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Millions of people sustain a traumatic brain injury (TBI) every year (Roozenbeek et al.,
2013). The vast majority (80-90%) of this population consists of patients with mild
traumatic brain injury (mTBI) (Cassidy et al. 2014). Mild traumatic brain injury is
defined by a Glasgow Coma Scale (GCS) score of 13-15, loss of consciousness (LOC)
for 30 minutes or less, and/or post-traumatic amnesia (PTA) lasting maximally up
to 24 hours (Kayd et al. 1993). Whereas the worldwide hospital-treated incidence
of mTBI is approximately 100-300/100,000, the true population-based incidence
is estimated to be above 600/100,000 (Bazarian et al. 2005; Cassidy et al. 2004).
Each year, around 85,000 patients with an mTBI present at emergency departments
throughout The Netherlands (Hageman et al. 2010). Patients with mTBI frequently
report post-traumatic complaints such as headaches, poor concentration, and
fatigue, but most of them recover spontaneously within days or weeks after injury
(Cassidy et al. 2014). However, nearly one in four patients will develop persistent
complaints, especially within the cognitive and affective domain, which may last
for months or years after the initial injury (Lundin et al. 2006; Ettenhofer & Barry
2012; Dischinger et al. 2009; Ponsford et al. 2011; Cassidy et al. 2014). These
complaints are subjective in nature and are often unaccompanied by corresponding
impairments on neuropsychological tests (Carroll et al. 2014; Carroll et al. 2004;
Rohling et al. 2011; Dikmen et al. 2016). The cause for persistent complaints is
still largely unknown and probably involves a mixture of biopsychosocial factors
(Rosenbaum & Lipton 2012; Wäljas et al. 2014; Silverberg & Iverson 2011). This
absence of a clear underlying reason for post-traumatic complaints makes it difficult
to predict whether complaints will persist in different patients, with comparable
injury characteristics.
Structural brain injury
Conventional imaging modalities rarely aid clinicians in understanding the severity of
mTBI, although clinical characteristics (i.e. GCS, LOC, PTA) indicate that patients
with mTBI have indeed sustained impacts to their brains. In most cases, computed
tomography (CT) performed in the acute clinical setting reveals no abnormalities,
which is referred to as “uncomplicated mTBI” (Bazarian et al. 2006; Iverson et al.
2000). Furthermore, irrespective of whether or not the CT scan at admission shows
abnormