested to provide an estimate of the
level of macromolecules (including myelin) present per voxel (Wolff and Balaban, 1994; Van
Buchem, 1999; Mandl et al., 2010).
Resting state fMRI. Resting-state blood oxygenation-level–dependent (BOLD) signals were
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recorded during a period of 8 min using a fast fMRI sequence (3D PRESTO-SENSE p/s-reduction
2/2; TR/TE 22 ms / 32 ms using shifted echo, flip-angle 9°; dynamic scan time 0.5s, 1000
timeframes; FOV 256 × 256 mm, 4 mm isotropic voxelsize, 32 slices). Volumes were 1) realigned
to the last functional scan to correct for head movements, 2) co-registered with the T1 scan using
SPM8 (http ://www.fil.ion.ucl.ac.uk), and 3) corrected for influences of global signals and general
movement by regressing out the global mean signal, the average ventricular signal, the average
white matter signal and 6 motion parameters. No spatial smoothing was applied to the restingstate fMRI time-series to avoid inflation of local connectivity and local clustering (Van den Heuvel
et al., 2008). 4) Resting-state time-series were bandpass filtered (0.01 – 0.1 Hz) to select low
frequency components of interest and to reduce the contribution of non-neural signal sources
(including respiratory frequencies of ~0.3 Hz and cardiac frequencies up to 1 Hz), and scrubbed
to remove potential motion artifacts (Power et al., 2012). 5) Finally, for each of the 68 parcellated
cortical regions, a regional averaged time-series was computed by averaging the time-series of
the voxels included in each of the parcels. The level of functional coupling (generally referred to
as “functional connectivity,” FC) of a connection between 2 nodes i and j was computed as the
Pearson cross-correlation between the resting- state fMRI time series of i and j.
Connectome reconstruction
For each individual dataset, the white matter pathways of the subject’s brain network were
reconstructed using deterministic streamline tractography, based on the Fiber Assignment
by Continuous Tracking (FACT) algorithm (Mori and van Zijl, 2002). Within each voxel in the
brain mask (i.e., the total of white and grey matter), 8 seeds were started following the main
diffusion direction from voxel to voxel, thus reconstructing the white matter fibers, until one of
the stopping criteria was met, that is, 1) when the trajectory of the streamline left the brain mask,
2) when the streamline reached a voxel with a low FA value (<0.1) or 3) when the streamline
made a sharp turn of >45°. Next, for each possible pair of brain regions i and j (i.e., nodes in the
network), it was determined whether they were structurally connected by examining whether
one or more streamlines from the total collection of reconstructed tracts touched both region i
and region j. If 2 regions were determined to be structurally connected, their connectivity was
marked by a 1 in the N × N adjacency matrix A, with N denoting the number of cortical regions
(N = 68). If no streamline could be found between region i and j, A(i,j) was marked by a 0.
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Rich club organization
The brain’s rich club was selected as previously described (Van den Heuvel and Sporns, 2011),
including the following steps. First, the degree of each node i in the network was determined,
as the sum over the columns of A. Second, for each level of degree k the rich club coefficient
Φ(k) (Colizza et al., 2006; McAuley et al., 2007) was computed by selecting the subgraph S of
nodes with degree >k and computing the number of connections E>k present within S. The
(unweighted) rich club coefficient is formally defined as:

with N>k the number of nodes in subset S. As high-degree nodes are more likely to be mutually
connected based on their high degree alone, random graphs can also show an increasing
level of Φ(k) with increasing k. To capture the level of interconnectedness that is not accounted
for by node degree, Φ(k) of the empirical network is typically compared with the distribution
obtained from a set of random graphs. To this end, for the group consensus matrix, a set of 1 000
random graphs were generated by randomizing the connections of the adjacency matrix while
preserving the original degree sequence. We note that using a randomization of the connectivity
matrix, preserving degree sequence of the connection and thus the hub structure of the network,
ensured the use of a conservative model to estimate the density of connections between >k
nodes, and therefore a conservative estimate of rich club organization (Van den Heuvel et al.,
2012). In comparison, using a Erdos–Renyi random model (creating a set of random networks
preserving only network size and density) to estimate the level of (binary) connectivity between
nodes would likely lead to a more liberal estimate of rich club density as one now also eliminates
the hub structure of the network, which is partly determined by the network’s degree sequence.
For each dataset, Φrandom(k) was computed as the average over the set of 1 000 random
graphs, and Φnorm(k) was computed as the ratio of Φ(k) and Φrandom(k), formally given as:
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By definition, Φnorm(k) > 1 for a range of k is indicative of a rich club organization within a network
(Colizza et al., 2006; McAuley et al., 2007). Next, significance of rich club organization over the
group of subjects was assessed through means of statistical testing (Bassett and Bullmore 2009;
Van den Heuvel et al. 2010). Over the group of subjects, a 1-sample t-test was performed at
each level of k to test whether Φnorm(k) exceeded 1, with p < 0.05 (corrected) taken to indicate
statistical significance. Bonferroni correction was applied to correct for multiple testing across all
examined levels of k (24 in total) (Van den Heuvel et al., 2013a).
Once rich club organization was established, the rich club level of each node in each
individual subject was computed as the highest rich club level it participated in (i.e., degree >k),
and nodes were ranked according to their rich club level. Over the group of subjects, the nodal
ranks were averaged and the top 8 highest ranking nodes (i.e., 12% of all nodes) were selected
as the rich club. The results of this 2-stage rich club selection procedure are highly consistent
with previous studies performing rich club selection on the group level (Van den Heuvel and
Sporns, 2011; Van den Heuvel et al., 2013a).
Rich club nodes, non-rich club nodes and rich club, feeder and local connections. Definition of
the rich club allows for the classification of the nodes of the network into rich club and nonrich club nodes (Van den Heuvel and Sporns, 2011). In turn, categorization of the nodes allows
for the classification of the network connections into 3 classes: “rich club” connections, linking
rich club nodes to each other; “feeder” connections linking rich club nodes to non-rich club
nodes; and “local” connections linking non-rich club nodes to each other. Figure 1B presents a
schematic illustration of the 2 classes of nodes and the 3 classes of connections.
Classification of the nodes and connections of the network allowed for the examination
and statistical comparison of multiple aspects of brain connectivity. Combining information
from DTI, MTR, structural T1, and FC measurements, several metrics of structural and functional
architecture of 1) rich club nodes and non-rich club nodes and 2) of rich club, feeder, and local
connections were examined.
Structural and functional properties of rich club nodes
Cortical thickness. For each individual dataset, the mean level of CT of rich club and non-rich
club regions was computed as a metric of morphological organization. For each dataset, a CT
value per node class was computed by averaging the level of CT across all nodes within a class.
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CT values were corrected for variation in regional volume of the regions, by regressing out
the association between volume and thickness from the CT values within each dataset. Next,
over the group of subjects, statistical comparison was performed between the 2 classes using
permutation testing (see Statistical Analysis in 2.3 for details).
Functional metrics. Using regionally averaged resting-state fMRI time-series, for each individual
dataset, the level of node-specific “signal power” and “signal variation” were computed for each
node, together with the number of suprathreshold functional connections of a node and its
level of “functional connectivity diversity (FC diversity).” Signal power was computed as the sum
of the squared signal levels. Signal variation— reflecting the variation of a signal over time—was
computed as the coefficient of variance of the time signal. Signal power and divergence levels
were corrected for the regional volume of the 68 nodes of the network. Similar to the CT values,
for each individual subject, for each of the 3 metrics, an average rich club and non-rich club level
was computed and tested for statistical difference over the group of subjects.
Number of functional connections. The ‘number of functional connections’ of a node
was computed as the number of structural edges of a node (i.e., all connections present in the
adjacency matrix A) that displayed a positive level of FC (i.e., higher than a threshold Tfc > 0) (Van
den Heuvel et al., 2008; Lynall et al., 2010).
FC diversity. Diversity in levels of functional coupling of the connections of a node was
computed as the standard deviation across FC values measured along its structural connections
(Lynall et al., 2010), and compared across rich club and non-rich club nodes.
Estimates of aerobic metabolic activity of regions. As reported in the article of Vaishnavi et al.
(2011) different brain regions display different levels of metabolic energy use and aerobic
metabolic activity during rest. To examine the metabolic activity of rich club versus non-rich
club regions, a meta-analysis of regional energy metabolism and its relation to rich club
organization was performed, by correlating data on rich club regions with data on regional
metabolism, specifically data on the glycolytic index (GI), a measure of aerobic glycolysis
(Vaishnavi et al., 2011). Spatial overlap between the Brodmann areas reported by Vaishnavi et
al. and the anatomical template map used in this study (i.e., defining the nodes of the network)
was determined by using the Talairach Daemon (TalD) (http://www.talairach.org/daemon.html).
Similar to the analysis of the other node metrics, averages of regional GI values were computed
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for regions that spatially overlapped with rich club nodes, and regions that overlapped with nonrich club nodes. Next, similar to the other node metrics, possible differences in GI between the
2 node classes were examined using permutation testing (10 000 permutations, see Statistical
Analysis for details).
Estimation of myelination maturation of regions. Brain regions have been suggested to follow
different maturational trajectories. This includes the order in which their white matter pathways
myelinate during brain development. As discussed in detail in Glasser and Van Essen (2011),
studies have mapped the myelination order of white matter regions, as measured directly in the
white matter beneath the cortical sheet during brain development (Fuster, 1997; Glasser and
Van Essen, 2011). Regionwise data describing a “maturation ranking” according to the order
in which each region’s tracts myelinate (Glasser and Van Essen, 2011) was used to compute
averages across rich club and non-rich club nodes. Spatial overlap between the regionwise
maturational ranking map and cortical nodes as used in this paper was determined by using
the Talairach Daemon. Next, similar to the evaluation of the other node metrics, an average was
computed for the nodes in the rich club and non-rich club node class, and potential differences
were examined for statistical significance using permutation testing (10 000 permutations, see
Statistical Analysis for details).
Structural and functional properties of rich club connections
Volumetric coupling. Across the group of subjects, for each structural connection, structural
coupling between brain regions was determined, computed as the between-subject correlation
of the region-specific levels of CV. Volumetric coupling (VC) has been suggested to reflect
aspects of structural connectivity between brain regions (He et al., 2007) and to reflect potential
coherence in maturational trajectories of cortical regions (Raznahan et al., 2011). Computing the
level of VC between all regions resulted in a N × N coupling matrix, with N the number of brain
regions and with each cell reflecting a measure of VC between regions i and j.
White matter connectivity and white matter organization. Based on the DWI and the MTI data,
multiple aspects of microstructural organization were examined. First, cost aspects of rich club
connections that contribute to the spatial volume occupied by these pathways were examined.
For each individual dataset, mean values of NOS and length were computed for the class of rich
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club, feeder and local connections by computing the mean over the connections be- longing to
each class, and tested for statistical difference using permutation testing (see Statistical Analysis)
(Van den Heuvel et al., 2012). Second, metrics of microstructural organization of white matter
were examined, including FA, PD, TD, and MD, as well as MTR, providing an estimate of the
level of microstructural organization and myelination of white matter. Each fiber streamline
crossed a number of voxels along its reconstructed trajectory, with each voxel characterized
by measurements of the metric of interest (FA, PD, MD, TS, and MTR), and an average of the
metric was computed for each streamline over all voxels. Next, for each connection present in
the individual adjacency matrix A and for each metric, the average value over all streamlines
comprising the connection was computed, which resulted in a weighted connectivity matrix for
each individual subject, for each metric of interest. Finally, for each individual dataset, mean
values for each metric were computed for each class of rich club, feeder and local connections
by computing the mean over the connections belonging to each class, and tested for statistical
differences (see Statistical Analysis below for details).
Functional connectivity. For each dataset, the level of FC was determined for each structural
edge in the group-averaged brain network, that is, a connection present in the adjacency matrix
A (representing a structural pathway between region i and region j), with FC computed as the
correlation between the resting-state time-series of the 2 connected regions. Over the group
of subjects, the level of FC of rich club, feeder, and local connections was statistically assessed.
Structural–functional coupling, NOS, FA, and MTR. Studies have suggested an association
between structural (SC) and functional connectivity (FC) in the macaque and human brain
(Greicius et al., 2009; Hagmann et al., 2008; Van den Heuvel et al., 2008; Adachi et al., 2012). For
each individual dataset, the structural–functional coupling (SC–FC coupling) was computed as
the correlation between metrics capturing an aspect of structural connectivity and the strength
of functional connectivity, across all connections present in adjacency matrix A. Three aspects
of structural–functional coupling were examined: 1) the correlation between the number of
streamlines NOS and FC; 2) the correlation between FA values of the connections and FC; and 2)
the correlation between connection-specific MTR values and FC. On the group level, differences
in SC–FC coupling between rich club, feeder, and local connections were examined.
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STATISTICAL ANALYSIS
Node metrics
For analysis of node metrics on the individual level (i.e., functional signal power, signal
divergence, CT), the metric values of rich club and non-rich club nodes across the group of
individuals were first computed as the difference between the class averages of the rich club
and non-rich club nodes. Then these values were compared with the differences obtained
from 10 000 permutations in which nodes were randomly assigned to the 2 node classes. This
procedure resulted in a null-distribution of values that could occur under the null hypothesis that
rich club and non-rich club nodes do not differ. The original difference between rich club and
non-rich club nodes was assigned a p-value as the proportion of random values in the obtained
null distribution that were found to be more extreme.
Connection metrics
For analysis on the group level (i.e., VC), comparison between the 3 classes of connections (i.e.,
rich club, feeder, and local connections) was performed using permutation testing. About 10
000 random sets of n nodes were selected from the collection of a total set of connections
(with n the number of rich club nodes), and the average level of the metric of interest over
all selected nodes was computed. A p-value was assigned as the percentage of the random
values of the collection of permutation runs that were found to be more extreme. For statistical
analysis of the connection metrics on the individual level (i.e., NOS, TD, PD, MTR, FC, and SC–FC
metrics), a similar procedure as for the node analysis was performed. Permutation testing was
used, randomly assigning the 3 connection classes across subjects across 10 000 permutations,
obtaining a null distribution of differences that could occur under the null hypothesis stating that
the classes of connections show no significant differences.
RESULTS
RICH CLUB ORGANIZATION
Confirming previous findings, the human connectome showed a rich club organization (Figure
1A), as indicated by an above random level of connectivity between high-degree nodes. Figure
1A shows the rich club curve averaged over the group of subjects. Φnorm(k) was found to be
significantly higher than 1 for k > 18 (p < 0.05, Bonferroni corrected). The brain’s rich club,
selected as the top ranking nodes across the group of subjects (matching k > 19 in Figure 1C),
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included bilaterally the superior frontal gyrus, precuneus, insular cortex, and superior parietal
cortex, confirming the results of a previous report (Van den Heuvel and Sporns, 2011). Selection
of the rich club allowed for the classification of the nodes of the network into rich club and nonrich club members and a categorization of the connections of the network into rich club (red),
feeder (orange), and local (yellow) connections. Figure 1B shows the schematic representation
of the 2 classes of nodes and the 3 classes of connections. Figure 1C shows the spatial location
of the rich club comprising the top 12% strongest connected nodes of the network (averaged
across the group of subjects), matching the k > 19 level of rich club organization in Figure 1A,
with the nodes and connections colored according to their node and connection class.
In what follows, we first describe structural and functional metrics related to rich club
nodes, followed by metrics pertaining to rich club connections.

Figure 1 Rich club organization.
(A) Rich club curve Φ(k) averaged over the group of subjects (black line), rich club curve Φrandom(k) averaged
over the subjects (grey line, mean of 1 000 random networks per subject, averaged over the group of
subjects), and the normalized rich club curve Φnorm(k) (i.e., the ratio between Φ(k) and Φrandom(k), red line).
Figure shows a significant Φnorm(k) >1 (over the group of subjects, p < 0.05, Bonferroni) for k > 19 to k > 23.
The rich club selected as the top 12% of nodes, matching k > 19. The selected rich club included bilateral
precuneus, superior frontal cortex, insular cortex, and superior parietal cortex (red nodes in panel C). (B)
Selection of the rich club allowed for the classification of the nodes of the network into rich club (red nodes)
and non-rich club (grey nodes) members and a categorization of the connections of the network into rich
club (red), feeder (orange), and local (yellow) connections. (C) Panel shows a graph plot of a group-average
reconstructed structural brain network. Nodes reflect cortical brain regions. Connections between nodes
represent reconstructed white matter pathways. Plot shows connections that were found to be present in at
least 60% of the subjects (De Reus and van den Heuvel, 2013). The size of the nodes reflects the number of
connections (i.e., group-average degree) of each brain region.
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NODE METRICS
Cortical thickness
No difference was found in CT between rich club and non-rich club nodes (mean [sd] rich club:
2.606 [0.082], non-rich club 2.595 [0.090]; p = 0.869) (Figure 2). Correcting for differences
in overall volume of brain regions (regressing out the effect of regional volume on the level
of regional CT within each dataset) revealed a significantly higher CT of rich club regions as
compared to non-rich club regions (mean [sd] rich club: 2.67 [0.091], non-rich club 2.58 [0.081];
p = 0.0012).
Functional metrics
Signal power and variation. Variation of the time series of rich club nodes was found to be
significantly higher than that of non-rich club nodes (mean [sd] rich club: 2.74 [0.49], non-rich
club: 2.42 [0.46]; p = 0.0374, 10 000 permutations). Rich club showed a marginal but significant
increase in signal power in a frequency range (0.01 – 0.1Hz) often associated with slow resting-

Figure 2 Structural and functional aspects of rich club and non-rich club nodes.
(A) Left bar graph shows class-average levels of cortical thickness (corrected for regional volume). Right bar
graph shows the number of positive (Tfc > 0) functional connections of rich club and non-rich club nodes,
with rich club nodes showing a significantly higher number of functional connections than of non-rich club
nodes. Error bars express variation of node class values over the group of subjects. (B) Bar graphs show
mean values of rich club nodes and non-rich club nodes in aerobic glycolysis index as taken from (Vaishnavi
et al., 2011) and maturational index as taken from (Glasser and Van Essen, 2011). Rich club nodes display
significantly higher metabolic energy use, and longer maturational trajectory than non-rich club nodes. * p
< 0.05. Error bars express variation of values over included regions.
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state BOLD signal fluctuations as compared to the time series of the non-rich club nodes (mean
[sd] rich club: 8.45 [3.05], non-rich club: 7.24 [3.14]; p = 0.14, ns).
Number of functional connections. Rich club nodes revealed a significantly higher
number of structural connections (i.e., edges present in the adjacency matrix A) with a positive
level of FC (i.e., suprathreshold functional connections, threshold Tfc > 0) as compared to the
structural connections of non-rich club nodes (mean [sd] rich club: 14 [3.1], non-rich club: 8
[1.7]; p < 0.001). Using other thresholds (Tfc = 0.1–0.4, with increments of 0.1) revealed similar
results, all showing a higher number of structural connections among rich club nodes showing a
suprathreshold level of FC (Figure 2).
FC diversity. Overall, no clear differences were found in diversity in FC levels of rich club
and non-rich club nodes (p = 0.24). Examining the diversity of a subset of connections of the
nodes showing suprathreshold connectivity (i.e., all edges in the adjacency matrix showing Tfc >
0.2) revealed slightly higher levels of FC diversity of rich club nodes (0.14 | 0.017) as compared
to non-rich club nodes (0.13 | 0.012), but with only marginal significance (p = 0.045).
Estimates of aerobic metabolic activity of regions
An exploratory meta-analysis of data on energy metabolism reported by Vaishnavi et al.
(2011) was performed. The set of rich club regions exhibited significantly higher levels of GI as
compared to non-rich club regions (p = 0.007; 10 000 permutations; Figure 2).
Estimation of myelination maturation of regions
A further exploratory meta-analysis was performed on the order in which the white mater
pathways of regions become myelinated during brain development, based on a comparison
of the distribution of rich club nodes with data reporting a regional myelination index across
the cortex (Glasser and Van Essen, 2011). Higher values of the maturational index indicate a
longer myelination trajectory. On average, rich club regions showed a maturational index that
was higher than that of non-rich club regions (p = 0.042; 10 000 permutations).
CONNECTION METRICS
Volumetric coupling
VC between regions connected by rich club connections (mean [sd] = 0.652 [0.118]) was found
to be significantly higher (p < 0.001) then among regions connected by feeder (mean [sd] =
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0.493 [0.159]) and local connections (mean [sd] = 0.455 [0.1799]) (p < 0.001 and p < 0.001
respectively; 10 000 permutations). VC along feeder connections did not differ from local
connections (p = 0.22; 10 000 permutations).
Metrics of physical embedding: number of streamlines and fiber length
Rich club connections showed on average a higher NOS (p < 0.001 | p < 0.001) and included
significantly longer fibers (mean [sd] rich club | feeder | local: 94.5 [9.7] | 66.6 [5.7] | 62.7 [7.4];
Figure 3) as compared to feeder (p < 0.01) and local (p < 0.01) connections, supporting earlier
findings that rich club connections mostly span long distances and constitute a high-cost feature
of brain architecture (Van den Heuvel et al., 2012). Feeder connections were also longer than
local connections (p = 0.0086).
Metrics of microstructural organization: FA, MD, TD, and PD
Across the group of subjects, the set of rich club connections displayed a significantly higher
level of FA as compared to the level of FA of feeder and local connections (p < 0.001 | p < 0.001),
suggesting a higher level of microstructural organization of rich club connections as compared to
other connections in the brain network. Furthermore, feeder connections also showed a higher
level of FA as compared to local connections (p < 0.001). To examine whether the observed
higher FA was not just an effect of the longer distances of rich club tracts, 2 additional analyses
were performed. 1) Examining the FA of only long-distance connections (>90 mm) revealed
that FA values of long-distance rich club connections were also significantly higher than the FA
values of long-distance local connections (p = 0.023 for feeder connections and p < 0.001 for
local connections), underscoring that the high level of white matter microstructural organization
is specific to connections linking rich club nodes. 2) Correcting FA measurements for influences
of physical length by regressing out fiber length across all connections in each individual dataset
still revealed significantly higher FA values for rich club connections as compared to local
connections (p < 0.001), but not with respect to feeder connections (p = 0.15).
The MD of rich club connections showed no significant difference in comparison to
feeder connections, and was significantly lower in comparison to local connections (feeder |
local: p = 0.0879 | p = 0.0016; Figure 3). Rich club connections showed significant lower TD as
compared to both feeder and local connections (p < 0.001 | p < 0.001; Figure 3), suggesting rich
club connections to be more densely packed than feeder and local connections. Furthermore,
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Figure 3 Structural and functional aspects of rich club, feeder, and local connections.
Bar graphs show the class values of rich club, feeder and local connections. Data are shown for multiple
metrics of structural and functional properties of rich club formation. Panel (A) shows the values of volumetric
coupling, between rich club (red), feeder (orange), and local (yellow) connections. Panel (B) shows data on
the number of streamlines (NOS) and projection length of the 3 connection categories. Panel (C) shows
values of FA, MD, PD, TD, and MTR of rich club, feeder, and local connections. FA, fractional anisotropy; MD,
mean diffusivity; PD, parallel diffusion, TD, transverse diffusion; MTR, magnetic transfer ratio. Panel (D) shows
levels of functional coupling of all intra-hemispheric connections (correlation between time series of the
structurally connected regions); marks the inner core of the rich club, reflecting the connections between
the left, right precuneus and left, right superior frontal cortex (see text). Panel (E) shows levels of structural–
functional coupling (SC–FC), with SC based on the number of streamlines and with SC based on FA. Taken
together, data show a significantly higher level of microstructural organization of rich club connections as
compared to the classes of feeder and local connections (e.g., higher FA, lower MD and lower TD, higher
SC–FC NOS/FA coupling). Error bars express variation (standard deviations) of measures for each connection
class over the group of subjects. * = p < 0.05 (permutation testing; 10 000 permutations).

higher levels of PD of rich club connections as compared to feeder and local connections were
found (p < 0.001 | p < 0.001; Figure 3). Feeder connections also showed marginally higher levels
of PD as compared to local connections (p = 0.0428; Figure 3).
Magnetic transfer ratio
Estimations of MTR (indicative of levels of myelination) were examined across the 3 classes
of connections (mean [sd] rich club | feeder | local: 0.3824 [0.0427] | 0.3765 [0.0382] | 0.3703
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[0.0371]). A marginally higher MTR of rich club connections was found as compared to local
connections, but this effect was not significant (p = 0.17). No effect was observed when comparing
rich club and feeder or feeder and local connections (p = 0.50 and p = 0.45, respectively).
Examining the highest degree inner core of the rich club (i.e., selecting the regions occupying
the highest rich club level, comprising the precuneus and superior frontal brain regions in both
hemispheres, here referred to as RC+), did reveal significantly higher levels of MTR as compared
to the set of local connections (p = 0.0014) and to feeder connections (p = 0.0014). Comparing
feeder and local connections revealed no difference in the levels of MTR (p = 0.670; Figure 3).
Functional connectivity
The strengths of resting-state FC on structural rich club connections (mean [sd]: 0.113 [0.062]),
structural feeder connections (0.096 [0.045]), and structural local connections (0.161 [0.039])
was examined. FC of rich club and feeder connections did not differ (p = 0.15), but FC of feeder
connections was significantly lower than that of local connections (p < 0.001). Examining only
intra-hemispheric structural connections, rich club connections showed significantly lower FC
than both feeder (p < 0.001) and local (p < 0.001) connections (mean [sd] rich club | feeder |
local: 0.03 [0.085] | 0.11 [0.037] | 0.14 [0.035]). Feeder connections showed significantly lower
FC than local connections (p = 0.0022; Figure 3).
Structural–functional coupling
The strength of SC–FC coupling based on NOS was examined between rich club (mean [sd]: 0.25
[0.19]), feeder (0.16 [0.07]), and local (0.21 [0.06]) connections (Figure 3). SC–FC coupling based
on NOS was found to be significantly higher for rich club connections as compared to feeder
connections (p = 0.0194), but was not different compared with local connections (p = 0.22). SC–
FC coupling based on FA was found to be the highest for rich club connections (compared with
feeder and local, both p < 0.001). No significant positive couplings were found for MTR SC–FC.
ROBUSTNESS OF FINDINGS
To test for robustness of results pertaining to rich club organization against small changes in the
configuration of the rich club, and thus the categorization of rich club and non-rich club nodes
and rich club, feeder, and local connections (see below), 2 post hoc analyses were performed.
Analysis 1. To simulate small changes in rich club formation, one at the time, a member
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of the rich club was omitted. Next, connections were reclassified into rich club, feeder, and
local based on this new definition of the rich club, and differences in connection metrics were
recomputed.
Analysis 2. The rich club was selected at 1) a lower level of degree, resulting in a more
liberal definition of the rich club (10 nodes, now including the right cingulate gyrus and the
right lingual gyrus), and 2) a higher level of degree, resulting in a more conservative inclusion of
nodes into the rich club (6 nodes, excluding the bilateral insula). Connections were re-classified
and examined for possible differences in connection metrics between connection classes.
Both analysis 1 and analysis 2 showed a high level of consistency with the main results
reported in this article. This level of robustness is consistent with previous studies examining rich
club organization (Harriger et al., 2012; Van den Heuvel et al., 2013a).
DISCUSSION
Examining structural and functional aspects of rich club organization in the human brain, our
findings support and extend the idea that the rich club, a set of highly interconnected highdegree regions, is a high cost feature of brain connectivity. Besides showing high density of
connections and forming an integrated subnetwork, as previously suggested (Zamora-Lopez
et al., 2010; Harriger et al., 2012; Van den Heuvel et al., 2012), our findings indicate that rich
club nodes and connections exhibit high levels of wiring volume, high levels of white matter
organization, high levels of metabolic energy usage, long maturational trajectories, more
variable regional time series, and more positive inter- regional functional couplings.
Combining measurements of DWI, MTI, and fMRI, and several aspects of structural
and functional brain connectivity of rich club organization were examined. Our findings
support the observation that central brain hubs (e.g., Bassett et al., 2008; Hagmann et al., 2008;
Buckner et al., 2009; Lynall et al., 2010; Tomasi and Volkow, 2010; Van den Heuvel et al., 2010;
Van den Heuvel and Sporns, 2011; Zuo et al., 2012), in addition to being individually rich in
terms of their overall number of connections, show above random levels of interconnectivity.
The combination of these 2 topological features suggests that they form a topological central
subnetwork or collective, the brain’s rich club (Zamora-Lopez et al., 2009; Van den Heuvel and
Sporns, 2011; Harriger et al., 2012). This dense organization of rich club connections was again
found in the present study carried out on the regional scale, together with the observation of
rich club connections (on average) showing the highest streamline count and spanning longer
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distances (Figure 3) as compared to connections linking peripheral, i.e. non-rich club, nodes
(Van den Heuvel and Kahn, 2012; Van den Heuvel et al., 2013a). Going beyond these findings,
the current study shows that rich club connections are characterized by several other “rich”
or costly aspects of brain architecture. First, the class of rich club connections showed a high
level of microstructural organization as compared to the class of feeder and local connections,
as reflected by significantly higher levels of FA and low levels of MD and TD. In addition, the
inner core of the rich club revealed a significantly higher MTR, indicative of a higher level of
myelination of core rich club connections. Second, underscoring the cohesive character of the
rich club as a dense structurally interconnected collective, rich club nodes were found to show
a high level of VC. Positive levels of VC have been suggested to reflect aspects of structural
connectivity (He et al., 2007) and the coupling of maturational processes (Raznahan et al.,
2011). Third, a meta-analysis of regional energy metabolism revealed a significantly higher GI
of rich club nodes as compared to peripheral nodes (Figure 2), suggesting an above-average
level of aerobic energy metabolism of rich club members as compared to other brain regions.
Fourth, examining functional properties of rich club connections by analyzing resting fMRI time
series revealed a larger number of functional connections of rich club nodes, as well as distinct
functional dynamics of rich club and feeder connections as compared to connections linking local
nodes. Fifth, a meta-analysis of maturational trajectories of the white matter closely associated
with cortical regions (Fuster, 1997; Glasser and Van Essen, 2011) suggests a significantly longer
maturational trajectory of white matter axonal pathways of rich club regions as compared to the
pathways of non-rich club regions.
With its dense level of connectivity, the rich club has been noted to represent a relatively
high-cost feature of neural architecture. However, offsetting its high wiring cost, it may confer
several advantages to the network as a whole. It has been noted that rich club organization
may ensure short communication relays (Van den Heuvel et al., 2012), provide a high level of
robustness to random breakdowns (Paul et al., 2006) and be beneficial for maintaining a wide
repertoire of functions and flexible dynamics (Bassett et al., 2012; Watanabe, 2013). In this context,
it is tempting to hypothesize that rich club formation in neural systems might be the result of a
compromise between obtaining low levels of wiring cost on one side, and gaining high levels of
performance on the other. Modern theories of neural network formation have indeed suggested
that the architecture of neural systems may be driven by a potential “tradeoff” between cost
of wiring and communication efficiency (Chklovskii et al., 2002; Laughlin and Sejnowski, 2003;
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Kaiser and Varier, 2011; Bullmore and Sporns, 2012); ensuring high levels of both local and global
information integration by creating short and efficient communication paths (Bassett et al., 2009;
Van den Heuvel et al., 2009), while at the same time conserving material resources (Laughlin
and Sejnowski, 2003; Kaiser and Hilgetag, 2006). Our study provides additional support and
further extends this idea of a cost-efficiency tradeoff of neural circuitry formation. High levels of
white matter organization, as suggested by high levels of FA and MTR, may impose a high cost
in terms of material resources, but they may also confer important advantages for information
transmission between hubs of the brain. For example, high levels of myelination and more
densely packed axonal pathways enable shorter and faster communication paths by promoting
shorter transmission delays, which in turn may facilitate synchronous information processing,
promote robustness, and reduce noise during communication (Laughlin and Sejnowski, 2003;
Kaiser and Hilgetag, 2006; Bullmore and Sporns, 2012).
Synchronization and information transfer between brain hubs might aid in the centralized
processing and in the efficient integration of information between different functional domains of
the brain. A high level of information integration taking place in rich club regions is supported by
the findings of cellular studies examining the morphological features of intracortical connectivity,
showing longer dendritic trees and higher spine density in “high-integration regions” (e.g., frontal
BA 44, temporal BA 22, parietal BA 39, parietal BA 7) as compared to primary “low-integration”
regions (e.g., primary visual BA 11, primary motor BA 4 and primary sensory BA 3,1,2) (Jacobs
et al., 2001; Hutsler and Zhang, 2010). Indeed, our finding of more diverse functional time series
of hub regions may be indicative of a large repertoire of neural processing and interactions to
take place in rich club regions. Furthermore, rich club connections, reflecting axonal pathways
responsible for the transmission of information between the members of the rich club, displayed
low levels of functional coupling during rest, as compared to connections between peripheral
nodes. These observations suggest that the rich club does not form a single coherent functional
community, but rather provides the infrastructure that allows the integration of information from
different sets of functional domains of the brain at different times (Zamora-Lopez et al., 2010;
Van den Heuvel and Sporns, 2011). As all of our current observations are limited to the brain “at
rest,” reflecting an endogenous or intrinsic state of brain activity and connectivity, future studies
examining the dynamic reconfiguration of the rich club during cognitive tasks and perturbations
(Bassett et al., 2012; Fornito et al., 2012) are of high interest.
A more elaborate microstructural organization combined with a high traffic volume
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of neuronal communication in rich club regions would likely put high demands on energy
consumption. Indeed, we note that rich club nodes tend to show a high overlap with regions
that display high levels of metabolic activity. Studies examining the metabolic demand of brain
regions showed a strong correlation between measures of metabolic activity and functional and
structural brain organization (Varkuti et al., 2010; Vaishnavi et al., 2011). We therefore performed
a meta-analysis of regional energy metabolism and its relation to rich club organization by
correlating data on rich club regions and the metabolic data of Vaishnavi et al. (2011), specifically
their data on the GI, a measure of aerobic glycolysis. The analysis revealed that rich club regions
tend to show a distinct metabolic profile (Figure 2). This observation is in line with an earlier metaanalysis indicating a positive correlation between the GI and measurements of cerebral blood
volume, and high betweenness centrality in structural and functional networks (Bullmore and
Sporns, 2012; Liang et al., 2013). A further meta-analysis indicated that white matter associated
with rich club regions matures over longer time spans. Ranking brain regions according to the
order in which their white matter pathways myelinate during brain development (Fuster, 1997;
Glasser and Van Essen, 2011) revealed that rich club regions, on average, show a maturational
trajectory that is longer than that of non-rich club regions (Figure 2), in particular the parietal
members of the rich club. These findings tend to suggest that white matter tracts associated with
rich club regions might be among the latest to mature during brain development.
Previous anatomical studies have noted the tendency of cortical hubs in the macaque
brain to be “richly” connected (Goldman-Rakic, 1988) and to form interlinked “hub complexes”
(Sporns et al., 2007). Although caution is warranted when inferring direct homology of brain
regions and connections across species (Sereno and Tootell, 2005), observations of structural
rich clubs in both the macaque (Harriger et al., 2012) and cat cortex (Zamora-Lopez et al., 2009,
2011) seem to highlight pathways and regions that have some overlap with the rich club of
the human brain (Harriger et al., 2012). This high consistency of both the spatial as well as the
topological properties of the rich club system across species may suggest a possible preservation
of the rich club across species. Combined with recent evidence for a possible genetic control of
functional brain network organization in both the adult (Glahn et al., 2010; Fornito et al., 2011)
and adolescent (Van den Heuvel et al., 2013b) brain, these findings may point to a significant
role for genetic factors in rich club organization as well as in its preservation across species.
Some methodological remarks can be made. First, in our analysis, multiple
measurements of structural and functional connectivity of rich club formation on the macroscopic
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scale were examined using different variants of MR imaging. However, other, likely crucial,
aspects of neuronal architecture remain out of reach for the imaging techniques used here.
For example, studies examining axonal connectivity on the microscopic scale have suggested
that axonal caliber, its ratio to thickness of the myelin sheet, as well as the distribution of axonal
diameter across pathways play an important role in both the speed as well as the type of signal
transferred between neurons (Schroder et al., 1988; Perge et al., 2009). New imaging techniques
might provide more detailed in vivo measurements of axonal microstructure in the near future
(Johansen-Berg and Rushworth, 2009; Jbabdi and Johansen-Berg, 2011). These new techniques
may provide more insight into the contribution of intra- and extracellular compartments to
the diffusion signal, the presence and concentration of different types of macromolecules,
including a more direct measurement of myelin content, and axonal diameter (Alexander et al.,
2010). These future studies will allow further insights into the structural and functional aspects
of the rich club, and a potential cost efficiency tradeoff of rich club formation in the human
brain. Second, our results revealed a significantly higher level of functional coup- ling along
structural local connections, as compared to structural rich club and feeder connections. It has
been noted, however, that correlation estimates of functional coupling may be (to some extent)
overestimated by spatial smoothing of fMRI data, an effect that may include a potential bias to
our results as local connections were found to span shorter distances than rich club and feeder
connections (Figure 3). To exclude this potential confound, no additional spatial smoothing was
applied in our study, but due to scanner-related properties, fMRI data are likely to display a
certain level of inherent spatial smoothing. To examine the possible influence of this effect, a
post hoc analysis was performed in which a spatial constraint was applied to the data. Examining
only connections that had a physical length of longer than 90 mm (as measured by the length
of the underlying SC connection, other cutoffs resulted in similar findings [Van den Heuvel et al.,
2012]), functional coupling of local connections remained significantly higher than functional
coupling of rich club connections (p = 0.006). Such low levels of functional coupling of rich club
connections support the hypothesis that the rich club does not constitute a single functional
community, but rather forms a distributed system across multiple communities that show, during
rest, segregated levels of neural interaction (Zamora-Lopez et al., 2010; Van den Heuvel and
Sporns, 2011; Harriger et al., 2012; Van den Heuvel et al., 2012).
In summary, our findings support and extend the notion that rich club organization
represents a high-cost, but also high-value feature of human brain architecture. Offsetting its
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high cost, the rich club may facilitate high-volume and fast neural communication, and therefore
promote efficient integration of information between remote parts of the brain network,
processes known to play an important role in healthy brain functioning (Song et al., 2008; Bassett
et al., 2009; Cole et al., 2012; Li et al., 2009; Van den Heuvel et al., 2009; Zalesky et al., 2011).

150

Structional and Functional Costs and Benefits of Rich Club Organization

Chapter 06

REFERENCES
Adachi Y, Osada T, Sporns O, Watanabe T, Matsui
T, Miyamoto K, Miyashita Y (2012). Functional
connectivity between anatomically unconnected
areas is shaped by collective network-level effects in
the macaque cortex. Cereb Cortex 22, 1586–92.
Alexander DC, Hubbard PL, Hall MG, Moore EA, Ptito M,
Parker GJ, Dyrby TB (2010). Orientationally invariant
indices of axon diameter and density from diffusion
MRI. Neuroimage 52, 1374–89.
Andersson JL, Skare S (2002). A model-based method for
retrospective correction of geometric distortions in
diffusion-weighted EPI. Neuroimage 16, 177–99.
Andersson JL, Skare S, Ashburner J (2003). How to correct
susceptibility distortions in spin-echo echo-planar
images: application to diffusion tensor imaging.
Neuroimage 20, 870–88.
Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A
(2000). In vivo fiber tractography using DT-MRI data.
Magn Reson Med 44, 625–32.
Bassett DS, Bullmore E, Verchinski BA, Mattay VS,
Weinberger DR, Meyer-Lindenberg A (2008).
Hierarchical organization of human cortical networks
in health and schizophrenia. J Neurosci 28, 9239–48.
Bassett DS, Bullmore ET (2009). Human brain networks in
health and disease. Curr Opin Neurol 22, 340–7.
Bassett DS, Bullmore ET, Meyer-Lindenberg A, Apud JA,
Weinberger DR, Coppola R (2009). Cognitive fitness
of cost-efficient brain functional networks. PNAS 106,
11747–52.
Bassett DS, Wymbs NF, Rombach MP, Porter MA, Mucha
PJ, Grafton ST (2012). Task-based core-periphery
organisation of human brain dynamics. PLoS Comput
Biol 9:e1003171.
Beaulieu C, Allen PS (1994). Determinants of anisotropic
water diffusion in nerves. Magn Reson Med 31, 394–
400.
Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H,
Hedden T, Andrews-Hanna JR, Sperling RA, Johnson
KA (2009). Cortical hubs revealed by intrinsic
functional connectivity: mapping, assessment of
stability, and relation to Alzheimer’s disease. J
Neurosci 29, 1860–73.
Bullmore E, Sporns O (2009). Complex brain networks:

graph theoretical analysis of structural and functional
systems. Nat Rev Neurosci 10, 186–98.
Bullmore E, Sporns O (2012). The economy of brain
network organization. Nat Rev Neurosci 13, 336–49.
Chang LC, Jones DK, Pierpaoli C (2005). RESTORE: robust
estimation of tensors by outlier rejection. Magn
Reson Med 53, 1088–95.
Chklovskii DB, Schikorski T, Stevens CF (2002). Wiring
optimization in cortical circuits. Neuron 34, 341–7.
Cole MW, Yarkoni T, Repovs G, Anticevic A, Braver TS
(2012). Global connectivity of prefrontal cortex
predicts cognitive control and intelligence. J
Neurosci 32, 8988–99.
Colizza V, Flammini A, Serrano MA, Vespignani A (2006).
Detecting rich-club ordering in complex networks.
Nat Phys 2:5.
De Reus MA, van den Heuvel MP (2013). Estimating
false positives and negatives in brain networks.
Neuroimage 70, 402–9.
Fischl B, van der Kouwe A, Destrieux C, Halgren E,
Segonne F, Salat DH, Busa E, Seidman LJ, Goldstein
J, … Dale AM (2004). Automatically parcellating the
human cerebral cortex. Cereb Cortex 14, 11–22.
Fornito A, Harrison BJ, Zalesky A, Simons JS (2012).
Competitive and cooperative dynamics of large-scale
brain functional networks supporting recollection.
PNAS 109, 12788–93.
Fornito A, Zalesky A, Bassett DS, Meunier D, EllisonWright I, Yucel M, Wood SJ, Shaw K, O’Connor J,
… Bullmore ET (2011). Genetic influences on costefficient organization of human cortical functional
networks. J Neurosci 31, 3261–70.
Fuster JM (1997). Network memory. Trends Neurosci. 20,
451–9.
Glahn DC, Winkler AM, Kochunov P, Almasy L, Duggirala
R, Carless MA, Curran JC, Olvera RL, Laird AR, ...
Blangero J (2010). Genetic control over the resting
brain. PNAS 107, 1223–8.
Glasser MF, Van Essen DC (2011). Mapping human
cortical areas in vivo based on myelin content as
revealed by T1- and T2-weighted MRI. J Neurosci 31,
11597–616.

151

PART III

THE RICHNESS OF THE CONNECTOME

Goldman-Rakic PS (1988). Topography of cognition:
parallel distributed networks in primate association
cortex. Annu Rev Neurosci 11, 137–56.
Greicius MD, Supekar K, Menon V, Dougherty RF
(2009). Resting-state functional connectivity reflects
structural connectivity in the default mode network.
Cereb Cortex 19, 72-8.
Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ,
Wedeen VJ, Sporns O (2008). Mapping the structural
core of human cerebral cortex. PLoS Biol 6:e159.

Liang X, Zou Q, He Y, Yang Y (2013). Coupling of functional
connectivity and regional cerebral blood flow reveals
a physiological basis for network hubs of the human
brain. PNAS 110, 1929–34.
Lynall ME, Bassett DS, Kerwin R, McKenna PJ, Kitzbichler
M, Muller U, Bullmore E (2010). Functional
connectivity and brain networks in schizophrenia. J
Neurosci. 30, 9477–87.

Harriger L, van den Heuvel MP, Sporns O (2012). Rich club
organization of macaque cerebral cortex and its role
in network communication. PLoS One 7:e46497.

Mandl RC, Schnack HG, Luigjes J, van den Heuvel MP,
Cahn W, Kahn RS, Hulshoff Pol HE (2010). Tract-based
analysis of magnetization transfer ratio and diffusion
tensor imaging of the frontal and frontotemporal
connections in schizophrenia. Schizophr Bull 36,
778–87.

He Y, Chen ZJ, Evans AC (2007). Small-world anatomical
networks in the human brain revealed by cortical
thickness from MRI. Cereb Cortex 17, 2407–19.

McAuley JJ, da Fontoura Costa L, Caetano TS (2007).
Rich-club phenomena across complex network
hierarchies. Appl Phys Lett 91:084103.

Hutsler JJ, Zhang H (2010). Increased dendritic spine
densities on cortical projection neurons in autism
spectrum disorders. Brain Res 1309, 83–94.

Mori S, van Zijl PC (2002). Fiber tracking: principles and
strategies—a technical review. NMR Biomed 15, 468–
80.

Jacobs B, Schall M, Prather M, Kapler E, Driscoll L, Baca
S, Jacobs J, Ford K, Wainwright M, Treml M (2001).
Regional dendritic and spine variation in human
cerebral cortex: a quantitative golgi study. Cereb
Cortex 11, 558–71.

Paul G, Sreenivasan S, Havlin S, Eugene Stanley H (2006).
Optimization of network robustness to random
breakdowns. Phys 370:6.

Jbabdi S, Johansen-Berg H (2011). Tractography: where
do we go from here? Brain Connect 1, 169–83.
Johansen-Berg H, Rushworth MF (2009). Using diffusion
imaging to study human connectional anatomy.
Annu Rev Neurosci 32, 75–94.
Jones DK (2008). Studying connections in the living
human brain with diffusion MRI. Cortex 44, 936–52.
Kaiser M, Hilgetag CC (2006). Nonoptimal component
placement, but short processing paths, due to longdistance projections in neural systems. PLoS Comput
Biol 2:e95.
Kaiser M, Varier S (2011). Evolution and development
of brain networks: from Caenorhabditis elegans to
Homo sapiens. Network 22, 143–47.
Laughlin SB, Sejnowski TJ (2003). Communication in
neuronal networks. Science 301, 1870–4.
Li Y, Liu Y, Li J, Qin W, Li K, Yu C, Jiang T (2009). Brain
anatomical network and intelligence. PLoS Comput
Biol 5:e1000395.

152

Perge JA, Koch K, Miller R, Sterling P, Balasubramanian V
(2009). How the optic nerve allocates space, energy
capacity, and information. J Neurosci 29, 7917–28.
Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen
SE (2012). Spurious but systematic correlations in
functional connectivity MRI networks arise from
subject motion. Neuroimage 59, 2142–54.
Raznahan A, Lerch JP, Lee N, Greenstein D, Wallace GL,
Stockman M, Clasen L, Shaw PW, Giedd JN (2011).
Patterns of coordinated anatomical change in human
cortical development: a longitudinal neuroimaging
study of maturational coupling. Neuron 72, 873–84.
Schroder JM, Bohl J, von Bardeleben U (198). Changes
of the ratio between myelin thickness and axon
diameter in human developing sural, femoral, ulnar,
facial, and trochlear nerves. Acta Neuropathol 76,
471–83.
Sereno MI, Tootell RB (2005). From monkeys to humans:
what do we now know about brain homologies? Curr
Opin Neurobiol15, 135–44.
Song M, Zhou Y, Li J, Liu Y, Tian L, Yu C, Jiang T (2008).
Brain spontaneous functional connectivity and
intelligence. Neuroimage 41, 1168–76.

Structional and Functional Costs and Benefits of Rich Club Organization

Sporns O, Honey CJ, Kotter R (2007). Identification and
classification of hubs in brain networks. PLoS ONE
2:e1049.
Sporns O, Tononi G, Kotter R (2005). The human
connectome: a structural description of the human
brain. PLoS Comput Biol 1: e42.
Tomasi D, Volkow ND (2010). Functional connec-tivity
density mapping. PNAS 107, 9885–90.
Vaishnavi SN, Vlassenko AG, Rundle MM, Snyder AZ,
Mintun MA, Raichle ME (2011). Regional aerobic
glycolysis in the human brain. PNAS 107, 17757–62.
Van

Buchem MA (1999). Magnetization transfer:
applications in neuroradiology. J Comput Assist
Tomogr 23 (Suppl 1), S9–18.

Van den Heuvel MP, Kahn RS, Goni J, Sporns O (2012).
A high cost, high capacity backbone for global brain
communication. PNAS 109, 11372–7.
Van den Heuvel MP, Mandl RCW, Stam CJ, Kahn RS,
Hulshoff Pol HE (2010). Aberrant frontal and
temporal network structure in schizophrenia: a graph
theoretical analysis. J Neurosci 30, 15915-26.
Van den Heuvel MP, Sporns O (2011). Rich-club
organization of the human connectome. J Neurosci
31, 15775-86.
Van den Heuvel MP, Sporns O, Collin G, Scheeuwe T,
Mandl RCW, Cahn W, Goni J, Hulshoff Pol HE, Kahn
RS (2013a). Abnormal rich club organization and
functional brain dynamics in schizophrenia. JAMA
Psychiatry 70, 783-92.
Van den Heuvel MP, Stam CJ, Boersma M, Hulshoff Pol HE
(2008). Small-world and scale-free organization of
voxel based resting-state functional connectivity in
the human brain. Neuroimage 43, 528-39.
Van den Heuvel MP, Stam CJ, Kahn RS, Hulshoff Pol HE
(2009). Efficiency of functional brain networks and
intellectual performance. J Neurosci 29, 7619–24.

Chapter 06

Van den Heuvel MP, van Soelen IL, Stam CJ, Kahn RS,
Boomsma DI, Hulshoff Pol HE (2013b). Genetic
control of functional brain network efficiency in
children. Eur Neuropsychopharmacol 23, 19–23.
Varkuti B, Cavusoglu M, Kullik A, Schiffler B, Veit R, Yilmaz
O, Rosenstiel W, Braun C, Uludag K, ... Sitaram R
(2010). Quantifying the link between anatomical
connectivity, gray matter volume and regional
cerebral blood flow: an integrative MRI study. PLoS
One 6:e14801.
Watanabe T (2013). Rich-Club network topology
to minimize synchronization cost due to phase
difference
among
frequencysynchronized
oscillators. Phys A 392:9.
Wolff SD, Balaban RS (1994). Magnetization transfer
imaging: practical aspects and clinical applications.
Radiology 192, 593–9.
Zalesky A, Fornito A, Seal ML, Cocchi L, Westin CF,
Bullmore ET, Egan GF, Pantelis C (2011). Disrupted
axonal fiber connectivity in schizophrenia. Biol
Psychiatry 69, 80–9.
Zamora-Lopez G, Zhou C, Kurths J (2010). Cortical hubs
form a module for multisensory integration on top of
the hierarchy of cortical networks. Front Neuroinform
4:1.
Zamora-López G, Zhou C, Kurths J (2011). Exploring
brain function from anatomical connectivity. Front
Neurosci 5:83.
Zamora-López G, Zhou C, Kurths J (2009). Graph analysis
of cortical networks reveals complex anatomical
communication substrate. Chaos 19:015117.
Zuo XN, Ehmke R, Mennes M, Imperati D, Castellanos FX,
Sporns O, Milham MP (2012). Network centrality in
the human functional connectome. Cereb Cortex 22,
1862-75.

153

07
IMPAIRED RICH CLUB CONNECTIVITY IN UNAFFECTED
SUBLINGS OF SCHIZOPHRENIA PATIENTS

Guusje Collin
René S Kahn
Marcel A de Reus
Wiepke Cahn
Martijn P van den Heuvel

Schizophrenia Bulletin 2014; 40 (2): 438-448

PART III

THE RICHNESS OF THE CONNECTOME

ABSTRACT
Schizophrenia has been conceptualized as a disorder of brain connectivity. Recent studies suggest
that brain connectivity may be disproportionally impaired among the so-called rich club. This
small core of densely interconnected hub regions has been hypothesized to form an important
infrastructure for global brain communication and integration of information across different
systems of the brain. Given the heritable nature of the illness, we hypothesized that connectivity
disturbances, including abnormal rich club connectivity, may be related to familial vulnerability
for schizophrenia. To test this hypothesis, both schizophrenia patients and unaffected siblings
of patients were investigated. Rich club organization was examined in networks derived from
diffusion-weighted imaging in 40 schizophrenia patients, 54 unaffected siblings of patients,
and 51 healthy control subjects. Connectivity between rich club hubs was differentially reduced
across groups (p = 0.014), such that it was highest in controls, intermediate in siblings (7.9%
reduced relative to controls), and lowest in patients (19.6% reduced compared to controls).
Furthermore, in patients, lower levels of rich club connectivity were found to be related to
longer duration of illness and worse overall functioning. Together, these findings suggest that
impaired rich club connectivity is related to familial, possibly reflecting genetic, vulnerability for
schizophrenia. Our findings support a central role for abnormal rich club organization in the
etiology of schizophrenia.

KEYWORDS
Connectome, diffusion-weighted imaging, familial vulnerability, brain network
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INTRODUCTION
Brain function depends on effective communication among regions linked within a complex
system of white matter pathways, known as the human connectome (Sporns et al., 2005).
Disruption or aberrant formation of this central system, be it through impaired connectivity
or abnormal network architecture, has been proposed to lead to impaired processing and
integration of information and, ultimately, brain dysfunction (Van den Heuvel and Sporns,
2011; Van den Heuvel et al., 2013a). Schizophrenia, a severe psychiatric disorder characterized
by hallucinations and delusions, decreased social interaction, and cognitive impairment, has
long been hypothesized as a disorder of brain connectivity (Kraepelin, 1896; Wernicke, 1906;
Bleuler, 1911; Friston, 1998; Stephan et al., 2009; Fornito et al., 2012). Indeed, imaging studies
have provided extensive evidence for impaired white matter connectivity in schizophrenia
(Ellison-Wright and Bullmore, 2009; Whitford et al., 2011; Zalesky et al., 2011; Van den Heuvel
and Kahn, 2011). In addition, graph analytical studies, examining the topology of the brain
network at a systems level, have shown reduced efficiency and increased connection distance in
schizophrenia, as well as a less central position of frontal and parietal hubs (Bassett et al., 2008;
Lynall et al., 2010; Skudlarski et al., 2010; Van den Heuvel et al., 2010).
In the context of a possible disruption of information integration in schizophrenia, the
presence of so-called ‘brain hubs’ may be of particular interest because network hubs have been
suggested to play a critical role in enabling efficient communication between distributed parts of
a dynamic system (Sporns et al., 2007; Hagmann et al., 2008; Van den Heuvel et al., 2012; Harriger
et al., 2012; Bullmore and Sporns, 2012). Within the healthy brain, hub regions have been noted
not only to be individually rich in connectivity but also to form a densely interconnected “core”
or “rich club” (Harriger et al., 2012; Van den Heuvel and Sporns, 2011; Collin et al., 2014). Due
to its central position in the network, the rich club has been proposed to play an important role
in enabling global neural signaling and interregional brain communication and integration (Van
den Heuvel et al., 2012; Van den Heuvel and Sporns, 2013). In this context, impaired wiring of this
central system may be hypothesized to have detrimental effects on global communication in the
brain. Indeed, recent studies examining rich club topology in schizophrenia have demonstrated
impaired rich club connectivity (Van den Heuvel et al., 2013a; Yu et al., 2013). As the importance
of genetic influences in the etiology of schizophrenia has been firmly established (Cardno and
Gottesman, 2000; Kendler, 2003) and structural brain abnormalities in schizophrenia (EllisonWright and Bullmore, 2009; Wright et al., 2000; Haijma et al., 2013) have been associated with
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genetic factors (Baaré et al., 2001; Hulshoff Pol et al., 2004; Ettinger et al., 2012; Van Haren
et al., 2012), these disturbances in rich club connectivity may be related to familial risk for
schizophrenia. Studying unaffected first-degree relatives of schizophrenia patients, who share in
the genetic risk for schizophrenia but lack the influence of psychosis or antipsychotic medication
(Whalley et al., 2005; Muñoz Maniega et al., 2008), provides the opportunity to study such a
hypothesis. In this study, rich club connectivity is examined in schizophrenia patients, unaffected
siblings of patients, and healthy controls, to determine whether brain network disturbances are
related to familial, possibly reflecting genetic, vulnerability for the disorder.
MATERIALS AND METHODS
SUBJECTS
A total of 145 participants were included in this study, including 40 schizophrenia patients, 54
unaffected siblings of schizophrenia patients, and 51 healthy controls. The patient group was
previously examined (as a replication data set), in a study on structural network connectivity in
schizophrenia (Van den Heuvel et al., 2013a). Extending this previous investigation, this study
examines connectomic effects in unaffected siblings of patients. Participants were recruited at
the University Medical Center Utrecht, during an ongoing longitudinal study in the Netherlands
(Genetic Risk and Outcome of Psychosis). The affiliated medical ethics committee approved the
study, and all subjects provided written informed consent prior to participation.
Demographics are described in Table 1. For all participants, presence or absence of
current and lifetime psychopathology was established using the Comprehensive Assessment
of Symptoms and History interview (Andreasen et al., 1992). Patients were eligible for the
study if they met Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM IV)
(American Psychiatric Association, 1994) criteria for schizophrenia or related spectrum disorders
(see Table 1 for details). Siblings were included if they had no diagnosis of a current or lifetime
psychotic disorder, including bipolar disorder. Healthy controls were included if they had no
current or lifetime psychotic disorder and no first- or second-degree family members with a
lifetime psychotic disorder.
For patients, the age of onset of first psychosis was recorded and the total duration
of illness calculated. The type and daily dose of antipsychotic therapy was also recorded,
and the dose of antipsychotic medication was converted to a chlorpromazine equivalent
using conversion rates (Kroken et al., 2009). Functioning was assessed using the Camberwell
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Assessment of Need (Phelan et al., 1995). Symptom severity was assessed with the Positive And
Negative Syndrome Scale (PANSS) (Kay et al., 1987). In siblings and controls, the presence and
severity of subclinical symptoms was assessed using the Community Assessment of Psychic
Experiences (CAPE) (Stefanis et al., 2002). All subjects were interviewed with regard to lifetime
cannabis abuse or dependency. In addition, urine samples were acquired from each participant
at the time of scanning, and these were screened for the presence of cocaine, amphetamine,
and/or cannabis. Group-differences in demographic and clinical characteristics were statistically
tested using ANOVA for continuous and chi-squared tests for categorical variables (Table 1).
PROCEDURES AND MEASURES
Imaging and preprocessing
Magnetic Resonance Imaging (MRI) was performed on a 1.5 Tesla clinical MRI scanner at the
University Medical Center Utrecht, including an anatomical T1 scan for tissue classification and
cortical parcellation and a diffusion-weighted scan (2 × 32 diffusion directions [Van den Heuvel
et al., 2010; Mandl et al., 2013]) for the reconstruction of white matter pathways. Freesurfer
software (Fischl, 2012) was applied to the anatomical T1 scan, to parcellate the cortical surface
into 68 distinct regions (i.e., 34 cortical regions per hemisphere) for each individual subject. The
diffusion-weighted images were realigned and corrected (Andersson and Skare, 2002) and a
tensor was fitted to the diffusion profile within each voxel (Chang et al., 2005). Next, white matter
pathways were reconstructed based on the fiber assignment by continuous tracking algorithm
(Mori and Van, Zijl 2002). The T1 scan was realigned with diffusion-weighted scan, for anatomical
overlap between cortical parcellation maps and the collection of reconstructed tractography
streamlines. The Supplementary Information (SI) provides acquisition and preprocessing details.
Connectome reconstruction
For each subject, a brain network was reconstructed from the total set of cortical grey matter
regions and reconstructed white matter tracts. Each brain network was represented as a graph
G = (V, E), consisting of a collection of nodes V and a set of connections E between nodes.
Nodes (V) represented cortical brain regions (N = 68), and connections E represented, from the
total collection of white matter tracts, those streamlines interconnecting 2 nodes. To minimize
possible false-positive fiber streamlines (De Reus and Van den Heuvel, 2013a), a connection e
between two regions i and j was included if at least 5 streamlines were present that touched
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Table 1 Demographic and clinical characteristics.
Controls
(N = 51)

Siblings
(N = 54)

Patients
(N = 40)

p

Age, mean (sd)

29.4 (8.6)

28.4 (6.8)

30.6 (6.1)

ns

Gender, M/F

22/29

19/35

36/4 *

<0.001

Psychiatric diagnosis
Schizophrenia, N (%)

31 (75.6)

Schizoaffective disorder, N (%)

6 (14.6)

Other a, N (%)

3 (9.8)

PANSS symptoms b
Total, mean (sd) [range]

46.9 (12.4) [30 – 83]

Positive, mean (sd) [range]

10.6 (3.8) [7 – 24]

Negative, mean (sd) [range]

12.6 (3.9) [7 – 23]

General, mean (sd) [range]

23.9 (6.2) [16 – 42]

CAPE subclinical symptoms c
Total, mean (sd) [range]

10.5 (7.6) [0 – 31]

11.0 (8.1) [0 – 38]

ns

Positive, mean (sd) [range]

1.8 (2.4) [0 – 9]

2.0 (2.1) [0 – 9]

ns

Negative, mean (sd) [range]

5.1 (3.8) [0 – 15]

5.3 (4.8) [0 – 25]

ns

Depressive, mean (sd) [range]

3.5 (2.6) [0 – 12]

3.6 (2.8) [0 – 13]

ns

Age of illness onset, mean (sd)

22.5 (4.9)

Duration of illness in years, mean (sd)

7.6 (4.0)

Global functioning d, mean (sd)

5.8 (3.2)

Antipsychotic medication
Typical/atypical/none/unknown, N e

3/30/2/5

CPZ eq. dose, mean (sd) [range] f

265.4 (166.4) [5 – 625]

Cannabis, lifetime abuse/depend, N (%)

2 (3.9)

1 (1.9)

4 (10)

ns

Urine drug screening at time of scan
Any, N (%)

3 (5.9)

3 (5.6)

3 (7.5)

ns

Cocaine, N (%)

0 (0)

1 (1.9)

2 (5.0)

ns

Amphetamine, N (%)

0 (0)

0 (0)

0 (0)

ns

Cannabis, N (%)
Current or lifetime substance use, N (%)

3 (5.9)

2 (3.7)

1 (2.5)

ns

4 (7.8)

4 (7.4)

6 (15.0)

ns

Other diagnoses: schizophreniform disorder and psychotic disorder not otherwise specified; b Positive and Negative
Syndrome Scale (PANSS); c Community assessment of Psychic experiences (CAPE); d Global functioning as measured by the
total number of met and unmet needs on the Camberwell Assessment of Need (CAN); e ‘typical’ includes haloperidol (N =
1), flupenthixol (N = 1) and perfenazine (N = 1); ‘atypical’ includes risperidone (N = 8), olanzapine (N = 10), quetiapine (N =
3), clozapine (N = 8), aripiprazole (N = 1); ‘none’ means no current antipsychotic therapy (N = 2); f CPZ eq. = Chlorpromazine
equivalent dose calculated using conversion rates (Kroken et al., 2009), mean (sd) dose over subjects on antipsychotics; p =
p-value; ns = non-significant; * indicates the subject group that is statistically different from other subject groups.

a

160

Impaired Rich Club Connectivity in Siblings of Schizophrenia Patients

Chapter 07

both cortical regions i and j (Cheng et al., 2012; Verstraete et al., 2012). For each subject, a matrix
representation of the brain network was populated with all connections E, weighted according to
the number of reconstructed streamlines (NOS). In addition, taking into account the influence of
region size on NOS, connections were weighted according to streamline density by dividing the
number of streamlines connecting two regions by the mean volume of the connected regions.
Overall connectome organization
Structural brain networks were examined in terms of a number of graph metrics, together
providing information on their global and local organization (Fornito et al., 2012; Bullmore
and Sporns, 2009; Van den Heuvel and Hulshoff Pol, 2009). Global metrics included (1) overall
connectivity strength S, computed for each subject as the sum of all connections in the brain
network; (2) global efficiency GE, computed as the average inverse shortest path length; (3)
overall clustering C, computed as the average likelihood that the neighbors of a node are
interconnected. In addition to global measures, node-specific graph metrics, i.e., node-specific
levels of Si, Ei and Ci were computed. Network metrics were all based on NOS-weighted
networks and computed using the MATLAB-based Brain Connectivity Toolbox (http://www.
brain-connectivity-toolbox.net) (Rubinov and Sporns, 2010).
Rich club organization
Rich club organization has been described in detail previously (Van den Heuvel et al., 2012;
Harriger et al., 2012; Van den Heuvel and Sporns, 2011; Collin et al., 2014; Zamora-López et al.,
2010). In short, rich club organization of a network is characterized by an above-average level
of connectivity between the high-degree nodes of a network, over what can be expected by
chance (Colliza et al., 2006). If a rich club is present, the high-degree (‘rich’) nodes of the network
are tightly interconnected, forming a densely connected core or ‘club’ of nodes: the rich club.
Rich club definition
In this study, rich club definition was based on previous studies on rich club connectivity on both
low- and high-resolution networks (Van den Heuvel et al., 2012; Van den Heuvel and Sporns,
2011; Collin et al., 2014). Using an a priori defined rich club selection ensured that the rich club
was selected unbiased across the 3 subject groups. Based on the previous investigations, rich
club regions included the superior frontal gyrus, precuneus, superior parietal gyrus, and insula,
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all bilateral (in total 11.8% of the network nodes). The participation of these brain regions in the
rich club is based on degree (unweighted) and has been well validated by previous studies in
human and nonhuman subjects (Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2012;
2013a; Harriger et al., 2012; Collin et al., 2014; De Reus and Van den Heuvel, 2013b). Following
this definition, the nodes of the network were classified into “rich club” nodes and “peripheral”
(i.e., non-rich club) nodes.
Classification of connections: rich club, feeder, and local connections
Classification of rich club nodes allowed for the categorization of the edges of the network
into “rich club connections,” being those edges that link members of the rich club; “feeder

Figure 1 Rich club.
Schematic representation of a group-averaged reconstructed structural brain network. Nodes are
categorized into rich club and non-rich club peripheral nodes and connections are color-coded to indicate
rich club, feeder or local connections.
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connections,” which are the edges that link rich club nodes to peripheral nodes; and “local
connections,” being those edges that interconnect peripheral nodes (Figure 1). For each subject,
“rich club,” “feeder,” and “local” connectivity were computed as the sum of connectivity strength
of “rich club,” “feeder,” and “local” connections, respectively.
Verification of rich club definition
In addition to a priori rich club definition, the rich club was defined per subject, to allow for
possible individual (and between-group) variation in rich club formation. Two separate
approaches to define the rich club per individual subject were adopted: (1) by selecting the top
8 highest ranking nodes (i.e., top 12% highest strength nodes) in the individual network and (2)
selecting the subset of nodes with a degree of 1.25sd above the mean of the network, allowing
for individual differences in rich club size (Van den Heuvel et al., 2013a). Both approaches are
discussed to more detail in the Supplementary Information.
STATISTICAL ANALYSIS
Statistical assessment of familial effects
We hypothesized that network abnormalities that are related to familial factors would be most
pronounced in patients and intermediate in siblings, compared with controls. Statistical testing
involved Jonckheere-Terpstra permutation analysis (10 000 permutations), a nonparametric test
for ordered differences in 3 or more study populations (Bewick et al., 2004), described in more
detail in the Supplementary Information. In the assessment of rich club connectivity (i.e., rich
club, feeder, and local connectivity) and global network measures (i.e., S, GE, and C), values of
p < 0.05 were considered to indicate statistical significance. To correct for multiple testing in the
analyses of the node-specific metrics Si, Ei, and Ci (68 tests were performed per metric), p-values
were subjected to a false discovery rate threshold of q = 0.05.
A Network-Based Statistic (NBS) (Zalesky et al., 2010) derived analysis was performed to
explore components of connections showing ordered differences in connectivity strength such
that controls > siblings > patients. Specifically, for each connection comprising the network, a
Jonckheere-Terpstra test was performed and a test statistic (Tjt) signifying the extent of ordered
differences in connectivity strength assigned. Next, in a binary matrix representation of the
network, connections with a Tjt < 2.575 were marked 1, and 0 otherwise. In the resulting difference
matrix, the largest connected component was identified and its size stored. Permutation analysis
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(10 000 permutations, randomizing group assignment) was used to assign a p-value to the
observed effect, as the proportion of random permutations resulting in a component of equal
or greater size than the component in the original computation.
Statistical assessment of clinical correlates
The relationship between rich club connectivity and clinical measures was examined by linear
regression analyses, with the level of connectivity within the rich club (i.e., streamline count
between rich club regions) as the dependent variable and clinical measures as the independent
variable. To examine rich club connectivity corrected for individual variation in global brain
network strength S and age, these values were included as covariates in the regression
analysis. Rich club connectivity was examined for a possible link with duration of illness, global
functioning, PANSS symptoms in patients, CAPE subclinical symptoms in siblings, and the daily
dose of antipsychotic medication in a chlorpromazine equivalent in patients.
RESULTS
RICH CLUB ORGANIZATION
Jonckheere-Terpstra permutation analysis revealed a significant ordered difference in rich club
connectivity strength across subject groups (p = 0.014, Figure 2), such that rich club connectivity
(i.e., NOS) was highest in controls, intermediate in siblings (7.9% reduced relative to controls),
and lowest in patients (19.6% reduced compared with controls). Weighting of connections
according to streamline density (NOS divided by the mean volume of the connected regions),
confirmed this finding (p = 0.039), suggesting that the observed effect is independent of possible
group-differences in region size. Definition of the rich club on the individual level confirmed
these findings (SI). The effects were stable in bootstrap validation and across different threshold
parameters (SI; Figure 2). Notably, high consistency was found in the regions participating in rich
club formation between a priori and individual rich club selection, and across subject groups in
individual rich club selection (SI).
In addition, because overall connectivity strength S can have a strong influence on
other network measures (Van den Heuvel et al., 2010), an additional analysis was performed in
which the proportion of S within the rich club (i.e., NOS count between rich club regions divided
by S) was assessed, to correct for a possible influence of individual differences in S. Again, this
analysis revealed reductions in rich club connectivity across groups (p = 0.049).
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Figure 2 Rich club, feeder and local connectivity.
Bar graphs indicating connectivity strength (i.e., sum of reconstructed fibers) for rich club, feeder and local
connection classes. A significant ordered difference (controls > siblings > patients) was found for rich club
connections (p = 0.014).

Connectivity values of feeder connections did not show differential reductions (p =
0.187). This suggests that the observed reduction in rich club connectivity does not result from a
general reduction in connectivity of high-degree regions, but rather that connections spanning
those regions appear particularly vulnerable. Indeed, connectivity of rich club edges relative to
the total strength of hub regions (i.e., NOS count of rich club edges divided by the total strength
— i.e., rich club + feeder edges — of hub regions) was significantly reduced across subject
groups (p = 0.016). Similarly, local connections did show a differential reduction in connectivity
strength (p = 0.047), but with a less substantial effect (2.5% reduced in siblings | 12.8% reduced
in patients) compared with rich club connections. These findings were supported by analyses
using individual rich club definition, in which no significant differential reductions in feeder or
local connectivity were observed (SI).
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GLOBAL NETWORK METRICS
Consistent with previous reports on aberrant global network organization in schizophrenia
patients (Bassett et al., 2008; Skudlarski et al., 2010; Van den Heuvel et al., 2010), bivariate
comparison showed that S, GE, and C were significantly reduced in patients relative to controls.
Extending these findings, Jonckheere-Terpstra testing revealed a differential reduction of C,
such that controls > siblings > patients (p = 0.009). No ordered differences were found for S
or GE, suggesting intact overall levels of strength and global network efficiency in unaffected
siblings (Supplementary Table 2).

Figure 3 Node-specific abnormalities.
Cortical regions for which differential reductions (i.e. controls > siblings > patients) in Si, Ei and Ci were found.
Regions are colored-coded according to p-value, with dark blue regions surviving FDR-correction, marking
the bilateral superior frontal and rostral anterior cingulate gyri, left medial orbitofrontal and inferior temporal
gyri and right precentral and insular gyri (all q < 0.05).
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It has been noted that the presence of a rich club may underlie organizational attributes,
including high clustering, in many real-world networks (Xu et al., 2010). To explore the relationship
between impaired rich club connectivity and the reductions in C, this effect was reexamined
after correcting C for rich club connectivity using linear regression. In this analysis, differential
reductions in C were attenuated (p = 0.079). Moreover, bivariate comparison indicated that the
reduction in clustering in schizophrenia patients, compared with controls, was also weakened
(p = 0.072). These findings suggest that the observed reductions in C may, in part, be due to
impaired rich club connectivity.
NODE-SPECIFIC NETWORK METRICS
Analysis of local network topology revealed FDR-significant differential reductions in nodespecific metrics across subject groups, such that controls > siblings > patients (all q < 0.05,
Figure 3): Si was reduced in patients and intermediate in siblings for the bilateral superior
frontal gyrus and left inferior temporal gyrus; Ei was differentially reduced for the bilateral rostral
anterior cingulate, left superior frontal, and right precentral gyri; Ci of bilateral superior frontal
and rostral anterior cingulate gyrus, left medial orbitofrontal, right precentral gyrus and right
insula was reduced in patients and intermediate in siblings, compared with controls.
SUBNETWORK OF DIFFERENTIALLY REDUCED CONNECTIVITY
NBS-derived analysis identified a subnetwork of connections showing ordered differences in
connectivity strength such that controls > siblings > patients (p = 0.007; 10 000 permutations).
The component comprised 19 differentially reduced connections between 17 brain regions,
including 5 rich club regions (Figure 4).
ABNORMALITIES IN RICH CLUB REGIONS
While rich club nodes account for ~12% of network nodes, a large proportion of changes in nodespecific metrics were found among the rich club. A post-hoc permutation analysis testing the
null-hypothesis that all nodes are at equal risk to be affected indicated that the disproportionate
number of alterations in nodal measures for rich club nodes was statistically significant for
strength (67%, p = 0.033) and clustering (43%, p = 0.029), but not efficiency (25%, p = 0.399).
Similarly, the probability that at least 5 out of the 17 regions in the subnetwork identified in the
NBS are rich club regions is unlikely to occur under the null-hypothesis (p = 0.021).
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Figure 4 Component of differentially affected connections.
Schematic representation of group-averaged brain network, showing a component of connections in which
connectivity is differentially reduced (controls > siblings > patients) (p = 0.007). Nodes represent cortical
regions; node-coloring indicates rich club or peripheral nodes; bold black lines are connections belonging
to the subnetwork. No connection is significant alone, only the subnetwork as a whole (Zalesky et al., 2010).

CLINICAL CORRELATES
Disease outcome. In patients, a negative linear relationship between rich club connectivity and
duration of illness (β = −0.27, p = 0.033), as well as global functioning (β = −0.21, p = 0.036), was
observed (Supplementary Figure 5A and B, respectively).
Symptoms. No significant correlation between rich club connectivity and overall clinical
symptoms as measured by total PANSS scores was found in patients, nor with positive and
negative subscale scores. Similarly, in siblings, no significant association with total subclinical
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symptoms as measured by the CAPE was observed, nor with positive, negative, and depressive
subscales (all p > 0.05).
Medication. No significant relationship between the chlorpromazine equivalent dose of
antipsychotic medication and rich club connectivity was observed (β = 0.09, p = 0.492).
Substance abuse. No significant differences in rich club connectivity were found
between subjects with current or lifetime substance use, compared with those without (all p
> 0.05). Nevertheless, to exclude a possible confounding effect of substance use on rich club
connectivity, rich club connectivity was reexamined after excluding subjects with current or
lifetime substance use, confirming our main findings (p = 0.020).
DISCUSSION
The findings of this study suggest that abnormal brain network organization, in particular
impaired rich club connectivity, is related to familial predisposition for schizophrenia. Previous
structural network studies in schizophrenia have shown an altered overall network organization
(Fornito et al., 2012) and decreased connectivity density of the brain’s central rich club (Van den
Heuvel et al., 2013a). Extending previous findings, this study now reveals intermediate levels of
rich club connectivity in unaffected siblings of schizophrenia patients, suggesting that impaired
rich club connectivity in patients is likely to have a familial, possibly genetic, component. In
addition to reductions in rich club connectivity, our study shows differentially reduced levels
of global clustering in schizophrenia patients and unaffected siblings. In patients, impaired
rich club connectivity was associated with illness effects, in that lower rich club connectivity
was associated with longer duration of illness and worse clinical functioning. In all, our findings
suggest that rich club dysconnectivity may be a core aspect of schizophrenia, both prior to and
after the onset of illness.
Region-specific connectivity strength Si, clustering Ci, and efficiency Ei of particularly
frontal cortical regions were also found to show differential reductions across subject groups,
such that values were highest in controls, intermediate in siblings, and lowest in patients. While
rich club members account for only ~12% of the nodes in the network, abnormalities in Si and
Ci appear to be over-represented among members of the rich club. Similarly, the NBS-derived
component of differentially reduced connections (i.e., most pronounced reductions in patients,
intermediate values in siblings) included an above chance proportion of the rich club. These
findings may be indicative of high-degree regions being generally more susceptible (both
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biologically and statistically) to disease-related changes, or of rich club connectivity being
particularly vulnerable to familial effects in schizophrenia.
It has been shown that various measures of (brain) network organization are interrelated
(Lynall et al., 2010; De Reus and van den Heuvel, 2013c). The presence of a rich club has for
example been proposed to underlie organizational attributes such as high clustering in many
real-world networks (Xu et al., 2010). Putatively, the observed reductions in global clustering in
schizophrenia patients (Zhang et al., 2012), which this study suggests to be related to familial
predisposition for schizophrenia, may relate to aberrant rich club organization. Indeed, the
attenuated reductions in C after correction for rich club connectivity seem to suggest that the
observed differences in global clustering may, in part, be due to impaired rich club connectivity.
Future studies examining the relationship between various brain network measures are of
particular interest.
The examination of unaffected siblings of schizophrenia patients provides the
opportunity to investigate whether brain abnormalities that are observed in overt illness exist in
individuals at increased genetic risk for schizophrenia, in the absence of the effects of psychosis
and antipsychotic medication (Whalley et al., 2005; Muñoz Maniega et al., 2008). The currently
observed abnormalities in rich club organization in these individuals seem to suggest that
rich club dysconnectivity includes a neurodevelopmental vulnerability for the illness, which
may be mediated by genetic factors. If lower levels of rich club connectivity indeed reflect
vulnerability for disease, how should the differential reduction in rich club connectivity — with
the strongest reductions in patients and intermediate levels in siblings — be interpreted? One
possible explanation may be that the observed reductions in rich club connectivity reflect a gene
dosage effect, with a higher number, or expression, of schizophrenia risk alleles in patients than
siblings, resulting in lower levels of rich club connectivity. In addition, the currently observed
association between rich club dysconnectivity and duration of illness and clinical functioning
(Supplementary Figure 5) may signify that the lower levels in patients might include an added
effect of illness on a preexisting vulnerability. Given the cross-sectional nature of our study and
small effect size of the clinical correlates, the relationship between rich club connectivity and
illness dynamics should currently be interpreted as preliminary. Future longitudinal studies
examining brain connectivity, and rich club changes in particular, in patients and/or individuals
at high risk for psychosis are of particular interest in this regard.
A putative genetic influence on aberrant brain network architecture in schizophrenia
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is supported by twin- and family studies showing genetic control of structural and functional
brain network organization (Fornito et al., 2011; Glahn et al., 2010; Van den Heuvel et al.,
2013b). Furthermore, recent studies suggest reduced functional connectivity (Diwadkar et al.,
2012), decreased global efficiency, longer connection distance, and a lower number of hub
regions (Shi et al., 2012) in offspring of schizophrenia patients. Moreover, in healthy individuals,
the presence of schizophrenia risk gene DISC1 has been associated with lower levels of global
network efficiency (Li et al., 2013). These studies and our current findings converge on the notion
that connectome abnormalities in schizophrenia reflect, at least in part, an inherited susceptibility
to the disease (Fornito et al., 2012).
Some issues should be considered when interpreting the findings of this study. First,
the majority of patients received antipsychotic treatment, which may potentially influence
structural brain connectivity. Altered white matter connectivity has, however, been also shown
in medication-naive patients (Mandl et al., 2013), and this study shows deficits of rich club
connectivity in never-medicated siblings of patients. Furthermore, across patients, no relationship
between the dose of antipsychotic medication and rich club connectivity was found. Together,
these findings suggest that our current results are unlikely to be due to antipsychotic medication
alone. Second, there was a preponderance of men in the patient group. Post-hoc bivariate
comparison of rich club connectivity between male and female healthy subjects indicated no
significant difference (p = 0.15, 10 000 permutations), suggesting no gender difference in rich
club formation in health. Furthermore, analyzing rich club connectivity in male subjects only (N
= 22 controls; N = 19 siblings; N = 36 patients) did not change the nature of our results (3.9%
reduction in siblings | 12.3% reduction in patients, both compared with controls, p = 0.088),
suggesting that our findings were not an effect of gender. Third, no relationship was observed
between dysconnectivity and symptom severity, which may relate to the variability of symptoms
over time. Fourth, data on possible non-psychotic comorbid disorders in the patient sample was
not recorded. However, comorbid substance abuse was examined as a potential confounder
and did not explain our findings.
In addition to these considerations, we note that our results are limited by the inherent
properties of the acquired data. Diffusion imaging relies on water diffusion as an indirect probe of
axon geometry and, as such, suffers from a number of practical limitations (for review see Jbabdi
and Johansen-Berg, 2011), but it is the only currently available tool to study brain anatomical
brain connectivity in humans in vivo. In this study, connectome reconstruction was performed on
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1.5T, 32 diffusion direction, data, based on single-tensor reconstruction of the diffusion data and
deterministic fiber tractography. High-field imaging, acquisition of more diffusion directions, and
application of advanced white matter pathway reconstruction algorithms (e.g., multitensor and/
or probabilistic fiber tracking approaches) may result in better detection of crossing, diverging,
or converging fibers (Jones, 2008; Behrens et al., 2003; Nucifora et al., 2007). In addition,
connectivity strength was measured using the number of reconstructed streamlines between
brain regions. Several factors influence streamline count, including white matter volume, local
white matter microstructure, and fiber length. Specifically, streamline count may artificially
increase with length because more streamlines are started with increasing track length. At the
same time, however, longer streamlines are more difficult to complete, resulting in a potential
underestimation of fiber count. While there may be differences in the length of white matter
connections between patients and controls, as a result of brain volume differences, studies do
not suggest reduced total brain volume in relatives of patients (Boos et al., 2007) and this study
shows no differences in the overall number of reconstructed streamlines between siblings and
controls. Moreover, significant reductions in rich club connectivity were again found across the
three subject groups when the ratio of rich club connectivity (i.e., rich club connectivity divided
by S) was examined. In all, it is unlikely that our current findings result from simple differences in
fiber length and/or count. In addition, rich club dysconnectivity as found in this study is consistent
with reports based on high-field diffusion data (Van den Heuvel and Sporns, 2011; Collin et al.,
2014), and rich club organization has also been demonstrated for the macaque (Harriger et al.,
2012) and cat (Zamora-López et al., 2009; De Reus and Van den Heuvel, 2013b) connectome
based on anatomical tract tracing, underscoring the biological validity of our current results.
In conclusion, our findings suggest that connectome abnormalities, including impaired
rich club connectivity, are related to a familial, possibly reflecting genetic, predisposition for
schizophrenia. Our findings emphasize a central role for abnormal rich club organization in the
etiology of schizophrenia.
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SUPPLEMENTARY INFORMATION
IMAGE ACQUISITION AND PREPROCESSING
Magnetic Resonance Imaging (MRI) was performed on a 1.5 Tesla clinical MRI scanner including
an anatomical T1 scan for tissue classification and individual cortical parcellation and a diffusion
weighted scan for the reconstruction of the white matter pathways.
Anatomical T1 scan
Acquisition. Of each subject, a T1-weighted image was acquired [acquisition parameters: TE/TR
4.6/30 ms, flip angle 30º, 160-180 contiguous slices (depending on brain size) covering whole
brain, 1x1x1.2mm voxels, FOV=256 mm, SENSE 1.5/1.5]. Preprocessing. Freesurfer software,
version 5.0 (http://surfer.nmr.mhg.harvard.edu) (Fischl, 2012) was used for tissue classification
and reconstruction of the cortical surface in its native space. Reconstructed surfaces were
registered and compared to Freesurfer’s Desikan Killiany atlas for parcellation of the cortical
surface into 68 distinct regions (i.e., 34 regions per hemisphere), ensuring compatibility of
cortical regions across subjects (Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2013;
Hagmann et al., 2008; Collin et al., 2014).
Diffusion weighted scan
Acquisition. During the same scan session, two sets of each 8 unweighted b = 0 volumes
[acquisition parameters: b-factor = 0 s/mm2, TE/TR 88/9822 ms, parallel imaging factor: 2.5; flip
angle 90, 60 slices, 2.5 mm isotropic voxels, no slice gap, FOV 240 mm, 128 x 128 reconstruction
matrix] and 32 diffusion weighted images [acquisition parameters: non-collinear, b-factor = 1000
s/mm2] were acquired (Van den Heuvel et al., 2010; Mandl et al., 2013). Preprocessing. First, the
two sets of b = 0 images were averaged and the 2 x 32 diffusion directions were realigned and
corrected for small head movements and common gradient-induced distortions (Andersson
and Skare, 2002). Second, a diffusion tensor model was used to examine the preferred diffusion
direction, fitting a tensor to the diffusion profile within each voxel using a robust tensor fitting
method (Chang et al., 2005). Third, the main diffusion direction was determined by eigenvalue
decomposition of the tensor, with the principal eigenvector of each tensor signifying the main
diffusion direction per voxel. Fourth, streamline tractography was used to reconstructed white
matter pathways, based on the fiber assignment by continuous tracking (FACT) algorithm
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(Mori and van Zijl, 2002). Within each voxel, eight streamline seeds were started. Fiber tracking
was stopped when the streamline reached a voxel of low preferred diffusion direction (FA <
0.1), exceeded the grey/white matter mask or made a sharp turn (>45 degrees). Fifth, the T1
image was realigned with the b = 0 images, enabling anatomical overlap between the cortical
parcellation maps and the collection of reconstructed tractography streamlines.
JONCKHEERE-TERPSTRA PERMUTATION ANALYSIS
The Jonckheere-Terpstra test is a nonparametric test for ordered differences in three or more
study populations. It was hypothesized that network abnormalities that are related to familial
factors would be most pronounced in patients, with intermediate values in siblings, as compared
to controls. For Jonckheere-Terpstra permutation analysis, subjects were ranked according to
the measure of interest and the Jonckheere Terpstra test statistic (Tjt), indicating the extent to
which the ranked subjects follow the hypothesized order (i.e. controls > siblings > patients),
was computed. The test statistic was first computed using the original subject groups. Second,
permutation of group-assignment (10 000 permutations) was used to randomly assign subjects
to three groups of equal size as the original groups, with Tjt recomputed for each of the 10,000
repetitions, resulting in an empirical null-distribution. The original Tjt was compared to the nulldistribution and assigned a p-value as the proportion of random permutations resulting in a
value as, or more, extreme as in the first iteration.
INDIVIDUAL RICH CLUB SELECTION
The a priori rich club definition has been well validated in our previous investigations of rich club
connectivity on both low and high resolution, and in both healthy subjects and schizophrenia
patients. In addition to the a priori definition, to allow for individual variation in rich club
formation (with respect to the specific cortical regions participating in rich club formation, as well
as to the number of regions belonging to the rich club) the rich club was defined per individual
subject. Connectivity strength between rich club members defined on the individual level was
analyzed to examine whether potential group-differences in rich club connectivity could result
from group-differences in rich club formation.
1) Individual rich club selection based on the top 8 highest ranking nodes.
For each dataset, an individual rich club was selected as the subset of 8 top ranking nodes,
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i.e. with the highest connectivity strength in the individual structural network. Next, using
the individual rich club, the edges of the structural network were classified into rich club,
feeder and local connections. Connectivity strength of each class of connections was
computed and compared across groups using Jonckheere-Terpstra permutation analysis (10
000 permutations). Consistent with our main finding, reductions in rich club connectivity of
10.4% in siblings and 27.4% in patients, as compared to controls, were observed (p = 0.002).
No such differential reductions were found for feeder (p = 0.100) and local (p = 0.180)
connectivity strength.
2) Individual rich club selection on basis of high degree nodes.
For each dataset, individual rich club members were selected as those nodes with a degree
of 1.25 standard deviations above the mean degree of the network, allowing for individual
variation in rich club size. Mean [sd] rich club size for controls (7.6 [1.6]), siblings (7.7 [1.7])
and patients (7.9 [1.9]) was not significantly different (p = 0.625, ANOVA), nor was the mean
number of connections between rich club nodes (controls 12.8 [5.8], siblings 12.6 [6.1],
patients 13.2 [6.5], p = 0.882, ANOVA). Edges were again classified into rich club, feeder and
local and the connectivity strength of each class was computed and compared across groups.
Again, consistent with our main finding, there was a reduction in rich club connectivity of
17.4% in siblings and 24.1% in patients, relative to controls (p = 0.009), while no significant
differential reductions were found for feeder (p = 0.065) and local (p = 0.122) connectivity
strength.
Together, the results of the analyses of rich club connectivity based on individually defined rich
club members confirm our findings using the previously validated a priori rich club definition,
suggesting that the observed differences in rich club connectivity across subject groups are not
the result of differences between groups in rich club formation.
CONSISTENCY OF RICH CLUB SELECTION
The consistency of node selection of the individual (data-driven) rich club definition, as compared
to the a priori definition of rich club regions, as well as across subject groups, was examined. To
this end, for each subject separately, brain regions were assigned a rankscore according to their
absolute number of connections, with number 1 signifying the brain region with the highest
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number of connections. Next, for each brain region, rankscores were averaged over the subjects
in each subject group separately. For each subject group, the top 8 ranked regions were then
determined and compared to the a priori definition of the rich club, as well as to the top 8 of the
other two subject groups.
These comparisons revealed high consistency between the individual selection of rich
club nodes and the a priori rich club definition (in which the rich club was defined as the superior
frontal gyrus, precuneus, superior parietal gyrus and insula, all bilateral), as well as across subject
groups. For each subject group, the top 8 ranking regions included the bilateral superior frontal
cortex, superior parietal cortex and precuneus, as well as the right insula. The only difference
between groups was that for controls, the eighth ranked region was the right precentral gyrus,
while this was the left insula for siblings and patients. The high consistency between the a priori
and the data-driven rich club definition, lends support to the use of an a priori defined rich club,
and confirms previous studies on rich club organization in health (Van den Heuvel and Sporns,
2011) and disease (Van den Heuvel et al., 2013a). In addition, the highly consistent results across
subject groups in the individual rich club selection suggest that group-differences in strength of
rich club connectivity are not due to group-differences in which regions participate in rich club
formation. Rather, they appear to suggest that the same regions serve as a connectivity core
regardless of subject status, but that the level of connectivity among these regions is impaired in
schizophrenia patients, as well as in their unaffected siblings.
MODEL VALIDATION THROUGH BOOTSTRAP RESAMPLING
Bootstrap resampling was performed for model validation. Within each bootstrap, two-thirds
of the subjects in each group were randomly sampled, resulting in three groups of 34 controls,
37 siblings and 26 patients. Next, in these subjects, Jonckheere-Terpstra analysis was used to
test differential reductions in rich club connectivity for statistical significance, and the p-value
was stored. This way, a total of 1 000 bootstrap repetitions were acquired. Of the total number
of bootstrap repetitions, 92% resulted in a statistically significant finding (p < 0.05). In addition,
the 95% confidence interval ranged from p < 0.001 to p = 0.064, indicating that of the total
number of bootstraps, 95% of the resulting p-values fell within this range. This bootstrap analysis
suggests that our findings are highly stable and do not, for example, depend on the presence of
a small number of data outliers.
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EXPLORATION OF THRESHOLD PARAMETERS
The tuning of threshold parameters was tested to examine the influence of methodological
choices on our results. Two parameters were examined. First, the potential influence of the
streamline threshold of k = 5 streamlines was investigated. To this end, our analyses were
repeated using two additional streamline thresholds of k = 0 (i.e., including all non-zero entries
in the connectivity matrices) and k = 10 streamlines. Re-analyzing our data using these thresholds
did not change our findings. Specifically, differential reductions in rich club connectivity
remained statistically significant for k = 0 and k = 10 streamline thresholds (p = 0.014 and p =
0.017 respectively; 10 000 permutations).
In addition, in our individual (data driven) rich club definition, it was examined whether
our findings were influenced by the choice to include the top 8 ranked regions in the rich club.
To this end, rich club connectivity was re-examined using the top 6 and the top 10 ranked
regions (Supplementary Figure 6). Investigating connectivity among the top 6 ranked regions
showed significant differential reductions in connectivity across subject groups (p = 0.021),
as did connectivity among the top 10 ranked cortical regions (p = 0.003), suggesting that our
findings are stable for slight divergences in definition of rich club size.

Table 2 Global networks metrics.
Controls

Siblings

Patients

con vs. pat

con>sib>pat

(N = 51)

(N = 54)

(N = 40)

p

p

16.13 (4.98)

16.19 (4.38)

14.17 (3.64)

0.034

ns

GE

15.28 (4.44)

15.12 (3.93)

13.42 (3.30)

0.002

ns

C

95.08 (23.05)

92.94 (19.81)

82.75 (15.68)

0.023

0.009

Sa
b

Mean (sd) connectivity strength S, global efficiency GE and clustering C for each subject group. Bivariate comparison of

controls and patients, using permutation testing, revealed significant reductions for each metric in patients. Subsequent
analysis to test for familial effects – i.e. controls > siblings > patients – indicated that such differential reductions were found

only for clustering. a S x 10-4; b GE x 103; p = p-value; ns = non significant (i.e., p > 0.05); con = controls; sib = siblings; pat
= patients.

177

PART III

THE RICHNESS OF THE CONNECTOME

Figure 5 Rich club connectivity in relation to clinical measures.
Rich club connectivity was found to be related to A) duration of illness (β = -0.27, p = 0.033) and B) global
functioning, as measured by the total number of met and unmet needs on the Camberwell Assessment of
Need (β = -0.21, p = 0.036).

Figure 6 Exploration of the influence of rich club size.
The potential influence of rich club size on our main finding, i.e. differential reductions in rich club
connectivity, was explored by re-analyzing levels of rich club connectivity over different rich club sizes.
Confirming our main findings using the top 8, connectivity among the top 6 and top 10 ranked regions
again showed significant differential reductions in connectivity across subject groups (respectively p = 0.021
and p = 0.003).
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ABSTRACT
The notion of healthy brain function emerging from coordinated neural activity constrained by
the brain’s network of anatomical connections – i.e., the connectome – suggests that alterations
in the connectome’s wiring pattern may underlie brain disorders. Corroborating this hypothesis,
studies in schizophrenia are indicative of altered connectome architecture including reduced
communication efficiency, disruptions of central brain hubs and affected ‘rich club’ organization.
Whether similar deficits are present in bipolar disorder is currently unknown. This study examines
structural connectome topology in 216 bipolar I disorder patients as compared to 144 healthy
controls, focusing in particular on central regions (i.e., brain hubs) and connections (i.e., rich
club connections, inter-hemispheric connections) of the brain’s network. We find that bipolar I
disorder patients exhibit reduced global efficiency (-4.4%, p = 0.002) and that this deficit relates
(r = 0.56, p < 0.001) to reduced connectivity strength of inter-hemispheric connections (-13.0%,
p = 0.001). Bipolar disorder patients were found not to show predominant alterations in the
strength of brain hub connections in general, or of connections spanning brain hubs (i.e., ‘rich
club’ connections) in particular (all p > 0.1). These findings highlight a role for aberrant brain
network architecture in bipolar I disorder with reduced global efficiency related to disruptions in
inter-hemispheric connectivity, while the central ‘rich club’ system appears not to be particularly
affected.

KEYWORDS
Connectome, diffusion imaging, bipolar disorder, brain hubs, rich club organization
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INTRODUCTION
Healthy brain function requires effective communication and integration of neural information
between distributed brain regions. The anatomical infrastructure to support this interaction
are the white matter axonal projections of the brain, together forming a complex network that
is known as the human connectome (Hagmann, 2005; Sporns et al., 2005). This network has
been proposed to give rise to, and shape, the collective and coordinated neural phenomena
underlying cognitive processes (Sporns, 2011). Indeed, studies have linked connectome
organization to general intelligence (Baggio et al., 2015; Van den Heuvel et al., 2009; Li et al.,
2009; Zalesky et al., 2011), working memory performance (Bassett et al., 2009; Cole et al., 2012),
executive functioning (Reijmer et al., 2013), major personality traits (Adelstein et al., 2011; Gao
et al., 2013) and creativity (Ryman et al., 2014). The notion that (complex) brain functions are
not solely attributable to the properties of individual brain regions but rather emerge from their
interplay within the connectome as a whole implies that the pattern of brain wiring may be
crucial to healthy brain function and, conversely, brain disease (Fornito et al., 2015; Griffa et al.,
2013; Van den Heuvel and Fornito, 2014).
Bipolar disorder is a major psychiatric disorder that affects approximately 1% of the
population in its most typical form, ‘bipolar I disorder’ (Belmaker, 2004). Patients experience
recurrent depressive, and (mixed-) manic episodes characterized by increased mood and arousal
and reduced sleep (Saunders and Goodwin, 2010). In addition, the majority of bipolar I disorder
patients suffer psychotic symptoms (Dunayevich and Keck, 2000; Goes et al., 2007) and cognitive
deficits (Kumar and Frangou, 2010; Martínez-Arán et al., 2000; Martino et al., 2014; Quraishi and
Frangou, 2002; Robinson et al., 2006). Psychiatric symptoms such as these have been suggested
to relate to aberrant integration of neural information among functionally specialized brain
circuits (Buckholtz and Meyer-Lindenberg, 2012). If so, the white matter connections linking these
systems may be implicated. Indeed, the corpus callosum – the largest white matter structure in the
brain (Fitsiori et al., 2011) – has been proposed to be crucial to cognitive integration (Gazzaniga,
2000), and impaired inter-hemispheric integration has been shown in bipolar disorder (Leow et
al., 2013). In addition, brain hubs and their mutual connections have been suggested to form
a central infrastructure linking dispersed functional communities, thereby enabling integrative
brain processing (Collin et al., 2014b; Van den Heuvel et al., 2012; Van den Heuvel and Sporns,
2011; Van den Heuvel and Sporns, 2013a; Van den Heuvel and Sporns, 2013b). This ‘rich club’
system was shown to be disproportionately affected in schizophrenia patients (Van den Heuvel
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et al., 2013; Yu et al., 2013) and similar findings in their unaffected siblings suggest that genetic
factors may contribute to this deficit (Collin et al., 2014a; Peeters et al., 2015). Considering the
partial overlap in genetic susceptibility for schizophrenia and bipolar disorder (Cardno and
Owen, 2014), the disorders might share in some of the white matter deficits (McDonald et al.,
2004), but whether hub and rich club connectivity are also affected in bipolar I disorder has not
yet been investigated.
The current study explores the structural connectome in bipolar I disorder. We focus
on central brain hubs, ‘rich club’ connections spanning hubs, and central inter-hemispheric
connections. If connectivity deficits are identified, their impact on the brain’s capacity for global
communication, as measured by global efficiency, is explored, as well as a possible relationship
with cognitive performance and clinical symptoms.
MATERIALS AND METHODS
SUBJECTS
A total of 360 subjects participated in this study, including 216 bipolar I disorder patients and
144 healthy controls. Subjects were recruited at the University Medical Center Utrecht, the
Netherlands, as part of the Bipolar Genetics study (see Supplementary Information [SI] for
details). The affiliated medical ethics committee approved the investigation and all subjects
provided written informed consent prior to participation.
Demographics are described in Table 1. Overall IQ was estimated using four subtests
(information, arithmetic, block design and digit symbol coding) of the Wechsler Adult Intelligence
Scale-III (WAIS-III) (Stinissen et al., 1970; Wechsler, 1997). This combination of subtests best
accounts for full-scale IQ in schizophrenia patients (r2 = 0.90) and healthy subjects (r2 = 0.86)
(Blyler et al., 2000). In addition, a Dutch version of the National Adult Reading Test (NLV) was
administered to estimate premorbid IQ (Schmand et al., 1991). For patients, the number of
manic and depressive episodes was determined using the Questionnaire for Bipolar Disorder
(Leverich et al., 2001); a history of one or more psychotic feature(s) (yes / no) was assessed
using section B of the Structured Clinical Interview for DSM Disorders (First et al., 2002) and the
Comprehensive Assessment for Symptoms and History (Andreasen et al., 1992). Handedness
and current use of lithium and / or antipsychotic medication (yes / no) were recorded.
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Table 1 Demographic and clinical characteristics.
Bipolar I disorder patients

Healthy controls

(N = 216)

(N = 144)

Age in years, mean (sd) [range]

47.4 (12.1) [20 – 79]

46.6 (14.5) [20 – 81]

0.56

Gender, M/F (%)

114/102 (52.8/47.2 %)

68/76 (47.2/52.8 %)

0.30

Current IQ, mean (sd) [range]

99.0 (14.2) [65 – 136]

108.7 (15.2) [73 – 144]

<0.001

Premorbid IQ, mean (sd) [range]

106.7 (9.9) [79 – 130]

107.9 (9.2) [78 – 130]

0.28

118/21/4 (82.5/14.7/2.8%)

0.31

Handedness , R/L/A (%)

185/21/9 (86.0/9.8/4.2%)

Number (%) of (hypo-) manic episodes
(0 / 1–4 / 5–10 / 11–20 / 20+ / unknown)

0 / 121 / 47 / 17 / 22 / 9
(0/55.9/21.8/7.9/10.2/4.2 %)

Number (%) of depressive episodes
(0 / 1–4 / 5–10 / 11–20 / 20+ / unknown)

20 / 84 / 38 / 29 / 30 / 15
(9.3/38.9/17.6/13.4/13.9/6.9%)

Number (%) of patients with history of
psychotic features (yes / no / unknown)

162 / 45 / 9 (75.0/20.8/4.2 %)

Number (%) of patients currently on
lithium treatment (yes / no)

149 / 67 (69.0/31.0 %)

Number (%) of patients on antipsychotic
medication (yes / no / unknown)

93 / 109 / 14 (50.5/43.1/6.5 %)

#

p

Demographic and clinical characteristics per subject group. Group-differences were tested for statistical significance using

analysis of variance (ANOVA) for continuous and chi-squared tests for categorical variables. sd = standard deviation; IQ =
intelligence quotient; M = male; F = female; R = right; L= left; A = ambidextrous. # Data missing for 1 patient and 1 control.

PROCEDURES AND MEASURES
Image acquisition and preprocessing
For each participant, one anatomical (T1-weighted) scan and two diffusion-weighted imaging
(DWI) scans scan were acquired on a 3.0 Tesla Philips clinical MRI scanner at the University
Medical Center Utrecht, the Netherlands (for acquisition and preprocessing details see
Supplementary Information). The cortex was parcellated into 219 roughly equally sized cortical
regions (111 in the left and 108 in the right hemisphere, due to the on average slightly larger size
of the left hemisphere) based on a high-resolution subdivision of FreeSurfer’s Desikan-Killiany
atlas (Cammoun et al., 2012; De Reus and van den Heuvel, 2014). White matter pathways were
reconstructed using deterministic streamline tractography, based on the Fiber Assignment by
Continuous Tracking (FACT) algorithm (Mori and van Zijl, 2002).
Connectome reconstruction and analysis
For each participant, the collection of reconstructed fiber tracts and the individual parcellation
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map was used to create a structural brain network (SI provides further details). A network can
be described mathematically as a graph G = (V, E) comprising a set of nodes V (here signifying
parcellated cortical regions) and edges E (reflecting reconstructed streamlines) connecting the
nodes. Network edges were weighted according to 1) to streamline density (SD), computed as
the number of streamlines between two regions, divided by their average volume; 2) average
mean diffusivity (MD); and 3) fractional anisotropy (FA) along the streamlines linking two regions.
Global connectivity and efficiency
Reconstructed white matter pathways were investigated for overall group-differences in
diffusion-weighted measures of structural connectivity (SD, FA, MD). For each individual subject,
each of these measures was averaged over all cortico-cortical connections. In addition, to
probe the overall communication efficiency of the SD weighted reconstructed brain networks,
global efficiency GE was computed for each subject as the average inverse shortest path length
between all possible pairs of brain regions (Rubinov and Sporns, 2010).
Brain hubs
Brain hubs can be detected using various network measures, including degree (the number of
connections of each node or brain region) and betweenness-centrality (the number of shortest
paths in the network that pass though a given node) (Rubinov and Sporns, 2010).
Hub detection. For the main hub definition, hubs were identified based on degreecentrality in each subject individually. To this end, degree-centrality was computed for each
subject as the number of connections per brain region, by taking the sum over each row of
adjacency matrix A. Hubs were defined as the top 20% highest degree brain regions. To ensure
that putative effects were not limited to this particular hub definition, alternative definitions were
also explored (see SI).
Hub connectivity. To compute the level of hub connectivity, SD, FA and MD were
averaged over all connections of hub regions.
Node centrality in relation to disease-related connectivity impairments. In addition
to dividing brain regions into hubs and non-hubs, we used Pearson’s correlations to examine
whether putative disease-related changes in connectivity showed an association with nodal
centrality. Specifically, we examined whether relative change in connectivity strength (%) of a
given region is predicted by its topological centrality (details in SI).
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Rich club organization
White matter connections were divided into rich club, feeder and local connection classes based
on the detected brain hubs as defined in the previous section.
Rich club definition. For each subject, links between detected brain hubs were defined
as ‘rich club’ connections, links between hubs and non-hubs as ‘feeder’ connections, and links
among non-hubs as ‘local’ connections.
Rich club connectivity. Structural connectivity (SD, FA, MD) of each class of links (i.e. ‘rich
club’, ‘feeder’, and ‘local’) was computed as the average connectivity value over all connections
in that class, and compared between subject groups.
Edge centrality in relation to disease-related change in connectivity. In addition to
examining the connection classes, we explored whether the extent of disease-related change
in a structural connection was predicted by its topological centrality, computed as binary edge
betweenness centrality (Rubinov and Sporns, 2010) (see SI).
Inter-hemispheric connections
Inter-hemispheric fibers are among the most central connections within the connectome. While
underrepresented in diffusion-weighted network reconstruction due to difficulty tracking fibers
through the corpus callosum, particularly towards lateral cortices (Hagmann et al., 2008) they are
thought to confer considerable efficiency to the network as a whole.
Inter-hemispheric connectivity. Measures of white matter connectivity (SD, FA, MD)
were averaged over reconstructed connections between the hemispheres (inter-hemispheric
connectivity), as opposed to connections within hemispheres (intra-hemispheric connectivity),
and compared between subject groups.
STATISTICAL ANALYSIS
Main analyses. Measures of white matter connectivity and network topology were compared
between patients and controls using permutation testing (for details see Supplementary
Information). To correct for multiple testing, results were FDR-corrected (q = 0.05) over all main
analyses (i.e., hub, rich club, and inter-hemispheric connectivity analyses). Findings surviving
FDR-correction indicate a statistically significant effect. Findings at uncorrected p < 0.05 (i.e., but
not surviving FDR-correction) were interpreted as trend-level effects.
Cognitive and clinical correlates of affected connectivity. Affected connectivity
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measures in patients (if any) were explored for a relationship with IQ, estimated premorbid IQ
and the number of manic and depressive episodes, using linear regression analyses, with clinical
characteristics as dependent and connectivity measures as independent variables. To correct
for effects of overall connectivity, age and gender, these variables were included as covariates.
In addition, bivariate comparisons of patients on or off lithium treatment, and with or without a
history of psychotic features, were performed using independent samples t-tests.
RESULTS
GLOBAL CONNECTIVITY AND EFFICIENCY
Figure 1 summarizes the findings on overall connectivity and connectome efficiency. Over all
reconstructed white matter connections, there was a trend-level reduction in SD connectivity
(-2.4%, p = 0.022, not surviving FDR-correction) in bipolar I disorder patients as compared to
healthy controls. There were no significant differences in FA (-0.4%, p = 0.392) or MD (+0.4%, p
= 0.285). Global efficiency was reduced by 4.4% in patients as compared to controls (p = 0.002,
FDR-significant). The reduction in GE was not solely attributable to the trend-level reduction in
SD connectivity in patients, as correction for average SD connectivity using linear regression
analysis attenuated but did not erase the effect (-1.7%, p = 0.037).

Figure 1 Global connectivity
measures and connectome
efficiency.
Bar graphs illustrating mean
(sd) streamline density (SD),
fractional anisotropy (FA) and
mean diffusivity (MD) across
all reconstructed white matter
fibers in bipolar I disorder
patients and healthy controls.
The lower two bar graphs show
global efficiency (GE) of the
structural connectome, and
GE corrected for the effects
of SD connectivity (GEcorr). The
patient-control difference in GE
was statistically significant (i.e.,
surviving FDR-correction).
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BRAIN HUBS
There was a high correspondence in detected brain hubs between subject groups, with
portions of the bilateral cingulate, precuneus, superior frontal, parietal and temporal gyri, preand postcentral gyri and insula constituting the most highly connected brain regions (Figure
2A). Defining hubs based on betweenness centrality instead of degree resulted in a highly
comparable set of brain regions (Supplementary Table 2).
Hub connectivity. There were no group-differences in average SD, FA or MD over all
connections of detected brain hubs (all p > 0.1). Defining hubs based on betweenness-centrality
(Figure 2B) or as the top 10% most connected and central brain regions resulted in the same
overall findings (SI provides details).
Node centrality and disease-related change in connectivity. To further explore whether
the centrality of a node is relevant in determining whether a brain region shows disease-related
connectivity change in bipolar I disorder, the correlation between node centrality and the

Figure 2 Brain hub detection and hub connectivity.
Panel A depicts the top 20% high-degree brain hubs averaged over healthy controls (left plot) and patients
(right plot), in a highly similar fashion across subject groups (Supplementary Table 2 lists all detected brain
hubs per subject group). Panel B illustrates that there were no significant differences in hub connectivity
between patients and controls, irrespective of edge weighting (i.e., SD, FA, MD) or hub definition (i.e., degreeor betweenness based). Of note, to allow visualization of SD, MD and FA connectivity in one graph, connectivity
measures in patients are normalized to controls.
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Figure 2 continued Brain hub detection and hub connectivity.
Corroborating finding no group-differences in hub connectivity, the plots in panel C show that there was
no linear association between the average group-difference (%) in connectivity, and nodal degree- and
betweenness centrality.

relative (%) difference in SD connectivity between patients and controls was assessed. Degree(r = 0.01, p = 0.92) and betweenness- (r = -0.03, p = 0.63) centrality were not correlated with
group-differences in connectivity (Figure 2C).
RICH CLUB ORGANIZATION
Three connection classes were examined for group-differences: between hubs (‘rich club’), from
hubs to non-hubs (‘feeder’) and between non-hubs (‘local’) connections (Figure 3A).
Rich club connectivity. There were no significant differences in average SD, FA or MD
of rich club (all p > 0.2) or feeder (all p > 0.05) connections. Local connections showed a trendlevel reduction in SD (-2.8%, p = 0.009, not surviving FDR correction), but no changes in FA or
MD (both p > 0.3) connectivity (Figure 3B). Examining alternative hub definitions resulted in the
same overall findings (SI).
Edge centrality and disease-related change in connectivity. It was examined whether
the topological centrality of an edge relates to whether that edge is affected in patients. There
was no association between edge centrality and the average percentage of change in SD
connectivity in patients as compared to controls (r = -0.005, p = 0.83) (Figure 3C).
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Figure 3 Rich club organization.
Panel A shows a toy network illustrating ‘rich club’ (linking hubs), ‘feeder’ (linking hubs to non-hubs), and
‘local’ (linking non-hubs) connections. There were no significant differences between patients and controls
in SD, FA or MD connectivity of either of these connection classes (B). Panel C illustrates that the centrality of
an edge was found not to be related to average patient-control differences (%) in structural connectivity (i.e.,
as evident from the flat trend line; r = -0.005, p = 0.83).

INTER-HEMISPHERIC CONNECTIONS
Patients showed marked disruptions of inter-hemispheric connections (Figure 4A), including
a strong decrease in SD connectivity (-13.0%, p = 0.001, FDR-corrected significant) and an
increase in MD connectivity (+1.7%, p < 0.001, FDR-significant) (Figure 4B). Average FA of interhemispheric connections was not significantly different in patients (-0.9%, p = 0.089). Intrahemispheric FA and MD connectivity were similar in patients and controls (both p > 0.2) and
there was a trend-level reduction in SD connectivity of intra-hemispheric connections (-2.1%,
p = 0.045, not surviving FDR correction) (Figure 4C). To assess if these differences could be
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Figure 4 Inter- versus intra-hemispheric connectivity.
Panel A depicts a group-averaged brain network (group-threshold 30%) with connection coloring indicating
intra-hemispheric (grey) versus inter-hemispheric (blue) connections, visualized with the BrainNet Viewer
(Xia et al., 2013). Inter-hemispheric connections showed marked disruptions in bipolar I disorder patients
as compared to controls (B), while intra-hemispheric connections were not significantly affected (C). Interhemispheric connectivity was associated with global efficiency in both groups, but this association was
significantly stronger in patients than controls (D).

attributed to global connectivity differences, values were normalized to a set of 1 000 randomized
networks, with preserved degree and weight distribution. While normalization eliminated the
group-difference in intra-hemispheric SD connectivity (p = 0.09), patient-control differences in
inter-hemispheric SD (-11.8%, p < 0.001) and MD (+1.3%, p < 0.001) connectivity remained
statistically significant, suggesting that these effects exceed a global effect and are specific to
the white matter tracts connecting the hemispheres.
Impact on global efficiency. To assess the impact of the observed reduction in interhemispheric connectivity on the brain’s overall communication capacity, the relationship between
inter-hemispheric connectivity and global efficiency (GE) was explored using correlation analyses
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Figure 5 Corpus callosum volumes.
Total and mid-section subdivision corpus callosum volumes were significantly reduced in bipolar I disorder
patients as compared to controls (all p < 0.005).

(see SI for details). The correlation between GE and inter-hemispheric connectivity was higher in
patients (r = 0.56, p < 0.001) than controls (r = 0.39, p < 0.001) (Figure 4D). These correlations
remained significant when controlling for overall SD connectivity through normalization
(patients: r = 0.41, p < 0.001; controls: r = 0.17, p = 0.042), and the case-control differences
were statistically significant (p = 0.038 and p = 0.014 respectively, bivariate comparison through
Fisher’s r-to-z transformation). Together, these findings suggest that the reduction in global
efficiency in patients appears to stem (at least in part) from the disruption in inter-hemispheric
connectivity. Indeed, when GE was corrected for inter-hemispheric connectivity using linear
regression analysis, the GE difference between patients and controls was no longer statistically
significant (p = 0.147).
Corpus callosum volume (post-hoc analysis). To assess whether the observed reductions
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in inter-hemispheric connectivity were related to changes in white matter morphometry, the
volume of the corpus callosum (CC) and five CC subdivisions was examined in a post-hoc
analysis (SI). Compared to controls, patients showed reduced absolute (-6.1%, p < 0.001) and
(age, gender and total white matter volume) corrected (-4.1%, p = 0.004) total corpus callosum
volume. Examining corpus callosum subdivisions revealed particularly central portions to be
affected (Figure 5; Supplementary Table 3).
COGNITIVE AND CLINICAL CORRELATES OF AFFECTED CONNECTIVITY
Current IQ was significantly (p < 0.001) reduced in bipolar I disorder patients (mean [sd] = 99.0
[14.2]) as compared to controls (mean [sd] = 108.7 [15.2]), while premorbid IQ was not (p =
0.28). The majority of patient histories included at least one psychotic feature (54.4%), and most
patients were on lithium treatment (69.0%).
As patients showed reduced inter-hemispheric connectivity, this impairment was
examined for a link with clinical characteristics. Across subjects, there was a modest but
significant association between inter-hemispheric SD connectivity and IQ (β = 0.19, p = 0.001)
(Figure 6A), also when ‘group’ (i.e., patient or control) and overall average SD connectivity were
included as covariates (p = 0.012 and p = 0.002 respectively). Separate analyses per subject
group indicated that the associations were qualitatively similar between groups (Figure 6B), but
no longer statistically significant (p = 0.067 in patients; p = 0.105 in controls respectively) in
separate groups. There were no significant associations with estimated premorbid IQ or the
number of manic or depressive episodes. Inter-hemispheric connectivity and corpus callosum
volume were not different in patients on or off lithium or antipsychotic medication, or with a
positive or negative history of psychotic features (all p > 0.5).
DISCUSSION
This study in 216 bipolar I disorder patients and 144 healthy comparison subjects shows that
structural connectome organization is affected in bipolar I disorder. We find that global network
efficiency is reduced in these patients, and that this deficit is associated with impaired interhemispheric connectivity. Notably, we found no indications that central brain hubs or the central
‘rich club’ core are particularly affected in bipolar I disorder. In all, our findings are indicative of
a reduced capacity for global communication in the brain due to disruptions in the structural
connections linking the hemispheres in bipolar disorder.
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Figure 6 Inter-hemispheric connectivity and IQ.
A modest but significant association (r = 0.19, p = 0.001) was found between inter-hemispheric connectivity
and IQ in all subjects (A). When subjects groups were examined separately, the associations were qualitatively
similar between groups, but not statistically significant in the separate groups (p = 0.067 and p = 0.105) for
patients and controls respectively.
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The observed reductions in inter-hemispheric connectivity in bipolar I disorder
patients are consistent with previous reports of reduced integrity of the corpus callosum in
bipolar disorder (Barysheva et al., 2013; Emsell et al., 2013; Lagopoulos et al., 2013; Leow et
al., 2013; Sarrazin et al., 2014; Torgerson et al., 2013; Wang et al., 2008) and may be reflective
of a decrease in the number, density, caliber and/or myelination of callosal axons, with recent
findings pointing more towards myelination than axon abnormalities (Lewandowski et al., 2014).
Around 200-250 million axons pass through the corpus callosum (Nishikimi et al., 2013; Paul
et al., 2007) to connect primary, secondary and higher-order cortices (Aboitiz et al., 2003).
Inter-hemispheric axons have widespread arbors that terminate in many regions besides the
topographically equivalent one (Houzel and Milleret, 1999) and it has been suggested that
these heterotopic projections may be important to propagate activity to other cortical areas,
thereby contributing to the formation of large-scale neuronal ensembles promoting diverse
aspects of cortical processing (Varela et al., 2001). Indeed, the association between impaired
inter-hemispheric connectivity and reduced efficiency observed here and in previous studies
(Leow et al., 2012; Leow et al., 2013) indicates that damage to inter-hemispheric connections
may impact the brain’s capacity for global communication. We extent these findings by showing
that inter-hemispheric connectivity density relates to estimated total IQ, suggesting commissural
fibers to be relevant to cognitive performance (Poletti et al., 2015).
The etiology of affected inter-hemispheric connectivity in bipolar disorder remains to
be determined. Studies in adolescents with overt bipolar disorder (Barnea-Goraly et al., 2009) or
sub-threshold bipolar symptoms (Paillère Martinot et al., 2014) have reported similar connectivity
changes in these individuals. Furthermore, healthy children with a parent with bipolar disorder
have been shown to display a linear decrease in corpus callosum FA with age, contrasting an
increase in corpus callosum FA with age in adolescent controls (Versace et al., 2010). In addition,
a recent study demonstrated volume and diffusion-weighted structural connectivity measures
of the corpus callosum to be both heritable and associated with bipolar illness (Fears et al.,
2014). In all, impaired inter-hemispheric connectivity may reflect a deviant pattern of callosal
development in association with high familial risk for bipolar disorder that may be mediated by
genetic factors.
Corpus callosum deficits in bipolar disorder patients have been suggested to be more
pronounced in patients with a history of psychotic features (Sarrazin et al., 2014). We currently
did not identify differences in inter-hemispheric connectivity, or corpus callosum (subregion)
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volume, in patients with versus those without a history of one or more psychotic features. As
patients were euthymic (i.e., not currently in a manic or depressive episode) during evaluation
and data on symptomatology during mood episodes were not available, we were unable to
relate inter-hemispheric connectivity to severity of affective or psychotic symptoms. We did not
find an association with the number of manic or depressive episodes, or whether patients were
on or off lithium treatment.
Finding no clear changes in hub or rich club connectivity in bipolar I disorder patients is
of interest in light of recent findings in schizophrenia indicating a disproportionate disturbance
of brain hubs and their mutual connections in schizophrenia patients (van den Heuvel, 2013) and
their unaffected relatives (Collin et al., 2014a; Yan et al., 2015). Moreover, it has been proposed
that affected hub connectivity may be as a general feature of brain disorders (Crossley et al.,
2014). Our current findings are suggestive of differential patterns of hub involvement across
brain disorders. Putatively, the apparent sparing of central brain regions and their connections
may relate to the relative preservation of psychosocial, scholastic and vocational functioning in
affective versus non-affective psychotic disorders (Jarbin et al., 2003; Martínez-Arán et al., 2002;
Tabarés-Seisdedos et al., 2008; Tohen et al., 2000; Vreeker et al., 2015).
When interpreting the results of our study, it should be taken into consideration that
the reported connectivity measures were derived from diffusion tractography, and are thus
indirect estimations of true white matter connectivity. Despite limitations including issues with
determining the exact termination of fibers, detecting collaterals and tracking fibers in areas with
dense connectivity (Jbabdi and Johansen-Berg, 2011), diffusion tractography is the only currently
available tool to reconstruct white matter pathways in vivo and noninvasively. In addition, the
majority of the patients in our investigation used psychotropic medication including lithium and
antipsychotics, but we note that we observed no differences in connectivity measures between
patients on or off these medications.
In all, the findings of this study suggest that bipolar I disorder involves affected white
matter connectivity and brain network topology, with marked connectivity deficits of interhemispheric connections, negatively impacting the brain’s capacity for global communication.
In addition, the finding that brain hub connections in general, and connections spanning brain
hubs in particular (i.e., ‘rich club’ connections) did not show predominant impairments in our
large sample of bipolar I disorder patients is indicative of an etiology in which damage to central
brain hubs and their mutual rich club connections does not seem to play a central role.
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SUPPLEMENTARY INFORMATION
BIPOLAR GENETICS (BIG) STUDY
The Bipolar Genetics (BiG) study is a collaboration between the University of California Los
Angeles and Dutch health care institutes UMC Utrecht, GGZ Altrecht, GGz InGeest, University
Medical Center Groningen, Delta Center for Mental Health Care, Dimence, Parnassia (PsyQ) and
Reinier van Arkel Group. BiG investigates genetic and phenotypic correlates of bipolar disorder
type I. Patients were recruited via clinicians, the Dutch patient association, pharmacies and
advertisements; controls through advertisements and from among individuals who previously
participated in scientific research and agreed to be contacted for new studies. Notably, firstdegree relatives of bipolar I disorder patients are part of the overall BiG study, but not the
current investigation as imaging data of these subjects was not collected. Inclusion criteria for all
participants were: 1. Age 18 years or older; 2. At least three Dutch-born grandparents; 3. A good
understanding of Dutch language. Patients with a somatic illness that could have influenced the
diagnosis of bipolar disorder were excluded.
IMAGE ACQUISITION AND PREPROCESSING
One T1-weighted scan and two diffusion-weighted imaging (DWI) scans scan were acquired
on a 3.0 Tesla clinical MRI scanner. Anatomical T1. First, a T1-weigthed image (3D FFE using
parallel imaging; TR/TE 10/4.6 ms; FOV 240x240 mm; 0.75 mm isotropic voxel size; 200 slices)
was acquired. Using this scan, tissue classification and automated cortical segmentation were
performed using Freesurfer software (V5, http://surfer.nmr.mgh.harvard.edu/) (Fischl, 2012).
Diffusion Weighted Imaging. Next, two sets of 30 diffusion-weighted images (b-weighting 1000
s/m2) and 5 diffusion unweighted scans were acquired (TE/TR 7035/68 ms; 2 mm isotropic voxel
size; 75 slices). DWI images were realigned and corrected for possible susceptibility distortions
(Andersson and Skare, 2002). Using the diffusion-weighted imaging data, mean diffusivity (MD),
defined as the total diffusion of water, was computed per voxel. In addition, a tensor was fitted
to the diffusion profile within each voxel (Chang et al., 2005) and the fractional anisotropy (FA) of
the tensor was determined, as an estimate of white matter integrity (Jones, 2008).
NETWORK RECONSTRUCTION
For each possible pair of brain regions i and j, it was determined whether the regions were
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connected by a streamline. If so, the connection was marked by a ‘1’ in the N x N adjacency
matrix A, with N defined as the number of cortical regions (N = 219). If no streamline connection
was present between region i and j, A(i,j) was marked 0. As reconstructed brain networks have
been shown to include a substantial proportion of false positive connections [De Reus and van
den Heuvel, 2013], links consisting of less than 3 streamlines were also marked 0. Next, weighted
connectome reconstructions were composed by weighing each connection i,j in A (marked by
a 1) according to streamline density (SD), defined as the number of streamlines between two
connecting regions, divided by the average volume of the two regions. In addition, average
MD and FA along the streamlines linking two regions were computed as additional connection
weights.
PERMUTATION TESTING
Connectivity and topological measures were compared between patients and controls using
permutation testing. To this end, group-differences were first computed using the original
subject groups. Subsequently, permutation of group assignment (10 000 permutations) was
used to randomly assign subjects to a dummy ‘patient’ or ‘control’ group, of equal size as the
original subject groups. Using these groups of randomly mixed subjects, the group-difference
was recomputed for each of 10 000 permutations, resulting in an empirical (null-) distribution
of differences that can arise under the null-hypothesis. Original group differences were
then compared to the null-distribution and assigned a p-value as the proportion of random
permutations resulting in a value as, or more, extreme as the original difference.
ALTERNATIVE HUB DEFINITIONS
To ensure that putative effects were not limited to a particular hub definition, alternative hub
definitions were also explored. First, betweenness centrality was used to detect brain hubs. To
this end, betweenness centrality was computed per brain region as the number of all shortest
paths in A that pass through that node. Hubs were defined as the top 20% brain regions with
highest betweenness-centrality. Second, instead of using the top 20% brain regions, the top
10% most highly connected (degree) and central (betweenness centrality) brain regions were
examined.
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CENTRALITY IN RELATION TO DISEASE-RELATED CONNECTIVITY CHANGE
Node centrality
In addition to dividing brain regions into hubs and non-hubs and performing bivariate
comparison of hub connectivity between patients and controls, it was explored whether the
centrality of a given node (i.e., brain region) was associated with disease-related reductions in
connectivity strength. To this end, binary degree- and betweenness centrality was computed per
brain region (Rubinov and Sporns, 2010). Next, the relative reduction (%) in connectivity strength
(i.e., sum of SD connectivity over all connections of a node) between patients and controls was
determined, by dividing the average group-difference by the average weight of the connection,
multiplied by 100. Pearson’s correlations were used to explore the linear association between
node centrality and the average absolute and relative group-difference in connection strength.
Edge centrality
Similar to the nodal centrality analysis, the association between the topological centrality of an
edge and average connectivity change was explored. To this end, a group-threshold mask was
first applied to the patient and control matrices, such that only those connections that were
present in at least 50% of the healthy control subjects were included (De Reus and van den
Heuvel, 2013). Next, binary edge centrality (i.e., the fraction of all shortest paths in the network
that contain a given edge) was computed for each connection (Rubinov and Sporns, 2010).
Then, the association between edge centrality and the average case-control difference in SD
connectivity (%) was explored using Pearson’s correlations.
EFFECT OF IMPAIRED INTERHEMISPHERIC CONNECTIVITY ON GLOBAL EFFICIENCY
The impact of the observed reduction in inter-hemispheric connectivity on the brain’s overall
communication capacity was assessed per subject group. To this end, Pearson’s correlation
coefficients between inter-hemispheric SD connectivity and global efficiency were computed. In
addition, to explore the effect of inter-hemispheric connectivity on global efficiency independent
of (group-differences in) overall white matter connectivity, inter-hemispheric connectivity was
normalized to a set of 100 comparable random networks with preserved degree- and weight
distribution (i.e. normalized inter-hemispheric connectivity) and examined for a relationship with
global efficiency GE using Pearson’s correlations. Patient-control differences in the correlation
between (normalized) inter-hemispheric connectivity and GE were tested for statistical
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significance using Fisher’s r-to-z transformation (Cohen et al., 1983).
CORPUS CALLOSUM VOLUME (POST-HOC ANALYSIS)
To aid the interpretation of our finding of affected interhemispheric connectivity, in a post-hoc
analysis, total corpus callosum (CC) volume, and volumes of five CC subdivisions (i.e. anterior,
mid anterior, central, mid posterior and posterior) were examined. To this end, using the
Freesurfer suite, the corpus callosum was segmented into five equally spaced divisions, in terms
of distance along the primary eigendirection of the CC, and volumes were computed using the
subdivisions and default thickness of 5 mm. Total and subdivision CC volumes were corrected
for the effects of age, gender and total white matter volume using linear regression analysis, and
corrected volumes were compared between subject groups using independent samples t-tests.
ALTERNATIVE HUB DEFINITIONS
High-betweenness hubs
There was high correspondence in detected brain hubs between degree- and betweennesscentrality based hub definitions (Supplementary Table 1).
Hub connectivity. Defining hubs as the top 20% brain regions with highest betweenness
centrality also indicated no significant group-differences in average SD, FA or MD over all
connections of high-betweenness hubs (all p > 0.1).
Rich club connectivity. Using the top 20% betweenness-centrality hub definition, there were
no significant group-differences in rich club or feeder (all p > 0.09) connectivity, with local
connections showing a reduction in SD (-3.0%, p = 0.007, not surviving FDR correction), but not
FA or MD (both p > 0.1) connectivity.
Top 10% degree- and betweenness-centrality hubs
Defining hubs as the top 10% instead of the top 20% most highly connected (i.e., degree) and
central (i.e., betweenness-centrality) brain regions resulted in the same overall findings.
Hub connectivity. There were no group-differences in average SD, FA or MD over all
connections of the top 10% high-degree brain regions (all p > 0.1), nor for the top 10% highest
betweenness-centrality regions (all p > 0.3) in hub connectivity.
Rich club connectivity. Following the top 10% high-degree hub definition, there were no
significant differences in average SD, FA or MD of rich club (all p > 0.1) or feeder (all p > 0.1)
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Table 2 Detected brain hubs per subject group and per hub definition.
High degree hubs

High betweenness hubs

Controls

Patients

Controls

Patients

rh isthmus cingulate 1

lh isthmus cingulate 1

lh isthmus cingulate 1

lh isthmus cingulate 1

lh isthmus cingulate 1

rh isthmus cingulate 1

rh isthmus cingulate 1

rh isthmus cingulate 1

rh precuneus 4

rh precuneus 4

lh superior parietal 4

lh superior parietal 4

lh posterior cingulate 1

rh superior parietal 7

rh superior parietal 7

rh precuneus 4

rh superior parietal 7

lh posterior cingulate 1

rh precuneus 4

rh superior parietal 7

lh supramarginal 4

rh superior parietal 3

rh superior parietal 3

rh superior parietal 3

rh superior parietal 3

lh supramarginal 4

rh superior parietal 5

lh superior parietal 5

rh precentral 6

rh superior temporal 5

lh superior parietal 5

rh superior parietal 5

rh posterior cingulate 2

rh precentral 6

lh inferior parietal 1

lh inferior parietal 1

lh precentral 7

rh posterior cingulate 2

lh posterior cingulate 1

lh superior parietal 1

rh superior temporal 5

rh superior frontal 5

lh superior parietal 1

lh posterior cingulate 1

rh superior frontal 5

rh superior parietal 5

rh superior frontal 5

rh superior temporal 5

rh precuneus 5

rh postcentral 5

rh superior temporal 5

lh lateral occipital 1

lh superior frontal 8

lh precentral 7

lh lateral occipital 1

rh superior frontal 5

rh superior parietal 5

rh inferior parietal 6

lh superior parietal 7

lh superior frontal 7

rh postcentral 5

lh superior frontal 8

lh superior frontal 7

lh pars opercularis 2

rh inferior parietal 6

rh precuneus 5

rh superior parietal 2

lh superior frontal 8

lh precuneus 3

lh inferior parietal 1

lh pars opercularis 2

lh superior parietal 7

rh middle temporal 1

lh superior parietal 5

lh superior frontal 8

rh superior parietal 2

lh superior parietal 7

lh precuneus 3

rh insula 2

lh inferior parietal 4

rh insula 3

lh superior parietal 4

rh inferior parietal 6

rh inferior parietal 6

lh precentral 8

lh inferior parietal 4

rh precentral 6

rh postcentral 5

rh lingual 3

lh precentral 8

rh postcentral 5

rh insula 2

lh inferior parietal 1

rh middle temporal 1

lh precentral 7

rh precentral 6

lh superior parietal 4

lh superior frontal 7

lh precentral 8

lh insula 3

lh superior parietal 5

lh middle temporal 1

lh superior temporal 5

lh rostral middle frontal 6

lh superior frontal 7

rh lingual 3

rh pars triangularis 2

rh pars triangularis 2

rh supramarginal 2

lh superior parietal 7

lh inferior parietal 4

lh precuneus 3

rh caudal middle frontal 3

rh insula 3

rh pars orbitalis 1

rh posterior cingulate 2

lh middle temporal 1

rh caudal middle frontal 3

lh precuneus 3

lh lateral orbitofrontal 4

rh insula 2

rh supramarginal 2

rh temporal pole 1

lh superior frontal 1

lh precuneus 1

rh insula 2

lh insula 3

rh temporal pole 1

lh inferior parietal 4

rh pars triangularis 2

rh insula 3

rh pars orbitalis 1

rh pars triangularis 2

rh precentral 3

rh lingual 3

rh lingual 3

rh precentral 2

rh precentral 2

rh posterior cingulate 2

lh superior temporal 5

rh precentral 3

lh lateral occipital 1

lh rostral middle frontal 6

rh caudal anterior cingulate 1

lh lateral occipital 1

lh pars opercularis 2

lh lateral orbitofrontal 4

lh temporal pole 1

rh pars opercularis 2

lh precuneus 1

lh superior frontal 1

rh lateral occipital 1

rh pars orbitalis 1

lh inferior parietal 5

rh caudal anterior cingulate 1

lh precentral 7

lh precuneus 5

lh superior frontal 1

lh supramarginal 4

rh insula 3

rh superior parietal 2

rh superior parietal 2

rh rostral middle frontal 5

lh precentral 8

lh superior parietal 1

rh pars opercularis 2

rh precuneus 5

rh precuneus 5

lh pars opercularis 2

rh precuneus 1

lh temporal pole 1

lh pars triangularis 1

rh superior frontal 6

rh pars orbitalis 1

lh medial orbitofrontal 2

lh superior frontal 5

Brain regions ordered to average degree and betweenness-centrality per subject group (with top 10% in upper half of
table, above dotted line). lh = left hemisphere; rh = right hemisphere.
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connections. Local connections showed a trend-level reduction in SD connectivity (-2.5%, p
= 0.025, not surviving FDR-correction), but not FA or MD (both p > 0.3). Using the top 10%
betweenness-centrality hub definition resulted in a trend-level increase in MD connectivity
of rich club connections (+1,3%, p = 0.021, not-surviving FDR-correction), but not SD or FA
connectivity (both p > 0.05). Feeder connections showed no effects (all p > 0.08), and local
connections a small decrease in SD (-2.4%, p = 0.012, not surviving FDR-correction), but not FA
or MD (all p > 0.2).

Table 3 Corpus callosum volumes.
Bipolar I disorder patients
(N = 216)

Healthy controls
(N = 144)

p

Total CC

3102.6 (407.5)

3236.0 (453.2)

0.004

Anterior CC

909.6 (142.3)

921.6 (142.7)

0.437

Mid anterior CC

447.4 (78.2)

473.9 (92.2)

0.004

Central CC

418.6 (68.9)

452.2 (85.9)

<0.001

Mid posterior CC

397.5 (75.1)

433.9 (90.1)

<0.001

Posterior CC

929.5 (151.2)

954.3 (156.6)

0.133

Mean (sd) volume (mm3) of the corpus callosum (CC) and five CC subregions in patients and controls. Volumes were

corrected for the effects of age, gender and total WM volume using linear regression analysis. P-values indicate the statistical
significance of group-differences.
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PART III

THE RICHNESS OF THE CONNECTOME

ABSTRACT
Emerging evidence suggests schizophrenia to involve widespread alterations in the macroscale
wiring architecture of the human connectome. Recent findings of attenuated connectome
alterations in unaffected siblings of schizophrenia patients suggest that altered connectome
organization may relate to the vulnerability to develop the disorder, but whether it relates
to progression of illness after disease onset is currently unknown. Here, we examined the
interaction between connectome structure and longitudinal changes in general functioning,
clinical symptoms and IQ in the 3 years following MRI assessment in a group of chronically ill
schizophrenia patients. Effects in patients were compared to associations between connectome
organization and changes in subclinical symptoms and IQ in healthy controls and unaffected
siblings of schizophrenia patients. Analyzing the patient sample revealed a relationship
between structural connectivity — particularly among central ‘brain hubs’ — and progressive
changes in general functioning (p = 0.007), suggesting that more prominent impairments of
hub connectivity may herald future functional decline. Our findings further indicate that affected
local connectome organization relates to longitudinal increases in overall PANSS symptoms (p
= 0.013) and decreases in total IQ (p = 0.003), independent of baseline symptoms and IQ. No
significant associations were observed in controls and siblings, suggesting that the findings in
patients represent effects of ongoing illness, as opposed to normal time-related changes. In all,
our findings suggest connectome structure to have predictive value for the course of illness in
schizophrenia.

KEYWORDS
Connectome, diffusion-weighted imaging, brain hubs, rich club, schizophrenia, outcome
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INTRODUCTION
Schizophrenia’s etiology has long since been related to alterations in the wiring architecture
of the brain’s network (Stephan et al., 2009; Rubinov and Bassett, 2011; Van den Heuvel and
Kahn, 2011; Fornito et al., 2012; Van den Heuvel and Fornito, 2014; Wheeler and Voineskos,
2014). A comprehensive map of the white matter pathways connecting disparate areas of the
human brain is referred to as the macroscale connectome (Hagmann, 2005; Sporns et al., 2005).
Emerging evidence on connectome structure in schizophrenia suggests disease-related changes
to include affected neural communication, aberrant local organization and modular structure
and a less central position of brain hubs (Bassett et al., 2008; Lynall et al., 2010; Skudlarski et al.,
2010; Van den Heuvel et al., 2010). These putative brain hubs have been suggested to reside
in multimodal association areas of the cortex, to participate in complex and diverse neuronal
communication (Rubinov and Bullmore, 2013; Van den Heuvel and Sporns, 2013; De Reus and
Van den Heuvel, 2014; Senden et al., 2014) and to be mutually connected into a core collective
referred to as a ‘rich club’ (Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2012). The
white matter pathways comprising this central communication system have been suggested
to be disproportionally affected in schizophrenia (Van den Heuvel et al., 2013). Moreover,
unaffected siblings of patients to show similar, though attenuated, effects (Collin et al., 2014).
Such findings of connectome alterations in first-degree relatives (Repovs et al., 2011; Fornito
et al., 2013; Collin et al., 2014), who are at increased genetic risk for schizophrenia but lack the
potential impact of (untreated) psychosis (Cahn et al., 2009) and psychotropic medication (Nejad
et al., 2012; Vita et al., 2012), have led to the hypothesis that affected connectome organization
might be reflective of an inherited neurodevelopmental vulnerability to the disorder (Collin and
Van den Heuvel, 2013; Skudlarski et al., 2013; Van den Heuvel and Fornito, 2014).
Cross-sectional investigations of brain network organization in relation to illness severity
in schizophrenia have suggested global and local network efficiency to be related to severity of
both positive (Wang et al., 2012) and negative (Yu et al., 2011; Wang et al., 2012) symptoms. In
addition, reduced levels of functional network cost-efficiency have been associated with poorer
working memory performance (Bassett et al., 2009). An open question regarding connectome
abnormalities in schizophrenia (Dauvermann et al., 2014) — altered hub connectivity in particular
(Van den Heuvel and Kahn, 2011) — is whether, and if so how, alterations in macroscale
connectome wiring relate to illness progression and outcome. Persistent symptoms (Lieberman,
1999) and real-world deficits in areas such as employment (Harvey and Velligan, 2011) and
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everyday living (Harvey et al., 2009; Leifker et al., 2009) are common in patients, but prognosis
at the individual level is heterogeneous (Schultz and Andreasen, 1999). Relating connectome
architecture to progression of illness and functional deficits might inform prognostic estimations.
In this longitudinal study, a group of schizophrenia patients, investigated previously in two crosssectional connectome studies (Van den Heuvel et al., 2013; Collin et al., 2014), was reassessed
after 3 years follow-up. Changes over time in general and intellectual functioning and clinical
symptoms were evaluated and related to connectome structure at baseline. Particular emphasis
was placed on examining the predictive value of measures of connectome topology (e.g.,
clustering, global efficiency and rich club organization) in terms of illness progression in the 3
years following MRI assessment.
MATERIALS AND METHODS
SUBJECTS
A sample of 30 schizophrenia patients, from a total sample of 40 patients of whom diffusionweighted imaging data were examined previously as part of two studies on connectome
architecture in patients (Van den Heuvel et al., 2013) and their unaffected siblings (Collin et
al., 2014), were included in the current study. Longitudinal data on functional outcome, IQ
and symptomatology at 3-year follow-up were examined in relation to connectome structure.
In addition, from the baseline sample containing 51 healthy controls and 54 unaffected
siblings of patients (Collin et al., 2014), 45 controls and 48 siblings were re-assessed after
3 years and included in the current study. In these subjects, longitudinal changes in IQ and
subclinical psychotic symptoms were investigated for a link with connectome structure, to
disentangle disease-related effects from ‘normal’ changes with time in unaffected subjects, in
absence/presence of increased familial risk for schizophrenia. All participants were recruited
at the University Medical Center Utrecht, as part of a longitudinal study on schizophrenia in the
Netherlands (Genetic Risk and Outcome of Psychosis, or ‘GROUP’, study) (Korver et al., 2012).
The affiliated medical ethics committee approved the study and all subjects provided written
informed consent prior to participation.
PROCEDURES AND MEASURES
Clinical measurements at time of scan acquisition and follow-up
All subjects were assessed at two time points: (1) at the time of MRI acquisition (T-MRI) and
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(2) at 3-year follow-up (T-FU). At both assessments, current and lifetime psychopathology was
established using the Comprehensive Assessment of Symptoms and History (Andreasen et al.,
1992). Patients met Diagnostic and Statistical Manual of Mental Disorders (DSM) fourth edition
(American Psychiatric Association, 2000) criteria for schizophrenia or related spectrum disorders
at T-MRI. Siblings had no diagnosis of a current or lifetime psychotic disorder, including bipolar
disorder. Healthy controls had no current or lifetime psychotic disorder and no first- or seconddegree family member with a lifetime psychotic disorder. The baseline characteristics of the
total sample of patients, siblings and controls (N = 145) from our previous cross-sectional study
were described in detail in (Collin et al., 2014). The baseline characteristics of those subjects that
were reevaluated at T-FU (N = 30 patients, N = 48 siblings, N = 45 controls) are provided in the
Supplementary Information.
For all study participants, total IQ was estimated using four subtests of the Dutch version
of the Wechsler Adult Intelligence Scale (WAIS): Vocabulary, Comprehension, Block Design and
Picture Arrangement (Stinissen et al., 1970). For patients, the type and chlorpromazine equivalent
daily dose of antipsychotic medication was recorded, symptom severity was assessed using
the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) and symptom remission
(Andreasen et al., 2005), employment and living arrangements were recorded as indices of
overall functioning. In controls and siblings, the Community Assessment of Psychic Experiences
(CAPE) was used to assess subclinical symptoms (Stefanis et al., 2002). All clinical characteristics
were assessed at both time points, and differences between the T-MRI and T-FU were tested for
statistical significance using paired samples t-tests for continuous and McNemar’s chi-square
tests for (bi-) nominal variables (McCrum-Gardner, 2008) (Table 1).
Longitudinal changes in general functioning, symptoms and IQ
General functioning (GF) of patients was determined at T-MRI and T-FU by combining data
on three intuitive measures of functioning: employment, independent living and symptom
remission (Figure 1; see Supplementary Information for details). GF was computed at both time
points as a composite score between 0 (meeting none of the requirements) and 3 (employed,
living independently and in symptomatic remission), and longitudinal change in GF was
computed as the difference between assessments. Four trajectories of change in GF during
follow-up were discerned: increased GF at T-FU as compared to T-MRI (N = 5), stable GF (N = 12),
minor decrease in GF (N = 11) and major decrease (i.e., dropping two levels between T-MRI and
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Table 1 Patient demographic and clinical characteristics at T-MRI and T-FU.
Time of scan (T-MRI)

3 year follow-up (T-FU)

p

Age in years, mean (sd) [range]

30.6 (6.3) [22-45]

33.7 (6.3) [25-48]

<0.01

Gender, M /F

27 / 3

27 / 3

n/a

DSM-diagnosis
Schizophrenia, N (%)

24 (80.0%)

24 (80.0%)

1.0

Schizoaffective disorder, N (%)

5 (16.7%)

3 (10.0%)

0.50

Other schizophrenia spectrum, N (%)

1 (3.3%)

2 (6.7%)

1.0

Bipolar disorder, N (%)

0 (0%)

1 (3.3%)

n/a

Duration of illness, mean (sd) [range]

8.1 (4.2) [2.5-18.3]

11.2 (4.2) [5.9-21.0]

<0.01

IQ, mean (sd) [range]

99.5 (15.0) [71-132]

96.7 (16.4) [63-128]

0.09

PANSS total symptoms

46.2 (11.6) [30-83]

56.3 (14.9) [31-80]

<0.01

Symptomatic remission, yes / no

19 / 11

12 / 18

0.07

Formal remission , yes / no

Remission

7 / 21

7 / 23

1.0

Employment (paid), yes / no

19 / 11

16 / 14

0.13

Household, independent / dependent

16 / 14

18 / 12

0.50

Living single / with partner

14 / 2

17 / 1

1.0

Living with parents / sheltered / otherb

8/4/2

5/6/1

0.39

Clozapine / other atypicalc / typical / none

7 / 20 / 1 / 1f,g

7 / 20 / 1 / 0e

0.56

CPZd equivalent dose, mean (sd) [range]

256.7 (141.4) [50-625]g

266.3 (213.4) [50-1067]

0.80

a

e

Antipsychotic medication

Demographic and clinical characteristics at time of MRI assessment (T-MRI) and 3-year follow-up (T-FU) of patients

evaluated at both time points (N = 30). a Formal remission is defined as symptomatic remission during at least 6 months.
b

other household: hospitalization, homelessness, living with sister.

c

atypical antipsychotic drugs other than clozapine

are risperidone, olanzapine, quetiapine and aripiprazole. d CPZ = chlorpromazine. Data missing for e N = 2, f N = 1. Data
complemented at follow-up for two subjects g; n/a = not applicable.

T-FU) in GF (N = 2) (Figure 1). Patients were grouped according to the trajectory of change in GF
during follow-up. Differences between groups in demographic and clinical characteristics were
tested for statistical significance using Kruskal–Wallis ANOVA for continuous and chi-square
tests for categorical variables.
In addition, longitudinal changes in IQ and symptoms, computed as the difference
in total IQ and total PANSS symptoms between T-MRI and T-FU, were examined. IQ changes
in patients were compared to ‘normal’ differences between IQ measurements in unaffected
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Figure 1 Three intuitive measures of general functioning in schizophrenia (employment, independent living
and symptom remission) were combined in one composite measure of general functioning (GF). GF was
assessed at the time of MRI acquisition (T-MRI) and three-year follow-up (T-FU). Four major trajectories of
change in GF during follow-up were discerned (increase in GF, stable GF, minor decrease in GF, major
decrease in GF) and patients were grouped accordingly.

subjects. Longitudinal changes in subclinical symptoms, as assessed by the difference in total
CAPE symptoms between T-MRI and T-FU, were investigated in controls and siblings.
Neuroimaging
Neuroimaging involved acquisition of 1.5T magnetic resonance imaging (MRI) scans, including
an anatomical T1 scan (TE/TR 4.6/30 ms, flip angle 30°, 160–180 contiguous slices, 1 × 1 × 1.2
mm voxels, FOV = 256 mm, SENSE 1.5/1.5) and a diffusion-weighted imaging (DWI) scan with
each two sets of 8 unweighted scans (b-factor = 0 s/mm2, TE/TR 88/9822 ms, parallel imaging
factor: 2.5; flip angle 90, 60 slices, 2.5 mm isotropic voxels, no slice gap, FOV 240 mm, 128 ×
128 reconstruction matrix) and 32 diffusion-weighted images (non-collinear, b-factor = 1000 s/
mm2) (Van den Heuvel et al., 2010; Mandl et al., 2013). Preprocessing of the T1 and DWI data
(described in detail in the Supplementary material) included parcellation of the cerebral cortex
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into 68 cortical regions (i.e., 34 per hemisphere) using Freesurfer software (Fischl, 2012) and
deterministic fiber tracking (Mori and Van Zijl, 2002) to reconstruct white matter pathways. Fiber
tracking, in short, involved starting seeds in each voxel, subsequently following the preferred
diffusion direction from one voxel to the next, to generate a total collection of streamlines
reflective of the underlying white matter anatomy (Van den Heuvel et al., 2013; Collin et al.,
2014).
Connectome evaluation
Connectome reconstruction. Connectome reconstructions were taken from (Van den Heuvel
et al., 2013; Collin et al., 2014). In short, for each individual dataset, a connectome map was
reconstructed from the collection of parcellated cortical regions and reconstructed white matter
streamlines, resulting in a matrix describing the level of structural connectivity between each
pair of brain regions (Figure 2A). Each connectome map was represented as a graph G = (V,
E) consisting of a set of nodes V (representing 68 cortical regions) and connections E between
nodes (reflecting cortico-cortical connections between regions) weighted according to the
number of reconstructed streamlines (NOS) (Figure 2B). Connections consisting of 5 or more
streamlines were included as cortico-cortical pathways, effectively reducing the inclusion of
potentially false positive registrations (De Reus and van den Heuvel, 2013a).
Connectome examination. Connectome reconstructions were examined in terms of a number of
graph attributes, together providing a description of the networks’ overall architecture (Figure
2C). Common descriptive graph metrics were investigated in relation to longitudinal changes
in GF, symptoms and IQ: Overall connectivity S, describing the total level of connectivity
strength of the reconstructed network; clustering C, providing an estimate of local information
segregation, computed as the average likelihood that two neighbors of a node are mutually
connected; global efficiency GE, an estimate of overall communication efficiency throughout
the network, computed as the average inverse shortest path between each possible pair of
nodes in the graph. Graph metrics were computed from NOS weighted networks (Rubinov and
Sporns, 2010). Previous cross-sectional analysis of the metrics describing global connectome
architecture in these subjects indicated significant reductions in S, GE and C in patients, and
intermediate levels of connectome clustering in unaffected siblings of patients (see Collin et al.,
2014).
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Figure 2 Weighted connectome reconstruction, depicted as a matrix (A) and neural graph (B), with rows/
columns (A) and nodes (B) representing parcellated cortical brain regions (N = 68), and matrix-entries (A)
and edges (B) representing cortico-cortical connections, were examined using common graph metrics
(C): strength, reflecting the total level of connectivity; global efficiency, describing overall communication
efficiency in the network, computed as the average inverse shortest path length; clustering, providing an
estimate of local information segregation.

Rich club organization. Rich club organization implies that hubs (i.e., highly connected and central
nodes) are more densely mutually interconnected than is to be expected based on their high
degree alone (Colizza et al., 2006; van den Heuvel and Sporns, 2011). Studies have shown the
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neural networks of several species to possess such an organization (Zamora-López et al., 2009;
Harriger et al., 2012; De Reus and Van den Heuvel, 2013b; Shanahan et al., 2013; Towlson et al.,
2013; Scholtens et al., 2014; Van den Heuvel and De Reus, 2014), and the level of connectivity
within this system is reduced in schizophrenia patients (Van den Heuvel et al., 2013) and their
siblings (Collin et al., 2014). In this study, hubs were a priori defined as the superior frontal and
parietal gyrus, precuneus and insula bilaterally (as taken from Collin et al., 2014; Van den Heuvel
et al., 2013), regions well validated as key brain hubs in previous research (Van den Heuvel
and Sporns, 2013) (Supplementary Information). Based on the classification of networks nodes
into ‘hubs’ and ‘non-hubs’, network edges were sub-divided into connection classes based on
their participation in rich club formation, as ‘rich club’ connections (connecting hubs), ‘feeder’
connections (linking hubs to non- hubs) and ‘local’ connections (connecting non-hubs) (Van den
Heuvel et al., 2012). The computation of rich club organization was taken from (Collin et al.,
2014) and examined here in relation to longitudinal changes in clinical measures.
STATISTICAL ANALYSIS
Measures of connectome organization were examined in terms of their relationship with
longitudinal changes in GF, clinical symptoms and IQ. Specifically, it was examined whether the
most intact connectome at T-MRI belonged to subjects who show increased GF at T-FU, the most
affected networks to those showing progressive decrease in GF over time, with intermediate
network metrics in subjects showing stable GF. Non-parametric Jonckheere Terpstra (Bewick et
al., 2004) permutation analysis (for details, see Collin et al., 2014) was performed to test ordered
differences in connectome impairments across groups signifying the extent of longitudinal
change in GF. In addition, Pearson’s correlations were computed to examine linear associations
between connectome organization and subsequent changes in IQ and (sub)clinical symptoms.
As connectome measures are related to overall connectivity, partial correlations with C and GE,
including overall connectivity as a covariate, were also computed. Results were subjected to a
false discovery rate (FDR) threshold of q < 0.05, indicating statistical significance. Findings at p <
0.05 not reaching the FDR-threshold were interpreted as trend-level findings.
RESULTS
CLINICAL MEASUREMENTS AT TIME OF SCAN ACQUISITION AND FOLLOW-UP
Out of the original forty patients in our previous investigations (Van den Heuvel et al., 2013;
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Table 2 Characteristics of subjects grouped by change in GF during follow-up.
Increased outcome Stable outcome
(N = 5)
Scan

(N = 12)
FU

Scan

FU

Decreased outcome
(N = 11)

Decreased outcome
(major) (N = 2)

P

Scan

Scan

S

FU

FU

Age at scan, mean (sd)

29.4 (4.9)

33.3 (7.6)

29.0 (5.2)

26.5 (2.1)

0.36

Gender, M / F

5/0

10 / 2

10 / 1

2/0

0.71

Illn. duration at T-MRI, mean (sd)

7.5 (5.4)

8.1 (2.9)

9.1 (5.1)

4.1 (1.1)

0.44

DSM-diagnosis
Schizophrenia, N (%)

4 (80)

4 (80)

8 (66.7)

7 (58.3)

10 (90.9)

11 (100)

2 (100)

2 (100)

FU

0.77

0.13

0.45

0.08

Schizoaffective disorder, N (%) 1 (20)

0 (0)

3 (25)

3 (25)

1 (9.1)

0 (0)

0 (0)

0 (0)

0.68

0.17

Other schiz. spectrum, N (%)

0 (0)

0 (0)

1 (8.5)

2 (16.6)

0 (0)

0 (0)

0 (0)

0 (0)

0.67

0.36

Bipolar disorder, N (%)

0 (0)

1 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

111.8
(14.8)

115.8
(10.3)

97.8
(12.3)

91.7
(12.7)

96.6
(17.1)

94.7
(17.6)

95.0
(11.3)

87.0
(11.3)

0.30

0.04

Total, mean (sd)

40.0
(8.0)

43.0
(7.5)

47.2
(10.2)

60.9*
(16.1)

47.8
(14.9)

55.9
(14.2)

47.5
(6.4)

64.5
(7.8)

0.50

0.15

Positive scale, mean (sd)

9.6
(3.6)

10.0
(1.9)

10.2
(2.5)

14.0*
(4.5)

10.8
(5.7)

13.7
(5.2)

10.0
(1.4)

17.0*
(1.4)

0.84

0.26

Negative scale, mean (sd)

10.4
(3.4)

11.0
(2.9)

12.5
(3.6)

16.8
(6.7)

12.4
(3.2)

14.8
(3.9)

13.5
(2.1)

15.5
(2.1)

0.60

0.24

General scale, mean (sd)

20.0
(4.1)

22.0
(5.4)

24.5
(5.2)

30.2
(8.6)

24.6
(7.5)

27.4
(8.1)

24.0
(2.8)

32.0
(4.2)

0.45

0.22

Clozapine/other atypicala /
typical/none

0/4/0/1

0/4/0/1

5/5/1/0c

5/5/1/0c

1/10/0/0

2/9/0/0c

0/2/0/0

0/2/0/0

0.23

0.42

CPZb dose, mean (sd)

200.0
(0.0)

138.3
(73.7)

296.2
(191.2)

243.3
(159.0)

247.3
(113.9)

369.3
(279.2)

200.0
(0.0)

133.3
(0.0)

0.93

0.06

IQ, mean (sd)

#

0.16

PANSS symptoms

Antipsychotic medication

Characteristics of subjects per trajectory of change in general functioning (GF) during follow-up. a atypical antipsychotics
other than clozapine include risperidone, olanzapine, quetiapine and aripiprazole. b CPZ = chlorpromazine. c Data missing

for N = 1. # Group with increased GF at follow-up differs from other three groups. * Significant change between assessments.

Illn. duration = duration of illness; schiz. = schizophrenia.

Collin et al., 2014), thirty were reassessed after 3 years (T-FU) and ten were lost to follow-up (see
Supplementary Information for details). There were no significant differences in clinical or MRI
measures between subjects that were lost to follow-up, relative to those reevaluated at T-FU (SI).
On average, patients showed more clinical symptoms as measured by PANSS total
symptoms at T-FU as compared to T-MRI (p = 0.005). Specifically, twenty patients showed no
clinically relevant (Hermes et al., 2012) difference in total PANSS symptoms (±15 points), one
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patient showed a decrease of 24 points and nine patients showed a clinically significant increase
(range 16–37 points) in total symptoms. On average, mean [sd] IQ was lower at T-FU — 96.7 [16.4]
— than at T-MRI —99.5 [15.0] — but this effect did not reach statistical significance (p = 0.09). These
effects were similar when all subjects at T-MRI (N = 40) were included.
Table 2 summarizes the characteristics of the subjects per GF trajectory group. The only
significant difference in clinical measures was IQ at follow-up, which was higher in the group
showing increased GF at T-FU as compared to T-MRI than in the other groups.
LONGITUDINAL CHANGES IN FUNCTIONING, SYMPTOMS AND IQ
General functioning
Examining connectome organization revealed a trend-level positive effect on longitudinal
changes in GF of overall connectivity S (p = 0.030, not surviving FDR-correction; Figure 3A and
C) and GE (p = 0.034, non-FDR significant). No clear effect of overall clustering was observed
(p = 0.08). Strength of rich club and local connections was positively (p = 0.007 and p = 0.003
respectively, FDR-significant) related to change in GF during follow-up, with a trend-level effect
for feeder connections (p = 0.037, non-FDR significant), consistent with the overall effect of S
(Figure 3B and D). To examine the impact of S on these findings (Lynall et al., 2010; Scholtens
et al., 2014), the proportion of connectivity per connection class (i.e., rich club, feeder, local)
relative to overall S was examined in a post hoc analysis, revealing only rich club connectivity
to be independently associated with longitudinal change in GF (p = 0.030; Figure 3E), such
that, independent of overall connectivity (S), greater rich club connectivity was associated with
positive changes in general functioning during follow-up and vice-versa.
Robustness analyses
Post hoc analyses were performed to assess the robustness of the findings on general functioning
(see Supplementary Information for details). First, distinguishing three trajectories of GF change
(increase, stable, decrease) — i.e., including two patients with a major decrease in functional
outcome in one larger group of all patients with decreased GF — confirmed the main finding
(p = 0.018). Second, excluding patients with other than formal schizophrenia diagnosis (DSM
295.10; 295.30; 295.60; 295.90) did not change the association between rich club connectivity
and general functioning change (p = 0.024). Third, excluding patients with GF level 0 at baseline
(N = 3), to eliminate a possible floor effect, did not alter the main effect (p = 0.011). Fourth,
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correcting for dosage of antipsychotic medication and cannabis abuse/dependency through
linear regression analysis did not change the main finding (p = 0.019).
Clinical symptoms and IQ
Longitudinal changes in total PANSS symptoms and IQ were significantly associated with C,
such that a less clustered connectome at T-MRI predicted subsequent increases in symptoms (r
= −0.46, p = 0.013, FDR-significant) and decreases in IQ (r = 0.54, p = 0.003, FDR- significant)
and vice-versa (Figure 4). These effects remained highly significant when total IQ and symptoms

Figure 3 Overall connectivity S (A) and connection classes (rich club, feeder, and local connections) (B) were
examined for a link with change in general functioning (GF) during follow-up. Total connectivity showed a
trend-level effect with subsequent change in GF (C); rich club and local connectivity both showed significant
associations (D), but only rich club connections remained significantly associated with GF change when
examined as a proportion of S (E).
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Figure 4 Associations between connectome clustering C at T-MRI and subsequent changes in IQ (left) and
total PANSS symptoms (right) during follow-up.

at T-MRI were included as predictors (p = 0.001 and p = 0.001 respectively). Moreover, the effect
with IQ change remained significant when controlling for overall connectivity (p = 0.016). In
addition, trend-level effects (all not surviving FDR-correction) were observed between symptom
change and S (p = 0.030), and IQ change and S (p = 0.031) and GE (p = 0.026). There were no
significant cross-sectional associations between network measures and baseline symptoms and
IQ (all p > 0.25, see Supplementary Information). A post hoc analysis revealed the correlation
between C and symptom change to be driven mainly by disorganization symptoms (SI). Notably,
controls and siblings showed no significant correlations between longitudinal changes in
subclinical symptoms and IQ, and measures of connectome organization (SI).
DISCUSSION
Structural connectome wiring was examined in relation to longitudinal changes in general and
intellectual functioning and clinical symptoms in 3 years following MRI assessment in a cohort of
chronically ill schizophrenia patients. Examining patients’ functioning over time revealed more
severely affected wiring of the connectome — especially concerning rich club connections —
to precede a progressive decrease in functional performance over time, while relative sparing
of these connections preceded stable or improved general functioning. Moreover, stronger
alterations in global connectome topology — network clustering in particular — were shown to
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herald subsequent increases in total symptoms and decline in intellectual function, independent
of baseline measures. Finding no such associations with change in IQ and subclinical symptoms
in controls and unaffected siblings suggests that the findings in patients represent effects of
ongoing illness, as opposed to normal age-related changes. Our findings are thus indicative of
potential predictive value of connectome structure on illness progression in schizophrenia.
Abnormalities in connectome and rich club organization were previously shown to be
present at intermediate levels in unaffected siblings of schizophrenia patients (Collin et al., 2014).
This suggests that connectome alterations may reflect a neurodevelopmental insult or aberration
of brain maturation (Fornito et al., 2012; Collin and van den Heuvel, 2013; Van den Heuvel and
Fornito, 2014) related to familial, possibly reflecting genetic (Terwisscha van Scheltinga et al.,
2013), factors. If connectome abnormalities are neurodevelopmental in nature, an explanation
for our current findings might be that more affected connectome structure reflects a more severe
phenotype that is associated with a higher probability of functional deterioration over time. In
addition, a less efficiently wired connectome might be more susceptible for progressive white
matter deterioration, which could in turn give rise to more severe functional decline. Indeed,
theories of schizophrenia have characterized the illness as a progressive neurodevelopmental
disorder, implying a pathogenic process that begins in early neurodevelopment, evolves until
it reaches a critical threshold and subsequently causes progressive brain decline (Woods,
1998; Swapnil and Kulhara, 2010; Rapoport and Gogtay, 2011). Brain hubs may be pertinent
in this respect as their topological centrality may make them vulnerable to pathogenic factors,
rendering hubs a ‘hot spot’ for (progressive) neural changes (Van den Heuvel and Sporns, 2013;
Crossley et al., 2014). Our current finding that the level of connectivity among brain hubs best
predicted progressive changes in real-world functioning adds that this central infrastructure may
be crucial to illness progression. Longitudinal studies examining possible progressive changes
in connectome and hub wiring over time are needed to provide more insight in this matter.
The current study examined connectome organization in relation to longitudinal
changes in functional and clinical outcome in chronic schizophrenia. While the greatest changes
in brain measures and functioning presumably occur in earlier stages of illness, brain tissue
continues to decline in the chronic phase (Hulshoff Pol and Kahn, 2008), and so do social (Martin
et al., 2015) and certain neurocognitive functions (Jahshan et al., 2010; Zanelli, 2012; Barder et
al., 2013; Thompson et al., 2013). Moreover, cognitive trajectories appear to be heterogeneous
across individual patients (Barder et al., 2013; Thompson et al., 2013) and cognitive domains
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(Jahshan et al., 2010), with some improving with stabilization in the early stages while others
decline with progressing illness. In addition, ongoing brain changes until 12 years after first
diagnosis have been shown to correlate with functional outcome (Ho et al., 2003). In all, changes
in functioning occur in advanced illness, in diverging trajectories, and are related to ongoing
brain changes. Our study extends these findings by suggesting that brain network organization
may be predictive of subsequent changes in outcome some years after first diagnosis, at which
time patients may question their future perspective in terms of symptoms and functioning, for
example, in relation to study or work.
With regard to predicting outcome, previous investigations of first-episode (Van Veelen
et al., 2011) and chronic (Khodayari-Rostamabad et al., 2010) schizophrenia patients have shown
that functional MRI and EEG measurements may be useful in anticipating treatment response. In
addition, consistent with our findings, reduced volumes of dorsolateral prefrontal and superior
frontal cortices were demonstrated to predict worse socio-occupational functioning (Prasad et
al., 2005; Behere, 2013), more negative symptoms (Behere, 2013) and to differentiate between
poor and good functioning patients at follow-up (Kasparek et al., 2009). In addition, frontoparietal components of functional brain networks were reported to contain the most predictive
information regarding later improvement in negative symptoms (Nejad et al., 2013). In all, brain
(network) measures relating to frontal brain hubs and their connections to other hub regions of
the brain may include useful new metrics to inform prognostic estimations in schizophrenia (Van
den Heuvel and Kahn, 2011).
Studies examining individuals at clinical or genetic high risk for psychosis have shown
that neurophysiological, neurochemical and neurostructural markers can be used to predict
subsequent symptom progression (Tognin et al., 2013), transition to psychosis (Howes et al.,
2011; Mechelli et al., 2011; Allen et al., 2012) and functional outcome (Allen et al., 2014) in these
individuals. In this context, a worthwhile avenue for future research may be to examine whether
measures of brain network organization are also predictive of future functioning in the firstepisode, or in high-risk individuals.
Our findings are limited by the inherent nature of the applied methodology. Limitations
associated with diffusion-weighted imaging, a technique that relies on water diffusion as an
indirect marker for axon geometry, include difficulties in resolving complex fiber architecture,
such as crossing, diverging or converging fibers (for a review, see Jbabdi and Johansen-Berg,
2011). In addition, the majority of patients in this study used antipsychotic medication, which may
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influence structural brain connectivity (Szeszko et al., 2014). However, in this context, it should be
noted that altered white matter connectivity has also been shown in medication-naïve patients
(Cheung et al., 2008; Mandl et al., 2013), and in our current study population, no apperent
influence of the chlorpromazine equivalent dosage of antipsychotic treatment on connectome
measures was observed (Collin et al., 2014), nor on the relationship with longitudinal changes in
general functioning, as examined here.
This study provides evidence that connectome and rich club organization may be
predictive of illness progression, including longitudinal changes in general functioning, clinical
symptoms and IQ, in chronically ill schizophrenia patients. These findings highlight the potential
of connectome measures in informing prognosis in schizophrenia.
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SUPPLEMENTARY INFORMATION
DETERMINING GENERAL FUNCTIONING (GF)
To determine real-world functional performance, a composite measure was computed based on
three robust and intuitive features of overall functioning:
1) Employment
Defined as having a paid job. Volunteer work, as a consequence, did not constitute
employment in this study.
2) Independent living
Defined as single-person household, or living partner and/or own family. Dependent living
was defined as either sheltered living, living with parents, or ‘other’ (hospital admission,
homelessness, living with sibling). Living with parents was considered as deviant from the
norm as subjects were on average around 31 years (range 22 - 45) at T-MRI and 34 years of
age (range 25 - 48) at T-FU.
3) Symptom remission
Defined according to the severity component of the operational criteria for remission
developed by the Remission in Schizophrenia Working Group (Andreasen et al., 2005).
Consensus definition of remission in schizophrenia was defined as a level of core
schizophrenia symptoms that does not interfere with an individual’s behavior and is below
that required for a diagnosis of schizophrenia according to the DSM-IV (Lambert et al., 2010).
The definition involves a symptom criterion such that five criteria for schizophrenia specified
in the DSM-IV, reflected by eight PANSS items (Table 3), are all scored ≤ 3 points (‘mild’ or
better). The time component, requiring that severity criteria are met for a duration of at least
6 months, was not considered for the GF measure (see next).
TIME COMPONENT OF OPERATIONAL CRITERIA FOR REMISSION
In the current study, symptomatic remission was based exclusively on the symptom-based
criterion, similar to many previous studies (Bodén et al., 2009; Buckley et al., 2007; Ciudad et
al., 2009; Dunayevich et al., 2006; Helldin et al., 2006). The time criterion was not considered for
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Table 3 Remission criteria items.
DSM-IV criteria

PANSS items (item number)

Delusions

Delusions (P1)
Unusual Though Content (G9)

Hallucinations

Hallucinations (P3)

Disorganized speech

Conceptual Disorganization (P2)

Grossly disorganized or catatonic behavior

Mannerisms/posturing (G5)

Negative symptoms

Blunted affect (N1)
Social withdrawal (N4)
Lack of spontaneity (N6)

DSM-IV criteria and corresponding PANSS items comprising the symptom criterion for remission (Andreasen, 2005). Each of

the PANSS items has to be scored 3 points or less (‘mild’ or better). Alternative symptom rating scale scan also be applied,
for details see (Lambert et al., 2010).

the GF measure as the number of patients meeting formal remission criteria was low (22% and
23% respectively at T-MRI and T-FU), resulting in poor contrast to distinguish between patients.
The low proportion of formal remission was due to missing data on the duration of symptom
remission (N = 3) or duration shorter than six months. The latter may be particularly relevant as
the applied six-month criterion of remission is still debated (Lambert et al., 2010), and 3-month
(Cassidy et al., 2010) or shorter (Lambert et al., 2009, 2007) time periods have shown comparable
predictive validity for the stability of remission over time. Moreover, remission was not examined
exclusively, but combined with information on employment and living situation to derive an
aggregate estimate of general functioning.
IMAGE PREPROCESSING
Preprocessing of anatomical T1-weighted and diffusion-weighted scans was performed
previously as reported in (Collin et al., 2014; Van den Heuvel et al., 2013).
Anatomical T1 scan
Freesurfer software, version 5.0 (http://surfer.nmr.mhg.harvard.edu) was used for tissue
classification and reconstruction of the cortical surface of each subject in its native space.
Reconstructed surfaces were registered and compared to Freesurfer’s Desikan Killiany atlas for
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parcellation of the cortical surface into 68 distinct regions (i.e., 34 regions per hemisphere),
ensuring compatibility of cortical regions across subjects.
Diffusion weighted scan
The two sets of b = 0 images were averaged and the 2 x 32 diffusion directions were realigned
and corrected for small head movements and common gradient-induced distortions (Andersson
and Skare, 2002). Second, a diffusion tensor model was used to examine the preferred diffusion
direction, fitting a tensor to the diffusion profile within each voxel using a robust tensor fitting
method (Chang et al., 2005). Third, the main diffusion direction was determined by eigenvalue
decomposition of the tensor, with the principal eigenvector of each tensor signifying the main
diffusion direction per voxel. Fourth, streamline tractography was used to reconstructed white
matter pathways, based on the fiber assignment by continuous tracking (FACT) algorithm
(Mori and Van Zijl, 2002). Within each voxel, eight streamline seeds were started. Fiber tracking
was stopped when the streamline reached a voxel of low preferred diffusion direction (FA <
0.1), exceeded the grey/white matter mask or made a sharp turn (>45 degrees). Fifth, the T1
image was realigned with the b = 0 images, enabling anatomical overlap between the cortical
parcellation maps and the collection of reconstructed streamlines.
HUB DEFINITION
Hub definition was based on previous investigations in low- and high-resolution networks, in
human as well as non-human subjects (Collin et al., 2014; Harriger et al., 2012; Scholtens et al.,
2014; Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2013, 2012). In these and other
studies, precuneus, superior frontal and parietal, and insular cortices have consistently been
identified as key brain hubs, across individual subjects and even species, and verified against
individual definitions. The a priori definition applied currently ensured unbiased hub selection
across subjects.
LONGITUDINAL CHANGE IN IQ & SUBCLINICAL SYMPTOMS IN CONTROLS & SIBLINGS
The main aim of this study was to examine connectome structure in relation to illness progression
in schizophrenia patients, as examined in terms of longitudinal changes in general functioning,
clinical symptoms and IQ. To examine whether effects in patients were related to the effects
of progressing illness, rather than ‘normal’ evolution with time, in the absence or presence of

230

Connectome Organization Predicts Outcome in Schizophrenia

Chapter 09

increased familial risk for the disorder, a group of controls (N = 51) and unaffected siblings (N =
54) was also investigated (Collin et al., 2014). Specifically, measures of brain network organization
were examined for associations with change between assessments in estimated total IQ and in
CAPE subclinical symptoms using Pearson’s correlations.
SUBJECTS
Baseline characteristics of included subjects
From a total of 40 schizophrenia patients examined previously in a cross-sectional study of
connectome architecture (Collin et al., 2014), 30 patients were reevaluated after 3 years followup. These subjects formed the focal point of the current study. In addition, from a total of 54
siblings and 51 controls, 48 siblings and 45 controls reassessed at T-FU were added in order to
differentiate between disease-related effects and ‘normal’ change with time. A brief description
of the demographic and clinical characteristics at T-MRI of each subject group is provided in
Table 4. There were significantly more males in the patient group, IQ was higher in controls as
compared to patients and siblings (with a trend-level difference between patients and siblings, p
= 0.08) and CAPE total symptoms were higher in patients, with no significant difference between
siblings and controls (p = 0.57). Notably, the characteristics of the entire baseline sample were
described previously (Collin et al., 2014).
Characteristics of patients that were lost to follow-up
Ten patients were lost to follow-up. Of these subjects, one had died, one had emigrated, four

Table 4 Baseline characteristics of re-evaluated patients, siblings and controls.
Patients

Siblings

Controls

(N = 30)

(N = 48)

(N = 45)

Age in years, mean (sd)

30.6 (6.3)

28.6 (6.9)

29.2 (8.8)

0.52

Gender, M / F

27 / 3 *

19 / 29

21 / 24

<0.01

IQ, mean (sd)

99.5 (15.0)

105.6 (14.6)

114.9 (17.6) *

<0.01

CAPEa total (subclinical) symptoms, mean (sd)

29.2 (16.2) *

11.2 (8.5)

10.2 (7.9)

<0.01

p

Baseline characteristics of schizophrenia patients, unaffected siblings and healthy controls that were reevaluated at three

years follow-up. a Community Assessment of Psychic Experiences (CAPE). * indicates the subject group that is statistically
different from the other subject groups.

231

PART III

THE RICHNESS OF THE CONNECTOME

refused to participate and we were unable to contact the remaining four at T-FU. Examining
demographic and clinical characteristics of patients that were lost to follow-up, as compared to
those that were reassessed at T-FU (summarized in Table 5), showed no significant differences
between these subject groups (all p > 0.1).
POST-HOC TESTS OF ROBUSTNESS
Distinguishing three GF change trajectories (increase, stable, decrease)
Only two subjects showed a major decrease in functional outcome at T-FU relative to T-MRI.
Therefore, in an additional analysis, these subjects were included in one larger group of all
patients showing decreased GF (major and minor). These groups confirmed the observed
differences in IQ at follow-up, with significantly higher IQ in the group showing increased GF
(mean = 115.8), as compared to stable (mean = 91.7) and decreased (mean = 93.5) GF (p =
0.02). There was a trend-level difference of type of antipsychotic medication at T-MRI such that

Table 5 Characteristics at T-MRI of patients re-evaluated versus lost to follow-up.
Re-evaluated at follow-up

Lost to follow-up

(N = 30)

(N = 10)

Age in years, mean (sd) [range]

30.6 (6.3) [22-45]

30.5 (5.5) [22-40]

0.94

Gender, M/F

27 / 3

9/1

0.99

Duration of illness

8.1 (4.2)

6.0 (3.1)

0.17

IQ, mean (sd) [range]

99.5 (15.0) [71-132]

89.3 (18.3) [65-124]

0.11

PANSS total symptoms

46.2 (11.6) [30-83]

49.8 (15.6) [30-77]

0.48

CPZa equivalent dose of APb, mean (sd)

256.7 (141.4)

285.0 (158.2)

0.69

S, mean (sd) x 103

140.9 (39.2)

144.1 (27.9)

0.81

C, mean (sd)

81.5 (17.5)

86.7 (11.2)

0.38

GE, mean (sd) x 10

133.6 (35.8)

135.8 (24.3)

0.86

Rich club connectivity, mean (sd) x 103

11.1 (5.4)

9.7 (3.8)

0.47

Feeder connectivity, mean (sd) x 103

23.1 (7.1)

23.8 (5.0)

0.78

Local connectivity, mean (sd) x 10

83.8 (21.6)

86.8 (16.8)

0.68

p

Demographic and clinical measures

MRI measures

-3

3

Demographic and clinical characteristics at T-MRI of patients that were reevaluated at T-FU and thus included in the current
study, versus those that were lost to follow-up. a CPZ = chlorpromazine. b AP = antipsychotic medication.
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the prevalence of clozapine treatment was higher in the group going on to show stable (41.7%),
as opposed to decreased (7.7%) functioning (p = 0.05). In accordance with our main findings,
significant effects for rich club and local connectivity (p = 0.018 and p = 0.006 respectively) were
observed, and the proportion of rich club connectivity (relative to S) was also associated with
change in GF (p = 0.041).
Excluding diagnoses other than formal schizophrenia
To explore the influence of (change in) diagnosis on the main findings, two additional
analyses were performed. First, the patient who was diagnosed with bipolar disorder at T-FU
(schizoaffective disorder at T-MRI) was excluded. Re-analysis gave highly comparable findings
including significant effects of rich club and local connectivity (p = 0.017; p = 0.007 respectively)
and a trend-level effect for the proportion of rich club connectivity (p = 0.056). Second, all
patients with a diagnosis other than formal schizophrenia (295.10, 295.30, 295.60, 295.90) at
either T-MRI or T-FU were excluded. This analysis also confirmed main effects (rich club: p =
0.024; local: p = 0.021; rich club proportion of S: p = 0.059), although findings were slightly
attenuated, likely due to reduced power (N = 24).
Excluding subjects in general functioning level 0 at baseline
From our measurement of general functioning (GF), we cannot conclude that the patients with
GF level 0 at baseline (N = 3) remained stable during follow-up, due to a possible ‘floor effect’.
Moreover, none of the patients in this group showed an increase in their level of functioning,
suggesting that they might be different from those with other than 0 baseline GF. Re-analysis
after excluding these subjects yielded results highly comparable to the main findings (rich club:
p = 0.011; local: p = 0.003; rich club proportion of S: p = 0.058).
Assessing possible confounders: antipsychotic medication and cannabis use
To assess the effect of antipsychotic treatment, rich club connectivity was corrected for
chlorpromazine equivalent dosage at T-MRI through linear regression analysis. Rich club
connectivity remained significantly associated with change in GF (p = 0.019).
There were no significant differences in the number of subjects with cannabis abuse/
dependence between GF change groups (2 subjects in the minor decrease group; 1 in the
stable and 1 in the increased GF group; p = 0.51, chi-squared test) and direct comparison of
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subjects with versus without cannabis abuse/dependency through independent t-tests revealed
no significant differences in connectome metrics (all p > 0.6).
Cross-sectional correlations between network measures and baseline symptoms and IQ
To assess whether the observed associations between network measures and longitudinal
changes in symptoms and IQ were driven by possible cross-sectional correlations with baseline
symptoms and IQ, these associations were also examined. In accordance with our previous
studies on (baseline) connectome architecture of these subjects, we found no significant
correlations between network measures and baseline total PANSS symptoms (range r = -0.07 to
r = -0.15, all p > 0.37) or IQ (range r = 0.13 to r = 0.16, all p > 0.25).
PEARSON’S CORRELATIONS BETWEEN C AND SYMPTOM DIMENSIONS
To further explore the association between brain network clustering C at T-MRI and change
in total PANSS symptoms during follow-up, a post-hoc analysis was performed in which
correlations with three main factor-analysis derived symptom dimensions (positive, negative,
disorganization) were examined. This analysis indicated that C correlated with subsequent
change in disorganization (r = -0.47, p = 0.013, FDR-significant), which has previously been
associated with progressive brain changes (Collin et al., 2012) and, to a lesser extent, positive (r
= -0.39, p = 0.039, trend-level) symptoms.
LONGITUDINAL CHANGE IN IQ & SUBCLINICAL SYMPTOMS IN CONTROLS & SIBLINGS
The association between change in IQ and CAPE subclinical symptoms between T-MRI and T-FU
was examined in healthy controls and siblings of patients using Pearson’s correlation analyses.
None of the correlations reached statistical significance (all p > 0.09), also when all healthy
subjects were combined in one group (all p > 0.13). This suggests that the observed correlations
between brain network organization and functional outcome in patients are related to the effects
of ongoing illness as opposed to, e.g., normal changes with time.
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THE CONNECTOMIC BLUEPRINT OF SCHIZOPHRENIA

BACKGROUND AND AIMS
“You can’t connect the dots looking forward, you can only connect them looking
backwards.” (Steve Jobs, in his 2005 Stanford Commencement Address)
This final chapter summarizes the main findings of this thesis, provides a discussion of their
merits in light of relevant literature, and proposes methodological considerations and future
directions for connectomic research in schizophrenia.
AIMS OF THIS THESIS
Considerable conceptual and empirical evidence suggests that schizophrenia is a disorder of
brain network organization (e.g., Rubinov and Bullmore, 2013; Van den Heuvel and Fornito,
2014). This thesis aimed to explore brain connectivity and the organization of the brain’s wiring
diagram as a whole in schizophrenia, and to link abnormalities in brain structure, connections and
wiring organization to symptomatology, familial predisposition, patterns of brain development
and illness-specificity, and outcome.
Why connectomics?
The rationale for connectomics builds on the premise that brain function is constrained by
the brain’s network of structural connections (Bassett and Gazzaniga, 2011), or briefly, that
“structure drives behavior”. In other words, the way that the brain is wired is thought to drive how
neural elements exchange signals, how they encode sensory information, and ultimately how
the brain’s network as a whole coordinates complex phenomena such as cognitive functions
(Sporns, 2013). The framework of connectomics provides the mathematical tools to study the
brain’s connectional anatomy as a complex network.
STRUCTURE OF THIS CHAPTER
This chapter is structured according to the three main parts of this thesis. First, our findings
on heterogeneity in schizophrenia in terms of symptomatology, structural brain changes and
connectivity are discussed. Next, moving from separate structures and connections to the
connectome as a whole, the findings from our review on the developmental origins of the
connectome and changes in its topology throughout life are presented. Then, our findings
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on rich club organization of the connectome, in health, schizophrenia, and bipolar disorder,
and in relation to functional outcome are discussed. The chapter ends with methodological
considerations, future directions, and concluding remarks.
SCHIZOPHRENIA’S HETEROGENEOUS NATURE
From various perspectives, schizophrenia may be characterized as a heterogeneous disorder.
From a clinical point of view, patients vary widely in their symptoms, course of illness and functional
outcome (Kendler et al., 1994; Schultz and Andreasen, 1999; Picardi et al., 2012). In addition,
studies on brain morphometry and connectivity are indicative of substantial heterogeneity in
both the spatial localization and temporal pattern of structural brain changes (e.g., Pantelis et
al., 2005; Hulshoff Pol and Kahn, 2008; Ellison-Wright and Bullmore, 2009). Moreover, current
insights into the underlying etiological mechanisms emphasize a diverse range of interacting
genetic, developmental and environmental factors (Harrison and Weinberger, 2005; Ross et al.,
2006; van Os et al., 2010; Ripke et al., 2014). In the first study of this thesis, we examined whether
heterogeneity on the clinical and the brain level are related. The second study addresses the
widespread nature of functional connectivity deficits in schizophrenia.
DOES CLINICAL HETEROGENEITY RELATE TO VARIATION IN BRAIN CHANGES?
In chapter 2, we assessed whether heterogeneity on the clinical level relates to individual
variation in structural brain changes in schizophrenia. To this end, individual variation in
symptomatology in 105 schizophrenia patients was decomposed into five continuous symptom
dimensions derived from factor analysis (Derks et al., 2012). Each symptom dimension was
assessed for a relationship with progressive brain volume changes (over a five year interval)
using linear regression analyses. Progressive brain changes were indeed heterogeneous across
individual subjects, with some demonstrating no or minor change and others showing marked
reductions in global brain volumes. Assessing whether these changes related to individual
variation in symptomatology, we found higher levels of disorganization to associate with a more
pronounced decrease in total brain and cerebellar volume, as well as with lower IQ. Factoranalytically derived dimensions of positive symptoms, negative symptoms, mania and depression
were not associated with progressive global brain volume changes. Moreover, in 100 healthy
controls, we did not find a relationship with brain volume change, but a minority of controls
high on disorganization did show significantly lower IQ than those with low disorganization. As
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disorganization has previously been shown to be highly heritable (Rietkerk et al., 2008; McGrath
et al., 2009) and to be associated with genetic susceptibility for schizophrenia (Holliday et al.,
2009), disorganization may relate to genetic factors. We conclude that schizophrenia patients
with high levels of disorganization, further characterized by more extensive reductions in brain
volumes and lower IQ, may form a more homogenous – and biologically and genetically distinct
– subgroup that may facilitate the detection of causal genetic factors in schizophrenia (Taylor et
al., 2010).
In addition, the observed association between disorganization and cerebellar volume
change was of interest in terms of recent theories of the cerebellum a general modulator of
brain functioning, including ‘higher-order’ functions. This finding, and the general lack of studies
examining cerebral-cerebellar connectivity in schizophrenia, inspired the second study of this
thesis, which is discussed next.
DOES DISCONNECTIVITY IN SCHIZOPHRENIA INVOLVE THE CEREBELLUM?
Structural and functional connectivity studies in schizophrenia patients are indicative of
widespread impairments in brain connectivity. However, such studies generally omit the
cerebellum, probably because it was long thought to be involved exclusively in motor function.
Evidence for a cerebellar role in cognitive and affective functions (Schmahmann and Caplan,
2006) inspired a new view of the cerebellum as a ‘general purpose modulator’ fine-tuning the
operation of all cerebral cortices (Schmahmann, 2000). According to “cognitive dysmetria” and
“dysmetria of thought” models of schizophrenia, aberrant cerebellar modulation of information
to and from the cerebral cortex may be part of its pathophysiology (Andreasen et al., 1998;
Schmahmann and Sherman, 1998).
In our study described in chapter 3, we examined cerebellar-cerebral connectivity in
62 schizophrenia patients, 67 of their unaffected siblings and 41 controls, using resting-state
functional connectivity. In schizophrenia patients, we found a reduction in functional connectivity,
from the right anterior hemisphere and vermis of the cerebellum in particular, to a range of leftcerebral brain regions including supplementary motor area, inferior frontal and middle cingulate
gyri, hippocampus, and thalamus. Importantly, unaffected siblings of patients demonstrated
several similarities in cerebellar functional disconnectivity including reduced connectivity to
the left inferior frontal gyrus and hippocampus. This overlap suggests that cerebellar functional
disconnectivity may be related to familial – possibly reflecting genetic – factors involved in
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schizophrenia. Moreover, we found predominantly reduced functional connectivity, consistent
with previous studies emphasizing reduced (rather than increased) functional connectivity in
schizophrenia (Pettersson-Yeo et al., 2011). Finally, our study underscores the widespread nature
of connectivity deficits in schizophrenia, involving not just in the cerebrum, but encompassing
brain connections throughout the whole of the brain’s network.
THE ORIGINS OF THE CONNECTOME
In the second part of this thesis, we move from studying disparate brain structures and
connections to investigating the brain’s network of structural connections as a whole (Figure 1).
The application of graph theoretical analysis to human neuroimaging data has uncovered many
characteristic, nonrandom attributes of connectome organization that mirror other complex
systems such as social networks, gene interaction networks, food webs, and the Internet (Sporns,
2011; Fornito et al., 2013a; Perry et al., 2015). What makes these systems “complex” is not only
that they comprise a high number of elements, but that these elements interact in a dynamic way
such that global phenomena emerge from the system as a whole that cannot be reduced to the
properties of its constituent elements (Sporns, 2012, 2013). So how may such global patterns
come into existence?

Figure 1 From connections to the connectome.
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THE ORIGINS OF ORDER
“Local rules generate global order” (Stuart Kaufman, ‘The origins of order’, 1993)
It has been proposed that a lot of the order that we see in large-scale systems is generated by
“rule-bound” interactions at the local level (Kauffman, 1993). Neurophilosopher Daniel Dennett
has argued that the notion of ‘local rules generating global order’ may be a universal principle of
any evolutionary type of development (Dennett, 2009). With this he refers to a ‘bottom-up’ type
of natural selection (i.e., as opposed to top-down design) in which no overall comprehension
or design-plan is required, only a locally competent algorithmic process (Dennett, 1995). Taking
this perspective to brain development, sequentially implemented algorithms such as those
dictating the routes of migrating neurons and the growth and guidance of axonal and dendritic
projections (Innocenti and Price, 2005) may be the ‘local rules’ underlying the development of
global organizational principles of the connectome.
THE ONTOGENY OF THE CONNECTOME
The term ontogeny (also ontogenesis) in the title of chapter 4 refers to the developmental
origins of the connectome and ongoing dynamic changes in its configuration during the entirety
of the lifespan. This chapter attempts to provide an integrative overview of studies on (micro- to
macroscale) brain connectivity from prenatal development to old age. From our survey of the
literature, we observed two major patterns of connectome ontogeny.
First, we find that the exuberant pattern of neurodevelopment evident on the microscale
(i.e., abundant synaptogenesis and pruning) is also present on the macroscale. High levels of
axon growth cone markers from midgestation onwards (Haynes et al., 2005) and a peak in axon
count around birth (LaMantia and Rakic, 1990) in nonhuman primates suggest that the onset of
macroscopic connectome genesis occurs in the period from midgestation to birth. Consistently,
major white matter tracts have been shown to be present though not necessarily well delineated
in human preterm infants (Dubois et al., 2006; Hermoye et al., 2006; Smyser et al., 2010). After
the abundant formation of axonal connections in utero, early postnatal neurodevelopment is
characterized by an overrepresentation of cortico-cortical connections that are then eliminated
in an abundant fashion (Innocenti and Price, 2005), corroborated by reports that functional
interactions become more focused in early postnatal life (Homae et al., 2010; Gao et al., 2011).
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Figure 2 Impression of inverted-U shaped trajectory of connectome ontogeny throughout life.

Second, the findings of connectomic studies from early childhood (e.g., Hagmann et al.,
2010) to late life (e.g., Wen et al., 2011) indicate that the connectome’s topological organization
throughout life follows an inverted U-shaped trajectory, with an increasingly integrated topology
during development and an increasingly localized topology in late life (Figure 2). Such a pattern
is consistent with an ongoing selection process in which minor connectivity changes that
add to the efficiency of the system as a whole are preserved while others are discarded. For
example, the strengthening of a peripheral connectome edge confers less advantage to the
system’s functioning as a whole as the strengthening of a central edge connecting two spatially
distributed functional communities. Such continuing enhancement of its configuration may mold
and shape the brain’s wiring diagram throughout life. That is, up until the onset of age-related
deterioration of white matter connectivity, which has been reported to impact particularly longrange connections (e.g., Peters and Rosene, 2003) crucial to global efficiency and integration.
It appears thus, that connectome development is a ‘natural selection’ type of process,
with ‘locally competent’ algorithms resulting in an initial overproduction of connections (across
spatial scales), after which selection pressure results in beneficial connections being preserved
while others are dissolved. Through this process, the brain’s wiring pattern may continually
improve (for example in terms of supporting integration) until that process is hampered by age-
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related connectivity disruptions. From this perspective, neuropsychiatric disorder may be viewed
as deviations from this typical pattern of connectome ontogeny. Elucidating the ‘local rules’ that
– during a particular critical time window – underlie the (trans)formation of global connectome
topology, and the genetic and/or environmental factors impacting those local processes, may
further our understanding of brain disorders manifesting across the lifespan.
DOES SCHIZOPHRENIA INVOLVE A DEVIANT PATTERN OF BRAIN MATURATION?
One indication that schizophrenia’s neuropathology may be consistent with an aberrant
pattern of connectome maturation comes from our study in chapter 5. This chapter reports on
an investigation of volumetric covariance in 146 schizophrenia patients as compared to 122
controls. We reconstructed covariance networks per subject group (i.e., 1 patient network and
1 control network) by computing correlations in grey matter volume between each pair of brain
regions across subjects. We found that patients demonstrated abnormal covariance between a
range of cortical (such as pre- and orbitofrontal, anterior cingulate, limbic, and temporal) and
subcortical (bilateral thalamus and right striatal) brain regions. Notably, it has been demonstrated
that cross-sectional correlations in morphometry (e.g., cortical thickness) are closely related
to correlations in morphometric change over time, suggesting structural covariance to reflect
synchronized maturation (Raznahan et al., 2011; Alexander-Bloch et al., 2013a, 2013b; Vértes
and Bullmore, 2015). The abnormalities in interregional covariance in grey matter volume found
in our study may thus be reflective of an aberrant trajectory of brain maturation in schizophrenia.
The biological substrate underlying abnormalities in structural covariance (possibly reflecting
correlated maturation) remains to be determined, but has been proposed to include altered
structural connectivity (Lerch et al., 2006) affecting mutual trophic reinforcement (Evans, 2013),
shared molecular profiles or a common set of genetic influences (Raznahan et al., 2011), or a
common vulnerability to insults (Mitelman et al., 2005).
THE RICHNESS OF THE CONNECTOME
The third part of this thesis explores ‘the richness of the connectome’. Beyond the obvious
reference to the rich club phenomenon shown to be present in the brain’s network (Van den
Heuvel and Sporns, 2011), this title refers to the richness of brain hubs and their mutual ‘rich
club’ connections, in terms of, e.g., wiring volume and metabolic energy usage as explored in
chapter 6. In addition, it hints at the richness of connectomics as a novel platform to gain new
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Figure 3 Rich club system.
Toy network showing brain hubs (in red)
sharing dense mutual connections, thereby
forming a central infrastructure.

insights into the neurobiology of brain disorders such as schizophrenia and bipolar disorder, as
examined in chapter 7 and 8, and as a potential new tool to inform prognostic estimations in
schizophrenia as shown in chapter 9.
THE RICHNESS OF THE RICH CLUB
It has been proposed that brain wiring reflects a trade-off between minimizing (wiring) costs and
allowing the emergence of adaptively valuable topological patterns of connectivity between
neuronal populations (Bullmore and Sporns, 2012). With their high connection density and
propensity to link regions over long distances, rich club connections (Figure 3) form a high-cost
feature of brain wiring (Van den Heuvel et al., 2012). The preservation of such a ‘costly’ piece
of brain architecture suggests that it should confer considerable advantages to the system. In
our study described in chapter 6, we examined rich club organization in terms of several ‘cost’
measures and further explored its ‘benefit’. To this end, we performed a multimodal imaging study
computing various structural and functional properties of the rich club’s nodes and connections
in 42 healthy individuals. In addition, borrowing from a study by Glasser and Van Essen (2011)
who proposed a ‘maturation ranking’ of brain regions according to the order in which their
tracts myelinate, we examined the rich club’s maturational trajectories, as compared to non-rich
club nodes. Finally, incorporating findings on differential patterns of aerobic metabolic activity
during rest (Vaishnavi et al., 2010) with our rich club data, we explored differences in metabolic
energy usage between rich club and non-rich club nodes.
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Indicative of its high-cost nature, we found higher streamline count and longer fibers for
rich club connections; diffusion-weighted indices consistent with higher levels of microstructural
organization and more densely packed fibers; and indications of higher levels of myelination. In
addition, our meta-analysis of aerobic glycolysis indicated higher metabolic activity of rich club
nodes. This may relate to its elaborate microstructural organization and high connectional flow
(i.e., handling high neural ‘traffic’) putting high demands on energy consumption, consistent
with previous findings of more topologically central brain regions showing higher metabolic
activity and regional blood flow (Liang et al., 2013). The rich club’s high levels of myelination and
more densely packed axonal pathways may be profitable to brain function by facilitating shorter
transmission delays, thereby enabling synchronous information processing (Laughlin and
Sejnowski, 2003; Kaiser and Hilgetag, 2006; Bullmore and Sporns, 2012). The high degree of
myelination may relate to the more extended maturational trajectories of rich club tracts, which
were found to be among the last to mature during development (Glasser and van Essen, 2011).
This developmental period may constitute a critical window of connectome development.
Functional properties of rich club nodes included an increased number of positive
functional connections and more variable regional time-series, consistent with the notion that
the rich club is not one single functional unit, but rather a dynamic central integrator enabling
functional collaboration among different communities at different times (Zamora-López et al.,
2010; Van den Heuvel and Sporns, 2011), corroborating the rich club’s role in facilitating a wide
repertoire of functions and flexible neural dynamics (Bassett et al., 2013; Watanabe, 2013).
These functional advantages of rich club organization of the connectome may be what offsets its
high structural and metabolic costs.
The evolutionary origins of the connectome
Further support for the notion that the ‘costly’ rich club system must confer considerable benefits
to overall brain functioning comes from studies examining connectome organization across
species. For example, connectomic studies in the cat (Zamora-López et al., 2010; de Reus and
van den Heuvel, 2013) and primate (Goldman-Rakic, 1988; Harriger et al., 2012) have noted that
their cortical brain hubs also appears to form interlinked “hub complexes” (Sporns et al., 2007).
These tightly connected systems bear considerable resemblance to the rich club of the human
connectome (Van den Heuvel and Sporns, 2011). Finding hubs in similar spatial locations,
and identifying similar topological principles across species is consistent with an evolutionary
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preservation of rich club organization of the connectome, indicative of the advantages that the
presence of a rich club confers to the functioning of (neural) networks.
HUB AND RICH CLUB ORGANIZATION IN SCHIZOPHRENIA
Across connectomic investigations, converging evidence suggests that schizophrenia’s etiology
involves disruptions of central brain hubs (Rubinov and Bullmore, 2013; Van den Heuvel and
Fornito, 2014). In DWI connectome studies in schizophrenia, reduced centrality has been shown
of mainly frontal cortical regions, with many of the regions showing reduced centrality being
central brain hubs (Griffa et al., 2015; Van den Heuvel et al., 2010). In line with these findings,
studies of networks reconstructed from co-variation in regional morphology, report a less
prominent role of central hubs in frontal and parietal cortices, accompanied by the emergence
of ‘alternative’ hubs in more primary brain areas such as speech and (primary) sensorimotor
cortices (Bassett et al., 2008; Shi et al., 2012; Zhang et al., 2012). Importantly, it appears that the
hubs’ connections are not at equal risk to be affected. Rather, ‘rich club’ connections among
frontal, parietal and insular hubs (as opposed to connections from hubs to non-hubs) have been
shown to be disproportionally affected in patients, and to relate to lower network efficiency
and more pronounced alterations in functional network dynamics (Van den Heuvel et al., 2013),
indicative of the impact of rich club disconnectivity on overall brain functioning.
As genetic factors are involved in the etiology of schizophrenia (Sullivan et al., 2012)
and have been related to brain abnormalities (Van Haren et al., 2012) we explored whether rich
club disconnectivity relates to familial predisposition for schizophrenia in chapter 7. To do so, we
examined rich club connectivity in 54 unaffected siblings of schizophrenia patients, to determine
whether the connectome abnormalities observed in overt illness also exist these individuals.
We found intermediate levels of rich club connectivity in siblings as compared to patients
and controls. This finding is indicative of rich club disconnectivity as a neurodevelopmental
vulnerability mediated by familial factors. The differential pattern in rich club disruption (i.e., with
strongest reductions in patients and intermediate levels in siblings) may reflect a gene dosage
effect, with a higher number or expression of schizophrenia risk alleles in patients, leading to
lower levels of rich club connectivity. In addition, as we found rich club connectivity to associate
with duration of illness and clinical functioning, the greater disruption in patients may signify an
added effect of ongoing illness on a preexisting vulnerability.
Notably, three recent studies support our findings. First, a study in unaffected parents of
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schizophrenia patients showed decrements in regional efficiency to localize in brain hubs such
as bilateral frontal and anterior cingulate cortices and precuneus (Yan et al., 2015). Second, a
diffusion-weighted study in young first-degree relatives reported intermediate integrity of the
superior longitudinal fasciculus (linking frontal and parietal cortices) (Prasad et al., 2015). Third, a
recent study in unaffected siblings reported aberrant functional connectivity among precuneus,
inferior parietal and medial prefrontal cortices (Peeters et al., 2015) suggesting that structural
impairments of the rich club core, as observed in chapter 6, may affect the functional coherence
between brain hubs. Moreover, the aberrant functional connections among brain hubs were
found not to relate to environmental exposures (i.e. cannabis, childhood trauma and urbanicity),
again underscoring the importance of familial, and thus possibly genetic, factors.
ARE HUB AND RICH CLUB DISRUPTIONS SPECIFIC TO SCHIZOPHRENIA?
It has been argued that the overload and failure of hubs may be central to the etiology of all
brain disorders (Crossley et al., 2014; Stam, 2014), e.g. due to excitotoxicity related to high
neuronal activity levels of brain hubs (De Haan et al., 2012). To explore whether hub disruptions
are generally present in major psychiatric disorders, in chapter 8, we examined hub and rich
club connectivity in a large cohort of bipolar I disorder patients, as compared to healthy controls.
Bipolar I disorder patients experience recurrent depressive and manic episodes, but the majority
of patients also suffer psychotic and cognitive symptoms, which can make the disorder difficult
to distinguish from schizophrenia at first presentation of psychosis. Notably, exploring these
patients’ structural connectome, we did not find alterations in hub and rich club connectivity.
Not because there were no connectome abnormalities – we found marked reductions in interhemispheric connectivity, negatively impacting global network efficiency – but because the
disruptions that were present did not revolve around brain hubs or their mutual connections.
How then, should we interpret recent findings that brain hubs are affected in a range
of brain disorders including neurodegenerative disorders (Crossley et al., 2014)? For one, the
observation that hubs are affected, is not necessarily synonymous with hub pathology being the
central and/or primary disruption; changes in hub structure or connections may reflect primary
effects in some, and secondary effects in other brain disorders. Considering the topological
centrality of hubs (i.e., it commonly takes only one or two ‘networks steps’ to reach a hub), any
pathological process in the brain, regardless of its precise localization within the connectome,
is likely to impact hubs relatively early on in the disorder. Such secondary damage may come
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about through (lack of) mutual trophic influences or prion-like propagation of disease ‘particles’
such as misfolded proteins (Seeley et al., 2009). Indeed, studies modeling disease propagation
in neurodegenerative disorders such as amyotrophic lateral sclerosis (Schmidt et al., 2015) and
dementia (Raj et al., 2012) are consistent with disease spread along the anatomical pathways
of the connectome. Moreover, a connectomic examination of individuals at different stages of
Alzheimer’s disease found temporal changes in structural connectivity to be most consistent
with a primary disruption in entorhinal cortex/hippocampus, then spreading throughout the
connectome in a transneuronal pattern (Mallio et al., 2015).
In other disorders, disruptions of central brain connections such as those spanning
hubs may be the central neuropathology. A likely time-window for such abnormalities to arise
might be the time during which these connections develop and mature. In chapter 4, we found
connectome development in childhood and adolescence to be driven by modulations in
connection strength, with structural modules becoming increasingly interconnected through
ongoing maturation of long fiber pathways (Hagmann et al., 2010). During this developmental
stage, the first indications of the development of schizophrenia commonly manifest, usually in
the form of cognitive underperformance which is though to precede the onset of psychosis by
many years (Kahn and Keefe, 2013). The co-occurrence of the first indications of schizophrenia
with the developmental stage in which brain hubs become increasingly interconnected (i.e., rich
club development), coupled with the rich club disruption in unaffected siblings (consistent with
a neurodevelopmental abnormality preceding illness onset, as shown in chapter 7) suggests
that aberrant rich club connectivity may be a primary neuropathology in schizophrenia.
IS CONNECTOME ORGANIZATION RELATED TO OUTCOME?
In chapter 9, we examined whether connectome wiring is predictive of functional outcome. To
this end, we re-examined the schizophrenia patients from our study in chapter 7 (N = 40) after
three years follow-up. At that time, we were able to reassess 30 of those patients in terms of
symptomatology, real-world general functioning and cognitive performance. We found that
patients who had shown more severely affected connectome wiring at baseline – disruptions
of rich club connections in particular – were more prone to show a decrease in functional
performance in the three years following MRI assessment, while relative sparing of rich club
connections was more likely to precede stable or (in a minority of patients, N = 5) even improved
general functioning. In addition, we found that more severe disruptions in measures of global
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connectome topology (mainly overall clustering) were predictive of subsequent increases in
symptom severity and decreases in total IQ. To examine whether these associations might just
reflect normal age-related changes, we explored whether baseline connectome organization
predicted subsequent changes in IQ and subclinical symptoms in healthy controls and
unaffected siblings of patients. Finding no such associations, we propose that the findings in
patients represent effects of ongoing illness. The findings of our study thus suggest that the
organization of the brain’s wiring diagram may contain predictive value in terms of prognosis
and functional outcome in schizophrenia.
CONSIDERATIONS AND FUTURE DIRECTIONS
METHODOLOGICAL CONSIDERATIONS
The following paragraphs discuss methodological issues to be taken into account when
interpreting the findings of this thesis. The most important issues relate to the inherent properties
of the acquired imaging data, and clinical characteristics of the patient samples.
Imaging methodology
With the exception of our review in chapter 4, all studies comprising this thesis used magnetic
resonance imaging to probe brain structure and connections. In addition to ‘conventional’ T1weighted imaging, three complementary neuroimaging methods were employed: diffusion
weighted imaging, magnetic transfer imaging, and resting-state functional imaging. Although
these methods face technical limitations and spatial and temporal resolution issues, they are
among few currently available and thus invaluable methods to study the brain’s structure and
connections in vivo (Uǧurbil et al., 2013).
Diffusion-weighted imaging, applied in chapters 6-9, relies on water diffusion as an
indirect probe of axon geometry. As such, it suffers a number of practical limitations, including
issues with determining the exact termination of fibers, detecting collaterals and tracking fibers
in areas with dense connectivity (for review see Jbabdi and Johansen-Berg, 2011). However,
validation studies in non-human primates have shown considerable coherence between
diffusion-weighted indices of structural connectivity and anatomical connectivity as derived
from anatomical tract tracing (Van den Heuvel et al., 2015). And while many likely crucial aspects
of neuronal architecture (such as axonal caliber, its ratio to thickness of the myelin sheet, and
the distribution of axonal diameter across pathways) are currently inaccessible to neuroimaging,
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developing techniques are starting to provide a glimpse into the complexity of brain connectivity
on smaller spatial scales (Lichtman et al., 2014; Eberle et al., 2015; Kaynig et al., 2015). Like
diffusion-weighted imaging, magnetic transfer imaging – employed in chapter 6 to estimate
local myelination levels – also provides indirect measures of white matter microstructure (Mandl
et al., 2010). Caution is warranted when interpreting these measures as indicative of myelination
levels only as they can be influenced by other factors than myelin content, such as inflammation
and axonal density (Blezer et al., 2007; Laule et al., 2007; Mandl et al., 2015). In chapter 3 and
6, we applied resting-state fMRI to study functional brain connections. The theory behind this
imaging method is that active brain regions elicit a hemodynamic response in which oxygen is
released at a greater rate than at rest (Raichle, 1998) and that correlated hemodynamic response
patterns between brain regions are a proxy for their degree of functional collaboration (Van den
Heuvel and Hulshoff Pol, 2010). Caveats of functional connectivity relate to the indirect nature
of functional imaging signals including issues with the potential influence of cardiovascular
and respiratory oscillations (Uludaǧ et al., 2009; Van den Heuvel and Hulshoff Pol, 2010) and
low temporal resolution (i.e., in the order of seconds). However, support for a neuronal basis
of resting-state fMRI signals comes from observations that the most correlated patterns tend
to occur between regions with similar functions and sharing structural connections (Biswal et
al., 1995; Damoiseaux et al., 2006; De Luca et al., 2006; van den Heuvel et al., 2008) and that
functional activity/connectivity associate with (correlated) electrophysiological recordings of
neuronal activity (Shmuel and Leopold, 2008; Nir et al., 2009; Scheeringa et al., 2011; Cabral et
al., 2014a; Hipp and Siegel, 2015; Hutchison et al., 2015).
These restraints of the applied imaging methodology may also limit our findings on
connectome organization. Nonetheless, crucial topological aspects of the connectome such as
rich club formation have been shown across species (Zamora-López et al., 2010; Harriger et
al., 2012; de Reus and van den Heuvel, 2013)), including the C. Elegans neuronal connectome
(Towlson et al., 2013). Moreover, developing mouse hippocampal neuronal networks in vitro
have been found to form rich clubs following a “rich-get-richer” growth rule of network evolution
(Schroeter et al., 2015). In all, notwithstanding the potential limitations of imaging-derived
connectomics, findings from across methodologies, species and spatial scales are consistent
with global organizational features, including rich club organization, as inherent properties of
neural networks.
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Characteristics of patient samples
The majority of the chapters comprising this thesis describe case-control studies. Two main
considerations apply to the patient populations included in these studies. First, most of the
patients use psychotropic medication, and it has been suggested that these may influence brain
structure (Navari and Dazzan, 2009; Ho et al., 2011; Lewis, 2011) and connectivity (Stephan et al.,
2001; Szeszko et al., 2014). Alterations in structural (Cheung et al., 2008; Mandl et al., 2013) and
functional (Lehmann et al., 2014; Pu et al., 2014; Zhang et al., 2014) connectivity have, however,
also been shown in medication-naïve patients. In addition, across our studies, we found no
indications of a relationship between antipsychotic medication dosage and alterations in brain
volume (chapter 2), functional connectivity (chapter 3), volumetric covariance (chapter 5) or
diffusion-weighted structural connectivity (chapter 7-9). Moreover, we found no differences in
structural connectivity measures between bipolar I disorder patients on or off lithium (chapter 8).
Second, most of the patients in our studies are chronically ill. As brain volume changes
have been shown to associate with duration of psychosis (Cahn et al., 2009) and to progress with
ongoing illness (Hulshoff Pol and Kahn, 2008), it can be argued that (some of) the disruptions
in brain structure and connectivity observed in our studies could result from potentially ‘toxic’
effects of psychosis or ongoing illness on the brain, instead of parts of their etiology, On the
other hand, brain volume changes have been reported to predate the onset of first psychosis
(McIntosh et al., 2011) and structural connectivity deficits have also been shown in first-episode
patients (Cheung et al., 2008; Fornito et al., 2013b; Mandl et al., 2013). Moreover, relating to
both of issues, two of our studies (described in chapters 3 and 7) included a cohort of unaffected
siblings of patients, providing the opportunity to investigate whether brain abnormalities that
are observed in overt illness exist in individuals at increased genetic risk for schizophrenia, in the
absence of the potential effects of psychotropic medication and psychosis (Whalley et al., 2005;
Muñoz Maniega et al., 2008). These subjects showed similar functional (chapter 3) and structural
(chapter 7) connectivity deficits as patients, suggesting that the disruptions in patients are at
least unlikely to be due to medication alone.
AVENUES FOR FUTURE CONNECTOMIC RESEARCH
The findings of this thesis give rise to many new questions relating to brain connectivity and
brain network organization in schizophrenia and other brain disorders. The following paragraphs
briefly touch upon a number of possible future directions.
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Connectome genetics
Our findings that unaffected siblings of schizophrenia patients share in some of the connectome
disruptions observed in patients suggest that genetic factors may contribute to these deficits.
Indeed, studies on the heritability of brain connectivity and connectome topology suggest
that brain network architecture is under genetic control (Glahn et al., 2010; Fornito et al., 2011;
Van den Heuvel et al., 2013b), and genetic susceptibility for schizophrenia has been linked to
white matter changes (Terwisscha van Scheltinga et al., 2013). If connectivity measures or graph
theoretical metrics could be linked to one or more genes, they could be anchored to a set
of biological processes (such as the protein expressed by the gene(s), or an entire network of
interacting genes), which might offer a window into their developmental trajectory and possibly
individual trait differences including those that give rise to neuropsychiatric disorders (Thompson
et al., 2013). An important avenue for future research may thus be to combine connectomics
with genomics in order to elucidate how increased genetic risk for schizophrenia may contribute
to connectome disruptions such as those observed in this thesis, and in many other studies (see
for review Rubinov and Bullmore, 2013; Van den Heuvel and Fornito, 2014). Notably, it has been
proposed that “rich club elements may be especially promising targets for genetic analysis”,
following findings that a common variant of the SPON1 gene (involved in brain development
and neural connectivity [Lu et al., 2004]) influences in particular the number of fibers linking
known brain hubs (Jahanshad et al., 2013). In all, future studies linking the connectome to
the genome may help elucidate the influence of genetic factors on brain connectivity and
connectome disruptions in schizophrenia and other brain disorders.
Notably, among the most replicated genetic findings in schizophrenia are loci involved
in immunity (Ripke et al., 2014). These sites also regulate aspects of brain development (Shatz,
2009; McAllister, 2014), which may be (negatively) impacted by neuroinflammation (Monji et
al., 2009; Feigenson et al., 2014). A possible mechanism by which neuroimmunity might play a
role in the etiology of schizophrenia may thus be by giving rise to deviant brain development
(Kahn and Sommer, 2014). Support for this hypothesis comes from reports that – particularly
in early stages – neuroimaging findings are consistent with white matter disruptions resulting
from neuroinflammation (Pasternak et al., 2014, 2015). Future studies examining the impact
of neuroinflammation on imaging-derived measures of brain connectivity and connectome
organization, particularly in the early course of schizophrenia, are of great interest.
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Connectomics and (disorders of) cognition
Schizophrenia was recently argued to be in essence a cognitive disorder (Kahn and Keefe, 2013).
Arguments for this proposition include observations that scholastic (MacCabe, 2008; MacCabe
et al., 2010) and cognitive underperformance (Khandaker et al., 2011) are risk factors for the
development of schizophrenia – with every point decrease in IQ increasing the risk by 3.7%
(Khandaker et al., 2011) – and that a decrements in cognitive functioning precede the onset
of psychosis by many years (Fuller et al., 2002; Reichenberg et al., 2002; van Oel et al., 2002;
MacCabe, 2008; Dickson et al., 2012). Moreover, healthy siblings of schizophrenia patients also
show lower IQ than controls (Vreeker et al., 2015), providing further support that cognitive deficits
relate to increased risk for schizophrenia and precede illness manifestation. This thesis‘ findings
suggest that rich club disconnectivity also predates illness onset, and, putatively, this might
relate to cognitive underperformance. Observations of disrupted hub connectivity in cognitive
disorders such as Alzheimer’s disease (irrespective of whether that disruption is a primary deficit
or secondary phenomenon) are consistent with hub pathology affecting cognitive performance.
Moreover, we did not find impaired hub or rich club connectivity in bipolar I disorder. The majority
of these patients experiences psychotic symptoms (Dunayevich and Keck, 2000; Goes et al.,
2007), their cognitive performance tends to be unaffected before illness onset (Reichenberg et
al., 2002; Zammit et al., 2004; MacCabe et al., 2010; Sørensen et al., 2012; Gale et al., 2013), and
their unaffected siblings do not show cognitive deficits (Vreeker et al., 2015). Our findings might
thus be consistent with disruptions of brain hubs, and their mutual connections, relating more
to the cognitive than the psychotic symptoms of schizophrenia. Future studies might elucidate
whether, and if so how, (disruption of) the rich club system contributes to (disorders of) cognition.
Connectomics and clinical practice
Our finding that connectome organization – rich club connectivity in particular – appears to contain
predictive value in terms of clinical outcome may be of interest to the search for biomarkers to
support clinical decision-making in schizophrenia. For example, connectomics might provide a
useful new tool in predicting treatment response, or in terms of early detection and prevention
in individuals at (ultra-) high risk for schizophrenia. Studies following individuals at risk for
schizophrenia longitudinally (e.g., Mcintosh et al., 2011; Bois et al., 2014; Katagiri et al., 2015) are
of great interest to gain more insight in this matter. Considering that the brain’s wiring network
is a dynamic system that continually evolves under the influence of genetic, environmental and
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developmental factors, elucidating how and when those at risk for schizophrenia deviate from
the normal pattern of connectome ontogeny may be on of the pivotal questions in contemporary
schizophrenia research as it may ultimately enable the prevention of ‘increased risk’ culminating
into full-blown disease.
CONCLUDING REMARKS
This thesis examined schizophrenia as a brain network disorder. We aimed to relate changes
in brain structure, connections, and connectome organization to symptomatology, familial
predisposition, patterns of brain development, specificity to the disorder and functional
outcome. Our findings support the notion that schizophrenia affects the organization of the
brain’s wiring diagram, particularly impacting central brain hubs and their mutual rich club
connections, whereby reducing the brain’s potential for integrative processing. We propose that
this deficit may result from a deviant pattern of connectome development, related to elevated
familial risk for schizophrenia. This suggests that disruptions of (topologically central) white
matter connections may be mediated by genetic factors. As hub and rich club connectivity were
found not to be affected in bipolar I disorder, rich club disconnectivity may be relatively specific
to schizophrenia. In addition, finding that connectome organization is predictive of longitudinal
outcome, this thesis highlights the potential of connectomics in someday informing clinical
practice in schizophrenia.
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ACHTERGROND
Het fundament voor de studies in dit proefschrift wordt gevormd door de hypothese dat
schizofrenie voortkomt uit verstoorde integratie van neurale informatie als gevolg van afwijkingen
in de connecties van de hersenen. Deze hypothese is niet nieuw – 19e-eeuwse hersenonderzoekers
formuleerden al dergelijke theorieën – maar de methoden om die te toetsen ontbraken lange
tijd. Pas eind 20e eeuw werden beeldvormende technieken ontwikkeld waarmee functionele
en structurele connecties in kaart gebracht kunnen worden. Nog recenter is de toepassing
van netwerktheorie om de bedradingsstructuur van de hersenen als geheel te onderzoeken.
Meer dan honderd jaar na de eerste conceptualisatie van de ‘disconnectiviteitshypothese’ zijn
hiermee de voorwaarden geschept om te onderzoeken hoe schizofrenie samenhangt met een
afwijkende hersennetwerkstructuur. Dit proefschrift onderzoekt hoe de bedradingsorganisatie
van het hersenennetwerk in schizofrenie samenhangt met klinische symptomen, verhoogd
familiair risico, hersenontwikkeling, ziekte-specificiteit en prognose.
SCHIZOFRENIE
Schizofrenie is een ernstige psychiatrische aandoening die zich meestal in de jongvolwassenheid
manifesteert, een chronisch beloop kent, en geassocieerd is met een aanzienlijke morbiditeit die
slechts matig reageert op huidige behandelingen (Van Os en Kapur, 2009). Het klinische beeld
wordt gekenmerkt door terugkerende of continue psychotische symptomen zoals hallucinaties
en wanen, cognitieve achteruitgang en ‘negatieve symptomen’ zoals verminderde sociale
interactie, energie en motivatie. Deze symptomen doen zich voor in heterogene combinaties,
zodat twee individuele patiënten soms geen enkel symptoom delen (Andreasen, 2014).
Aangenomen wordt dat dit klinische beeld voortkomt uit een complex palet van interacterende
(epi)genetische, ontwikkelings-, en omgevingsfactoren (Harrison en Weinberger, 2005).
EEN KORTE GESCHIEDENIS VAN DE DISCONNECTIVITEITS THEORIE
De theorie dat de symptomen van schizofrenie voortkomen uit afwijkingen in hersenconnecties
heeft zijn wortels in de 19e-eeuwse neurowetenschappen. Zenuwarts Wilhelm Griesinger
(1817-1868) was een van de eersten die psychiatrische ziektes zag als aandoeningen van
de hersenen (Amrein, 2005) en onder zijn invloed richtte een groot deel van de Westerse
neurowetenschappen zich op de anatomie en fysiologie van de hersenen (Gach, 2008).
Griesingers pupil en neuropatholoog Theodor Meynert (1833-1892) werkte onder meer aan de
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anatomie van axonale vezelbundels. Hij stelde een dichotomie van hersenaandoeningen voor
op basis van het type vezels dat is aangedaan; hedendaagse neurologische aandoeningen zoals
de ziekte van Parkinson en dementie weet hij aan afwijkingen in projectievezels, psychiatrische
aandoeningen aan verstoringen in associatievezels (Haas, 1999). Een invloedrijke voorvechter
van de vroege disconnectiviteitstheorie was neuropatholoog en zenuwarts Carl Wernicke (18481905), een pupil van Meynert. Hij formuleerde de Sejunktionshypothese (Latijn: sejungere =
scheiden, onderbreken) waarin hij stelde dat het syndroom dat we nu kennen als schizofrenie het
resultaat is van verstoorde integratie tussen hersengebieden, als gevolg van een anatomische
verstoring van associatieverbindingen (Marx, 1970). Wernicke’s tijdgenoot en zenuwarts Emil
Kraepelin (1856-1926) werkte ondertussen aan de categorisatie van mentale aandoeningen.
Hij onderscheidde twee hoofdgroepen: ‘dementia praecox’ – later schizofrenie genoemd door
Paul Eugen Bleuler (1857 -1939) – en de affectieve psychoses zoals de huidige bipolaire stoornis
(Gilman, 2008). Zijn uitspraak dat het ‘orgaan van ons psychische leven mechanismes moet
bevatten die een connectie tussen de psychische werkplaatsen mediëren, en dat de destructie
van de harmonie tussen deze onderdelen het fundamentele probleem is in schizofrenie’ (Ross,
2014) suggereert dat ook Kraepelin een centrale plaats zag voor afwijkende connectiviteit in de
etiologie van schizofrenie.
Hoe visionair de theorieën van deze wetenschappers waren bleek eind 20e eeuw toen
beeldvormende studies afwijkingen in functionele interactie tussen hersengebieden aantoonden
in schizofrenie. Deze bevindingen werden geïntegreerd in de ‘disconnection theory’, die stelt
dat schizofrenie, zowel in cognitieve termen als in zijn pathofysiologie, kan worden begrepen als
een verstoring van functionele integratie in het brein (Friston en Frith, 1995). Het is aannemelijk
dat deze verstoorde functionele integratie voortkomt uit afwijkingen in anatomische connecties
in de hersenen (Ellison-Wright en Bullmore, 2009) en een afwijkende bedradingsstructuur van
het hersennetwerk als geheel (Rubinov en Bullmore, 2013; Van den Heuvel en Fornito, 2014).
HET HERSENNETWERK
Gezonde hersenfunctie vergt de uitwisseling en integratie van neurale informatie tussen
verschillende delen van de hersenen. De anatomische infrastructuur die dit mogelijk maakt
is het complexe netwerk van axonale vezels dat bekend staat als het hersennetwerk of het
‘connectoom’ (Sporns et al., 2005; Hagmann, 2005). De rationale voor het bestuderen van
hersennetwerk is de aanname dat zijn bedradingsorganisatie het ‘gedrag’ van het systeem
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regeert. De hypothese dat de collectieve en gecoördineerde neurale fenomenen die ten
grondslag liggen aan cognitieve processen vorm krijgen door de bedradingsstructuur van het
connectoom (Sporns, 2011) wordt ondersteunt door bevindingen dat de organisatie van het
hersennetwerk samenhangt met onder meer intelligentie (Li et al., 2009; Van den Heuvel et
al., 2009), persoonlijkheidskenmerken (Adelstein et al., 2011; Gao et al., 2013) en creativiteit
(Ryman et al., 2014). Deze bevindingen suggereren dat (complexe) hersenfuncties voortkomen
uit de samenwerking tussen (individueel gespecialiseerde) gebieden binnen het hersennetwerk
als geheel (Bullmore en Sporns, 2009). Dit impliceert dat het patroon van de bedrading in de
hersenen cruciaal is voor gezonde hersenfunctie en hersenaandoeningen (Fornito et al., 2015).
HOE WORDT HET HERSENNETWERK ONDERZOCHT?
Een belangrijke eerste stap om het bedradingspatroon van de hersenen te begrijpen is om zijn
‘nodes’ en verbindingen in kaart te brengen (Sporns, 2011). Dit kan op verschillende niveaus
van resolutie, van individuele neuronen en hun onderlinge synaptische connecties tot grote
vezelbundels die gebieden van de cortex met elkaar verbinden. Op deze laatste schaal zijn de
studies die dit proefschrift vormen verricht.
Om het connectoom te reconstrueren worden een aantal stappen doorlopen. Eerst
worden de nodes gedefinieerd. Op systeem-level zijn dit bijvoorbeeld cortical gebieden.
Vervolgens wordt de associatie tussen de nodes gekwantificeerd, bijvoorbeeld hun functionele
of structurele connectiviteit. De connecties worden samengevoegd in een connectie-matrix.
Hierin staan de nodes op de x- en y-as, en geven de elementen van de matrix aan of een nodepaar (daar waar hun rij en kolom elkaar kruisen) verbonden zijn. In dat geval staat er bijvoorbeeld
een ‘1’ op die plaats, als de nodes niet verbonden zijn wordt dit aangegeven met een ‘0’.
De structuur van het resulterende netwerk kan worden uitgedrukt met behulp van
verschillende netwerk-maten (Rubinov en Sporns, 2010; Sporns, 2011). Op basis van de
informatie die ze verschaffen over het netwerk, zijn deze maten grofweg onder te verdelen in
drie categorieën: maten van segregatie, maten van integratie, en maten van invloed. De eerste
omvatten bijvoorbeeld de clustering en modulariteit van een netwerk. Deze maten geven een
inzicht in de mate waarin het netwerk kan worden onderverdeeld in lokale buurtgenootschappen
of modules. Pad lengte en globale efficiëntie zijn voorbeelden van netwerkmaten die juist een
indicatie geven van het gemak waarmee in het netwerk informatie kan worden geïntegreerd
tussen gebieden of modules. Een eigenschap van het netwerk die de integratie bevordert is
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de aanwezigheid van zogenaamde ‘hubs’, gebieden met een groot aantal verbindingen die
functionele modules onderling verbinden. De aanwezigheid van hubs is een maat van invloed.
DE ARCHITECTUUR VAN HET HERSENNETWERK
Graaf-theoretische

studies

van

het

hersennetwerk

hebben

aangetoond

dat

de

bedradingsstructuur van de hersenen vele niet-willekeurige eigenschappen heeft. Zo vertonen
nodes (bijvoorbeeld hersengebieden) de neiging om zich te clusteren in modules. Gedacht
wordt dat deze netwerkeigenschap bevorderlijk is voor snelle lokaal gespecialiseerde processen
zoals primair sensorische functies (Meunier et al., 2010). Tegelijkertijd zorgt de aanwezigheid
van hubs en een relatief klein aantal slim geplaatste langeafstandsverbindingen ervoor dat er
een hoge capaciteit is voor informatie uitwisseling tussen modules (Bullmore en Sporns, 2009;
Sporns, 2011), voor efficiënte communicatie en integratie zoals in hoger-cognitieve functies
waarbij vele functionele systemen betrokken zijn. Cruciaal voor deze communicatie zijn de
bovengemiddeld sterke verbindingen tussen hubs onderling, een netwerkeigenschap die ‘richclub’ organisatie is genoemd (Van den Heuvel en Sporns, 2011). Hun grote invloed op globale
netwerkcommunicatie maakt dat schade aan deze connecties vermoedelijk een aanzienlijk
nadeel oplevert voor de hersenen als geheel (Van den Heuvel et al., 2012).
HERSENNETWERK VERANDERINGEN IN SCHIZOFRENIE
Anatomische connectiviteit
Beeldvormende studies in schizofrenie hebben wijdverbreide afwijkingen in structurele
connectiviteit aangetoond (zie bijvoorbeeld Ellison-Wright en Bullmore, 2009; Kubicki en
Shenton, 2014), die een gevolg kunnen zijn van een verstoring van de coherentie of dichtheid
van witte stof vezels of hun myelinisatie. Naast afwijkingen in anatomische verbindingen is
verstoorde functionele samenwerking tussen gebieden ook veelvuldig aangetoond (PettersonYeo et al., 2011; Fornito et al., 2012).
Hersennetwerkorganisatie
Studies die het hersennetwerk als geheel onderzoeken laten een afwijkende connectoom
organisatie zien in schizofrenie. Patiënten vertonen afwijkingen in maten van segregatie, een
verminderde capaciteit voor globale integratie en veranderingen in centrale hubs (Rubinov en
Bullmore, 2013; Van den Heuvel en Fornito, 2014). Het lijkt erop dat ‘rich club’ verbindingen tussen
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hubs bovengemiddeld aangedaan zijn in schizofrenie (Van den Heuvel et al., 2013). Of deze
afwijking specifiek is voor schizofrenie of een algemeen verschijnsel van hersenaandoeningen,
of de rich club verstoring samenhangt met familiair (en mogelijk genetisch) risico voor
schizofrenie, en of die samenhangt met functionele uitkomst, zijn onderdeel van een aantal van
de studies van dit proefschrift.
DE STRUCTUUR VAN DIT PROEFSCHRIFT
Dit proefschrift valt uiteen in drie delen. Het eerste deel onderzoekt de heterogene aard van
schizofrenie, te beginnen met klinische heterogeniteit en hoe die zich verhoudt tot variatie in brein
veranderingen in hoofdstuk 2. In hoofdstuk 3 onderzochten we of connectiviteitsafwijkingen
ook de connecties van het cerebellum betreffen. Het tweede deel van dit proefschrift bespreekt
de ontwikkeling van het connectoom. Hoofdstuk 4 geeft een overzicht van studies naar
connectiviteit en hersennetwerkorganisatie gedurende de levensloop. In hoofdstuk 5 bekeken
we of er aanwijzingen zijn voor een afwijkende hersennetwerkontwikkeling in schizofrenie.
Het derde en laatste deel richt zich op de rijkheid van het connectoom. Hoofdstuk 6 beschrijft
een kosten-baten analyse van de rich club structuur van het hersennetwerk. In hoofdstuk 7
deden we een vervolgstudie naar de bevinding dat rich club connecties in het bijzonder zijn
aangedaan in schizofrenie patiënten, waarin we onderzochten of hun gezonde broers en zussen
ook rich club afwijkingen vertonen. De specificiteit van de rich club verstoring voor schizofrenie
wordt in hoofdstuk 8 onder de loep genomen door te kijken of patiënten met een bipolaire
stoornis vergelijkbare afwijkingen vertonen. Tenslotte onderzochten we in hoofdstuk 9 of
hersennetwerkorganisatie voorspellend is voor functionele uitkomst in schizofrenie.
DE HETEROGENE AARD VAN SCHIZOFRENIE
Vanuit meerdere perspectieven kan schizofrenie worden aangemerkt als een heterogene
aandoening: patiënten ervaren uiteenlopende symptomen, ziekte beloop en prognose (Kendler
et al., 1994), er is aanzienlijke interindividuele variatie in structurele hersenveranderingen
(Hulshoff Pol en Kahn, 2008) en een verscheidenheid aan genetische, omgevings- en
ontwikkelingsinvloeden (Rapoport et al., 2012; van Os et al., 2010; Ripke et al., 2014). Het
eerste hoofdstuk van dit proefschrift onderzoek de heterogeniteit op symptoom en brein
niveau en hoe deze samenhangen. Het tweede richt zich op de spatiele verbreidheid van
connectiviteitsafwijkingen in schizofrenie.
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HANGT KLINISCHE HETEROGENITEIT SAMEN MET BREIN VERANDERINGEN?
In hoofdstuk 2 onderzochten we of heterogeniteit in klinische symptomen samenhangt met
verschillen in breinveranderingen. Hiervoor werd individuele variatie in symptomen in 105
schizofrenie patiënten ontleed in vijf symptoom dimensies die werden onderzocht op een
relatie met hersenvolume veranderingen over een vijf-jaar interval. We zagen een heterogeen
patroon van breinveranderingen waarbij sommige patiënten geen of nauwelijks verandering
vertoonden en anderen sterke volumeafnames lieten zien. Deze veranderingen hingen samen
met individuele variatie in één symptoomdimensie; een hogere mate van desorganisatie was
geassocieerd met een meer uitgesproken afname van totaal brein en cerebellair volume, en
een lager IQ. Dimensies van positieve (psychotische), negatieve, manische en depressieve
symptomen vertoonden geen relatie met hersenvolumeverandering. De 100 controles
vertoonden geen associatie met hersenvolumeveranderingen, maar een minderheid van
controles die relatief hoog scoorde op desorganisatie had wel een significant lager IQ. Eerder
is al aangetoond dat juist desorganisatie in hoge mate erfelijk bepaald is (McGrath et al., 2009);
deze symptoom dimensie van schizofrenie zou dus bij uitstek genetisch bepaald kunnen zijn.
We concluderen dat schizofrenie patiënten gekenmerkt door een hoge mate van desorganisatie
en meer uitgesproken reducties in hersenvolumes en IQ een relatief homogene patiëntengroep
is die de detectie van causale genetisch factoren in schizofrenie zou kunnen bevorderen.
De geobserveerde associatie tussen desorganisatie en volume reductie van het
cerebellum en de schaarste aan studies naar cerebrale-cerebellaire connectiviteit in schizofrenie,
vormde de aanleiding voor de tweede studie in dit proefschrift.
BETREFT DISCONNECTIVITEIT IN SCHIZOFRENIE OOK CEREBELLAIRE CONNECTIES?
Studies naar hersenziektes laten het cerebellum vaak buiten beschouwing, omdat het lang
een exclusief motorische functie werd toegedicht. Aanwijzingen voor een cerebellaire rol in
cognitieve en affectieve functies (Schmahmann en Caplan, 2006) hebben geleid tot een nieuwe
visie op het cerebellum als generieke modulator van hersenfuncties, betrokken bij de coördinatie
van zowel bewegingen als gedachten. Afwijkende cerebellaire modulatie van informatie van en
naar de cortex zou onderdeel kunnen zijn van schizofrenie (Andreasen et al., 1998).
In hoofdstuk 3 onderzochten we cerebellaire connectiviteit in 62 schizofrenie
patiënten, 67 van hun gezonde broers en zussen en 41 controle subjecten met resting-state
fMRI. In patiënten vonden we verminderde functionele connectiviteit van de rechter anterieure
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hemisfeer en vermis van het cerebellum naar een reeks links-cerebrale gebieden. De gezonde
broers en zussen vertoonden een zekere overlap met patiënten die suggereert dat genetische
factoren betrokken zouden kunnen zijn bij deze afwijkingen. Onze bevindingen zijn daarnaast
een aanwijzing dat afwijkende connectiviteit in schizofrenie een ‘brainwide’ fenomeen is.
DE HERKOMST VAN HET CONNECTOOM
In het tweede deel van dit proefschrift maken we een omschakeling van afzonderlijke
hersenstructuren en connecties naar het netwerk van anatomische hersenverbindingen als
geheel. In complexe systemen zoals de hersenen leidt de interactie tussen elementen tot
globale fenomenen die niet terug te voeren zijn tot de eigenschappen van de afzonderlijke
elementen. De vraag is hoe dergelijke globale ‘gedragingen’ ontstaan.
De herkomst van orde
Het is gesuggereerd dat veel van de globale orde die we zien in complexe systemen wordt
gegenereerd door ‘regel-gebonden’ interactie op lokale schaal (Kauffman, 1993). Dit zou een
universeel principe van evolutionaire ontwikkeling kunnen zijn waarbij geen ‘supervisie’ of vooraf
vastgelegd bouwplan nodig is, slechts een competent algoritmisch proces (Dennett, 1995). In
de hersenontwikkeling kunnen de sequentieel geïmplementeerde algoritmes zoals degene die
de routes van migrerende neuronen dicteren en de groei en begeleiding van axonale uitlopers
(Innocenti en Price, 2005) de lokale regels zijn die ten grondslag liggen aan de ontwikkeling van
de globale organisatie patronen van het connectoom.
DE ONTOGENESE VAN HET CONNECTOOM
De term ontogenese in de titel van hoofdstuk 4 verwijst naar de ontwikkeling van het connectoom
en veranderingen in zijn organisatie gedurende de levensloop. Het review beschreven in dit
hoofdstuk biedt een integratief overzicht van studies naar micro- tot macroschaal connectiviteit
vanaf de prenatale ontwikkeling tot de laatste fase van het leven. Bij de bestudering van de
literatuur observeerden wij twee hoofdpatronen van connectoom ontogenese.
Ten eerste viel ons op dat het patroon van ‘uitbundige ontwikkeling’ dat aanwezig
is op de kleinste schaal van connectiviteit ook zichtbaar is op macro- of systeemniveau. Dit is
een ontwikkelingspatroon waarbij eerst een overvloed aan connecties wordt gevormd, waarna
door ‘pruning’ (het afbreken van suboptimale connecties) het meest gunstige connectiepatroon
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overblijft. Ook op de macroschaal worden initieel veel meer axonale verzelverbindingen
aangelegd dan uiteindelijk overblijven. Ten tweede zagen we dat het hersennetwerk gedurende
de ontwikkeling een steeds meer geïntegreerde topologie (of architectuur) krijgt, gevolgd
door een relatief stabiel patroon gedurende het grootste gedeelte van de volwassenheid, en
vervolgens een steeds meer gelokaliseerde organisatie laat in het leven. Dit patroon past bij een
voortgaand selectieproces, waarin lokale connectiviteitsveranderingen die bijdragen aan de
efficiëntie van het hersennetwerk behouden blijven terwijl andere verdwijnen, totdat leeftijdsgerelateerde verstoringen van connecties dit proces een halt toe roepen.
Het lijkt er dus op dat hersennetwerk ontogenese een natuurlijk selectie proces
is, gedreven door ‘lokale regels’ en selectiedruk, waarbij de preservatie van kleine gunstige
veranderingen een steeds efficiënter netwerk oplevert. Vanuit dit perspectief zouden
neuropsychiatrische aandoeningen gezien kunnen worden als een deviatie van het normale
patroon van connectoom ontogenese. Het verhelderen van de lokale regels die – in een bepaalde
kritische periode – ten grondslag liggen aan de (trans)formatie van globale netwerkorganisatie
zouden het voorkomen van hersenziektes over de levensloop kunnen verhelderen.
ZIJN ER AANWIJZINGEN VOOR AFWIJKENDE CONNECTOOMGENESE IN SCHIZOFRENIE?
Een indicatie dat schizofrenie zou kunnen samenhangen met een afwijkend patroon van
hersennetwerkontwikkeling geven de bevindingen uit onze studie in hoofdstuk 5. Hier
beschrijven we een onderzoek in 146 schizofrenie patiënten en 122 controles naar het
hersennetwerk gedefinieerd op basis van interregionale correlatie in volume tussen ieder
paar hersengebieden over de subjecten. Toen we deze netwerken vergeleken vonden we in
patiënten afwijkende correlatiepatronen tussen een reeks corticale en subcorticale gebieden.
Andere studies hebben laten zien dat cross-sectionele correlaties in morfometrie, zoals regionale
volumes of cortical thickness, nauw gerelateerd zijn aan gecorreleerde verandering over de
tijd, suggererend dat ze een reflectie zijn van een gesynchroniseerde ontwikkeling (Raznahan
et al., 2011; Alexander-Bloch et al., 2013; Vértes en Bullmore, 2015). De veranderingen in
interregionale covariantie in onze studie zouden dus een indicatie kunnen zijn van afwijkingen
in de gecorreleerde ontwikkeling van hersengebieden, als gevolg van bijvoorbeeld afwijkingen
in anatomische connecties, gedeelde moleculaire of genetische profielen of een gedeelde
kwetsbaarheid voor omgevingsinvloeden (Raznahan et al., 2011; Evans, 2013).
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DE RIJKHEID VAN HET CONNECTOOM
Het derde deel van dit proefschrift exploreert de ‘rijkheid van het connectoom’. Deze titel
refereert niet alleen aan de rich club organisatiestructuur van het hersennetwerk (Van den
Heuvel en Sporns, 2011), maar ook aan de ‘rijkheid’ van hubs en hun connecties wat betreft
bedradingsvolume en energie verbruik zoals onderzocht in hoofdstuk 6. Daarnaast wordt
gedoeld op de ‘rijkheid’ van connectomics als methodiek om nieuwe inzichten te verwerven
in hersenziektes zoals schizofrenie en de bipolaire stoornis, zoals onderzocht in respectievelijk
hoofdstuk 7 en 8, en als potentieel instrument voor het maken van prognostische inschattingen
zoals aangetoond in hoofdstuk 9.
DE RIJKHEID VAN DE RICH CLUB
Gesuggereerd is dat de bedradingsstructuur van de hersenen een compromis is tussen het
minimaliseren van ‘kosten’ en het bevorderen van connectiepatronen die uiteenlopende
hersenfuncties faciliteren (Bullmore en Sporns, 2012). De sterke rich club connecties die hubs
verbinden over grote afstanden zijn een prijzig element van het hersennetwerk. Het behoud van
zo’n kostbaar stuk hersenarchitectuur suggereert dat het aanzienlijke voordelen moet opleveren
voor het functioneren van het systeem als geheel. In hoofdstuk 6 onderzochten we verschillende
maten van de kosten en baten van het rich club systeem in 42 gezonde proefpersonen.
Met verschillende beeldvormende technieken vonden we aanwijzingen dat de rich club
inderdaad een kostbaar onderdeel van het hersennetwerk is. Zo lieten rich club connecties een
hoger aantal streamlines zien, en diffusie-maten die een indicatie zijn voor meer dicht op elkaar
gepakte vezels en een hogere mate van myelinisatie. Een meta-analyse van de bevindingen van
een studie die het energieverbruik van hersengebieden tijdens rust onderzocht (Vaishnavi et al.,
2010) liet zien dat rich club nodes ook een hogere metabole activiteit vertonen. Mogelijk is dit te
verklaren door de hoge mate aan ‘neuraal verkeer’ die de rich club te verwerken krijgt (Liang et
al., 2013). Een hogere mate van myelinisatie en meer dicht opeen gepakte vezels zou bevorderlijk
kunnen zijn voor snelle informatieoverdracht, en daardoor voor neurale synchronisatie (Laughlin
en Sejnowski, 2003; Kaiser en Hilgetag, 2006), en zou kunnen samenhangen met de langere
ontwikkelingsduur van rich club connecties, die pas laat in de ontwikkeling rijpen (Glasser
en van Essen, 2011). De tijdspanne waarin rich club connecties tot wasdom komen zou een
kritieke periode in de ontwikkeling van het connectoom kunnen zijn voor aandoeningen die
samenhangen met afwijkingen in de rich club organisatiestructuur van het hersennetwerk.
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Naast maten van structurele connectiviteit en ontwikkeling bekeken we functionele
eigenschappen van rich club nodes en connecties. Rich club hubs onderhielden een
bovengemiddeld aantal functionele connecties, en vertoonden meer variabele activatiepatronen.
Deze observaties passen bij de veronderstelde rol van de rich club als dynamische integrator,
die samenwerking tussen verschillende functionele modules op verschillende momenten
mogelijk maakt (Zamora-Lopez et al., 2010; Van den Heuvel en Sporns, 2011). Deze functionele
voordelen zouden de ‘baten’ kunnen zijn die het tegenwicht vormen voor de hoge ‘kosten’ (in
termen van zowel fysieke bedrading als energie verbruik) van het rich club systeem.
HUB EN RICH CLUB ORGANISATIE IN SCHIZOFRENIE
Studies hebben aangetoond dat schizofrenie samenhangt met een verstoring van centrale
hubs (Rubinov en Bullmore, 2013; Van den Heuvel en Fornito, 2014) en dat met name de
verbindingen tussen hubs een disproportionele verstoring laten zien (Van den Heuvel et al.,
2013). Met het oog op het belang van genetische factoren in de etiologie van schizofrenie
onderzochten we in hoofdstuk 7 of de verstoring van rich club connectiviteit samenhangt met
een verhoogd familiair risico op schizofrenie. Hiertoe onderzochten we rich club connectiviteit
tussen hubs (hier de bilaterale gyrus frontalis superior, gyrus parietalis superior, precuneus en
insula) in een groep van 54 niet-aangedane broers en zussen van schizofrenie patiënten. We
vonden dat deze gezonde individuen met een verhoogd familiair risico voor schizofrenie qua
rich club connectiviteit tussen patiënten en controles in zaten. Deze bevinding suggereert dat
rich club disconnectiviteit samenhangt met een kwetsbaarheid voor het krijgen van schizofrenie
en de manifestatie van de ziekte in de tijd vooruit gaat.
Drie recente studies ondersteunen onze bevinding. Ten eerste vond een studie in nietaangedane ouders van schizofrenie patiënten afnames in efficiëntie van hubs zoals bilaterale
mediaal-frontale cortices en precuneus (Yan et al., 2015). Ten tweede rapporteerde een
diffusie-gewogen studie in eerstegraads familieleden van schizofrenie patiënten een verlaagde
integriteit van een witte stof verbinding tussen frontale en parietale cortices (Prasad et al.,
2015). Ten derde toont een recente studie in niet-aangedane broers en zussen van schizofrenie
patiënten afwijkende functionele connectiviteit tussen parietale en mediale prefrontale cortices
(Peeters et al., 2015). In deze laatste studie werd gevonden dat de afwijkingen in connectiviteit
niet gerelateerd waren aan omgevingsinvloeden; dit onderstreept onze bevinding dat juist
familiaire en dus mogelijk genetische factoren belangrijk zijn voor rich club connectiviteit.

279

De ‘Connectomic’ Blauwdruk van Schizofrenie

ZIJN HUB EN RICH CLUB VERSTORINGEN SPECIFIEK VOOR SCHIZOFRENIE?
Gesuggereerd is dat overbelasting en uiteindelijk falen van hubs een centraal kenmerk zou
kunnen zijn van de etiologie van alle hersenaandoeningen (Crossley et al., 2014; Stam, 2014).
Dit zou het gevolg kunnen zijn van excitotoxiciteit (de beschadiging van zenuwcellen door
excessieve stimulatie) door de hoge mate van neuronale activiteit van hubs (De Haan et al.,
2012). Om te onderzoeken of verstoringen in hubs een gedeeld kenmerk zijn van psychiatrische
aandoeningen onderzochten we in hoofdstuk 8 hub en rich club connectiviteit in een groot
cohort bipolaire I stoornis patiënten (N = 216), in vergelijking met gezonde controles (N =
144). Deze patiënten ervaren terugkerende depressieve en manische episodes, maar het
merendeel vertoont ook psychotische en cognitieve symptomen waardoor het ziektebeeld
bij de eerste episode moeilijk te onderscheiden kan zijn van schizofrenie. We vonden in deze
patiënten geen evidente afwijkingen in hub en rich club connectiviteit. Niet omdat er geen
connectoomafwijkingen waren - patiënten lieten verstoorde interhemisferische verbindingen
zien samenhangend met verminderde globale efficiëntie van het connectoom - maar omdat de
afwijkingen niet in het bijzonder hubs en hun onderlinge connecties betroffen.
Deze bevinding roept de vraag op hoe hub-afwijkingen in andere hersenziektes
moeten worden geïnterpreteerd. Ten eerste valt op te merken dat de observatie dat hubs
zijn aangedaan niet noodzakelijkerwijs betekent dat dit de primaire pathologie is. Gezien de
topologische centraliteit van hubs (het kost vaak maar één of twee ‘netwerk-stappen’ om een
hub te bereiken) is het aannemelijk dat een pathologisch proces in de hersenen, ongeacht
zijn origine, relatief snel een effect zal hebben op hubs. Een dergelijk secundair effect zou het
gevolg kunnen zijn van verminderde trofische beïnvloeding of prion-achtige propagatie van
‘ziekte-deeltjes’ zoals verkeerd gevouwen eiwitten. Er zijn inderdaad aanwijzingen dat ziekteverspreiding in neurodegeneratieve aandoeningen verloopt via de anatomische verbindingen
van het connectoom (Schmidt et al., 2015), zoals vanuit een primaire verstoring in de entorhinale
cortex/hippocampus in de ziekte van Alzheimer (Mallio et al., 2015).
In andere aandoeningen zouden verstoringen van centrale hersenconnecties, zoals
die tussen hubs, de primaire neuropathologie kunnen zijn. Een aannemelijke kritische periode
voor het ontstaan van dergelijke pathologie is die waarin deze connecties zich ontwikkelen
en tot wasdom komen. In hoofdstuk 4 zagen we dat de tijdens de kindertijd en adolescentie
structurele modules steeds beter verbonden raken door de voortgaande ontwikkeling van
lange vezelbundels (Hagmann et al., 2010) zoals rich club connecties tussen hubs. Tijdens

280

NEDERLANDSE SAMENVATTING

deze periode in de ontwikkeling worden de eerste aanwijzingen voor de ontwikkeling van
schizofrenie ook zichtbaar, meestal in de vorm van een teruggang in cognitief functioneren die
de eerste psychose vele jaren vooraf gaat (Kahn en Keefe, 2013). Het samenvallen in de tijd
van de eerste uitingen van de ontwikkeling van schizofrenie met de fase waarin vooral hubs
steeds sterker verbonden raken, samen met de bevinding dat niet-aangedane broers en zussen
vergelijkbare afwijkingen vertonen (consistent met een neuropathologische kwetsbaarheid die
de manifestatie van de ziekte in de tijd vooraf gaat) suggereert dat rich club disconnectiviteit
onderdeel zou kunnen zijn van de primaire pathofysiologie van schizofrenie.
IS CONNECTOME ORGANISATIE EEN VOORSPELLER VAN FUNCTIONELE UITKOMST?
In hoofdstuk 9 onderzochten we of de bedradingsorganisatie van het hersennetwerk voorspellend
is voor functionele uitkomst in schizofrenie. Om dit te onderzoeken keerden we drie jaar na dato
terug naar de schizofrenie patiënten (N = 40) uit onze studie in hoofdstuk 7. Van dertig van hen
konden dagelijks functioneren, klinische symptomen en cognitief functioneren opnieuw in kaart
worden gebracht. We bekeken of we aan de hand van connectoom analyse konden voorspellen
hoe het patiënten was vergaan in de drie jaar tussen de metingen. We vonden dat patiënten
die meer uitgesproken afwijkingen in de bedradingsstructuur van de hersenen vertoonden op
baseline (met name in rich club verbindingen) een grotere kans hadden op een verlaging in
dagelijks functioneren, terwijl relatief gespaarde rich club verbindingen vaker stabiel of zelfs
verbeterd functioneren vooraf gingen. Daarnaast waren grotere afwijkingen in maten van
globale connectoom organisatie (met name de mate van clustering) voorspellend voor een
toename van symptomen en een afname in totaal IQ tijdens follow-up. Deze associaties konden
niet worden gerelateerd aan algemene leeftijdsgerelateerde veranderingen, want baseline
connectoom organisatie was niet voorspellend voor veranderingen in IQ en subklinische
symptomen in controles en niet-aangedane broers en zussen. De bevindingen van onze studie
suggereren dus dat de bedradingsstructuur van het hersennetwerk voorspellende waarde heeft
voor prognose en functionele uitkomst in schizofrenie.
METHODOLOGISCHE OVERWEGINGEN EN TOEKOMSTIG ONDERZOEK
Methodologische kwesties om in overweging te nemen bij de interpretatie van de bevindingen
van dit proefschrift omvatten onder meer de inherente eigenschappen van de imaging data en
de klinische karakteristieken van de patiënt-cohorten.
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Imaging methodologie
Met uitzondering van ons review werd in alle studies in dit proefschrift MRI gebruikt om de
hersenen in kaart te brengen. In aanvulling op ‘conventionele’ T1-gewogen imaging pasten we
drie complementaire imaging methodes toe: diffusie-gewogen imaging, ‘magnetic transfer’
imaging en ‘resting-state’ functionele MRI. Deze methodes geven indirecte schattingen van
structurele en functionele connectiviteit en kennen technische restricties en beperkingen qua
spatiële en temporele resolutie (Jbabdi en Johansen-Berg, 2011). Validatie studies hebben
echter een aanzienlijke overlap met meer directe maten van anatomische (Van den Heuvel et al.,
2015) en functionele (Hipp en Siegel, 2015) connectiviteit aangetoond. Daarnaast zijn cruciale
topologische aspecten van de bedradingsorganisatie van de hersenen ook gevonden in apen
en andere diersoorten (Zamora-López et al., 2010; Harriger et al., 2012; De Reus and van den
Heuvel, 2013) en op verschillende niveaus van resolutie zoals het neuronale connectoom van
de worm C. Elegans (Towlson et al., 2013). Zelfs in ontwikkelende neuronale netwerken in een
petrischaal vormen zich ‘rich clubs’ (Schroeter et al., 2015). Kortom, hoewel connectomics op
basis van imaging data beperkingen kent, zijn met verschillende methodes, in verschillende
diersoorten en op verschillende resoluties, globale architectonische eigenschappen waaronder
rich club organisatie gevonden als inherente eigenschappen van neurale netwerken.
Klinische karakteristieken van de patiënt-cohorten
De meerderheid van de studies in dit proefschrift zijn patiënt-controle studies. Het merendeel
van de onderzochte patiënten gebruikte psychotrope medicatie en dit zou van invloed kunnen
zijn op hersenstructuur en connecties. Afwijkingen in connectiviteit zijn echter ook gevonden in
medicatie-naïeve patiënten (Mandl et al., 2013; Zhang et al., 2014) en in onze studies vonden
we geen associaties tussen psychotrope medicatie en hersenvolumes (hoofdstuk 2 en 5) of
connectiviteit (hoofdstuk 3 en 6-9). Ten tweede zijn de meeste patiënten in onze studies chronisch
ziek. Hersenvolumeveranderingen zijn eerder geassocieerd zijn met psychose duur (Cahn et al.,
2009) en beargumenteerd kan worden dat onze bevindingen het gevolg zouden kunnen zijn
van ‘toxische’ effecten van psychose op het brein, in plaats van onderdeel van de oorzaak. Hier
valt tegenin te brengen dat hersenvolume afwijkingen al voor de eerste psychose zijn gevonden
(McIntosh et al., 2011) en eerste-episode patiënten al afwijkingen in structurele connectiviteit
laten zien (Fornito et al., 2013; Mandl et al., 2013). Daarnaast laten we hier zien dat ook nietaangedane broers en zussen van schizofrenie patiënten afwijkingen in functionele (hoofdstuk
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3) en structurele (hoofdstuk 7) connectiviteit vertonen. Deze bevindingen in individuen met een
verhoogd genetisch risico op schizofrenie, maar zonder blootstelling aan psychotrope medicatie
en/of psychose, suggereert dat de gevonden afwijkingen in connectiviteit samenhangen met de
aanleg voor schizofrenie die de manifestatie van de ziekte in de tijd vooraf gaat en een primair
onderdeel zou kunnen zijn van de pathofysiologie van de ziekte.
TOEKOMSTIG CONNECTOOM ONDERZOEK
De bevindingen van dit proefschrift roepen nieuwe vragen op over de bedradingsstructuur van
het hersennetwerk in schizofrenie en andere hersenaandoeningen. De volgende paragrafen
bespreken een aantal mogelijke nieuwe onderzoeksrichtingen.
Connectome genetics
Onze bevinding dat niet-aangedane broers en zussen van schizofrenie patiënten delen in
sommige van de connectoom afwijkingen geobserveerd in patiënten suggereert dat genetische
factoren kunnen bijdragen aan deze afwijkingen. Studies naar de erfelijkheid van de organisatie
van het hersennetwerk suggereren dat deze onder genetische controle staat (Glahn et al., 2010;
Van den Heuvel et al., 2013b). Als de bedradingsstructuur van de hersenen gelinkt kan worden
aan een of meerdere genen zou dit licht kunnen werpen op hun ontwikkeling en verschillen
tussen individuen waaronder de aanleg voor hersenaandoeningen (Thompson et al., 2013).
Een belangrijke stap zou dus kunnen zijn om connectomics en genomics te combineren om
te verhelderen hoe een verhoogd genetisch risico voor schizofrenie zou kunnen leiden tot
connectoom afwijkingen zoals die geobserveerd in dit proefschrift.
Connectomics en (stoornissen van) cognitie
Schizofrenie zou in essentie een cognitieve stoornis kunnen zijn. Aanwijzingen hiervoor zijn
observaties dat verlaagde schoolprestaties en verminderd cognitieve functioneren risicofactoren
zijn voor de ontwikkeling van schizofrenie en dat de afname in cognitief functioneren de eerste
psychose vele jaren vooraf gaat (Kahn en Keefe, 2013). De bevindingen van dit proefschrift
maken aannemelijk dat rich club disconnectiviteit de manifestatie van de ziekte ook vooraf
gaat. Verstoringen van hubs en hun connecties zouden gereleteerd kunnen zijn aan cognitieve
achteruitgang in schizofrenie. Het verhelderen van een mogelijke relatie tussen topologische
eigenschappen van het connectoom die globale integratie bevorderen (waaronder rich club
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organisatie) en cognitief functioneren, zowel in gezondheid als bij hersenaandoeiningen, is een
uitdaging voor toekomstig onderzoek.
Connectomics in de klinische praktijk
Onze bevinding dat de bedradingsstructuur van de hersenen voorspellende waarde lijkt te
hebben wat betreft functionele uitkomst in schizofrenie kan van belang zijn voor de zoektocht
naar biomarkers om de klinische praktijkvoering in de psychiatrie te ondersteunen. Wellicht
zouden connectomics een nieuw instrument kunnen zijn in de vroege opsporing en preventie
in individuen met een hoog risico op schizofrenie. Aangezien het hersennetwerk een
dynamisch systeem is dat voortdurend verandert onder invloed van genetische, omgevings- en
ontwikkelingsfactoren, is het van uitgesproken belang om te verhelderen wanneer diegenen ‘at
risk’ beginnen af te wijken van het normale patroon van connectoom ontwikkeling. Mogelijk zou
dit er uiteindelijk toe kunnen leiden dat voorkomen kan worden dat een ‘verhoogd risico’ voor
schizofrenie omslaat naar de daadwerkelijke ontwikkeling van de ziekte.
TOT SLOT
Dit proefschrift onderzocht schizofrenie als hersennetwerk aandoening. Onze bevindingen
ondersteunen de hypothese dat schizofrenie samenhangt met afwijkingen in de bedradingsorganisatie van de hersenen waarbij vooral centrale hubs en hun onderlinge connecties
aangedaan zijn, wat de capaciteit voor integratieve processen beperkt. Deze verstoring zou
het resultaat kunnen zijn van een afwijkend patroon van connectoom ontwikkeling, gerelateerd
aan een verhoogde familiaire kwetsbaarheid voor schizofrenie. Dit suggereert dat afwijkingen
van (topologische centrale) witte stof verbindingen onder invloed van genetische factoren tot
stand komen. Aangezien we geen aanwijzingen vonden dat hub en rich club connectiviteit in
het bijzonder zijn aangedaan in de bipolaire stoornis zouden afwijkingen in het centrale rich
club systeem een specifiek kenmerk van de pathofysiologie van schizofrenie kunnen zijn. Tot
slot suggereert onze bevinding dat globale connectoom organisatie voorspellend is voor
functionele uitkomst dat connectomics mogelijk de potentie hebben om op een dag te worden
gebruikt in de klinische praktijkvoering van de psychiater.
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mijn grote waardering voor u maakt dat ik pas sinds kort af en toe René durf te zeggen. Ik
waardeer uw charme, gevoel voor taal, en durf om een statement te maken. Dank voor al die
dingen en voor de ruimte om mijn eigen pad te kiezen.
Professor Hulshoff Pol, Hilleke, ik heb veel bewondering voor de manier waarop je jouw
hoogleraarschap invult vanuit oprechte hartelijkheid en vertrouwen. Bedankt voor al je advies
en je altijd positieve aanmoediging.
Dr. van den Heuvel, Martijn, niemand zal verbaasd zijn dat jij de nummer 1 hub bent in het netwerk
van mensen die dit proefschrift mogelijk maakten. Ik bewonder je creativiteit, je ambitie en de
manier waarop je ‘rich club’ connecties smeedt met andere groten in het hersennetwerkveld.
Bedankt voor dit proefschrift, en fijn dat ik nog even mag blijven in het lab.
Dr. Cahn, Wiepke, jij stond aan de wieg van mijn promotietraject. Terugkijkend zie ik pas goed
hoe belangrijk je vertrouwen in mijn kunnen en je bereidheid om me op weg te helpen zijn
geweest. Dank voor al je hulp.
Dr. de Reus, Marcel, connectoom-maatje van het eerste uur, met welke woorden kan ik jou
bedanken? Ik vind je een rete-slimme gast en een geweldig en integer mens. Dank dat je mijn
paranimf wil zijn, en voor alle matrices.
Ruben, Lianne, Kristin, Ingrid, Hannelore, Siemon, Idoia, fantastische DCL-crew, jullie zijn fijne
mensen. Fraukje, ik ga je missen in het lab, knock ‘m dead bij Capgemini. ClaireXiao, keep doing
what you’re doing, you’re on your way to greatness! Show me around Xi’an sometime.
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Co-auteurs; Jessica, Eske, Neeltje, Sander, René M, Hugo, Olaf, Lucija, Annabel, Marco, Roel,
dank voor de fijne samenwerking.
Collega AIOS, onderzoekers, psychiaters, verpleegkundigen, psychologen, therapeuten en
secretaresses: bedankt voor de collegialiteit en de fijne opleidings- en promotietijd.
Sarah & Reinier, Renske & Bart, Anna & Reinout, Karin & Rody, wat een geluk dat jullie mijn
maatjes zijn! Voetbalvrienden en vriendinnen door de jaren, bij Odysseus en daarvoor, bedankt
voor de hoognodige ontspanning.
Maj, we go wayz back. Dank voor je onvoorwaardelijke vriendschap. Familie Eimers, jullie zijn
de leukste.
Familie Molenaars, Ad & Gertie, Tomas & Judith, Koen & Laurens, en de hele extended family,
bedankt dat ik erbij mag horen.
Lieve papa & mama, ik ben blij dat ik bij jullie ben geboren en opgegroeid in een wereld van
schitterend ongeluk, magischer in zijn realiteit dan het meest betoverende sprookje.
Lieve Sam, paranimf en beste broer ter wereld, ik zou je voor niets en niemand ruilen. Violet,
Sammie had niet beter kunnen kiezen.
Lieve Rik, dankjewel dat je dit boekje en mijn leven zo mooi maakt.

291

LIST OF PUBLICATIONS

Collin G, de Nijs J, Hulshoff Pol HE, Cahn W, van den Heuvel MP (2015). Connectome organization
is related to longitudinal changes in general functioning, symptoms and IQ in chronic
schizophrenia. Schizophrenia Research, in press: doi: 10.1016/j.schres.2015.03.012.
Chang X, Xi Y-B, Cui L-B, Wang HN, Sun J-B, Zhu Y-Q, Huang, Collin G, Liu K, Xi M, Qi S, Tan
Q-R, Miao DM, Yin H (2015). Distinct inter-hemispheric dysconnectivity in schizophrenia
patients with and without auditory verbal hallucinations. Scientific Reports 5: 11218.
Collin G, Kahn RS, de Reus MA, Cahn W, van den Heuvel MP (2014). Impaired rich club connectivity
in unaffected siblings of schizophrenia patients. Schizophrenia Bulletin 40 (2): 438-448.
Collin G, Sporns O, Mandl, RCW, van den Heuvel MP (2014). Structural and functional aspects
relating to cost and benefit of rich club organization in the human cerebral cortex.
Cerebral Cortex 24 (9): 2258-2267.
Collin G, van den Heuvel MP (2013). The ontogeny of the human connectome: development
and dynamic changes of brain connectivity across the life span. Neuroscientist 19 (6):
616-628.
Van den Heuvel MP, Sporns O, Collin G, Scheeuwe T, Mandl RCW, Cahn W, Goñi J, Hulfhoff Pol
HE, Kahn RS (2013). Abnormal rich club organization and functional brain dynamics in
schizophrenia. JAMA Psychiatry 70 (8): 783-792.
Collin G, de Reus MA, Cahn W, Hulshoff Pol HE, Kahn RS, van den Heuvel MP (2013). Disturbed
grey matter coupling in schizophrenia. European Neuropsychopharmacology 23 (1): 4654.
Boersma M, Kemner C, de Reus MA, Collin G, Snijders TM, Hofman D, Buitelaar JK, Stam CJ,
van den Heuvel MP (2013). Disrupted functional brain networks in autistic toddlers. Brain
Connectivity 3 (1): 41-49.

292

Collin G, Derks EM, van Haren NEM, Schnack HG, Hulshoff Pol HE, Kahn RS, Cahn, W (2012).
Symptom dimensions are associated with progressive brain volume changes in
schizophrenia. Schizophrenia Research 138 (2-3): 171-176.
Collin G, Hulshoff Pol HE, Haijma SV, Cahn W, Kahn RS, van den Heuvel MP (2011). Impaired
cerebellar functional connectivity in schizophrenia patients and their healthy siblings.
Frontiers in Psychiatry 2: 73.

FORTHCOMING
Collin G, van den Heuvel MP (2015). Anatomical and functional brain network architecture in
schizophrenia. In T. Nickl-Jockschat & T. Abel (Eds.), The Neurobiology of Schizophrenia,
Elsevier, submitted.
Collin G, van den Heuvel MP, Abramovic L, de Reus MA, Vreeker A, van Haren NEM, Boks MPM,
Ophoff RA, Kahn RS (2015). Brain network analysis reveals affected connectome structure
in bipolar I disorder. Human Brain Mapping, submitted.

293

CURRICULUM VITAE

Guusje Collin was born on June 5th 1985 in Nijmegen, the Netherlands. After
graduating high school in 2003 (Gymnasium, Pax Christi College Druten) she
started Medical School at the University of Utrecht. During her studies she
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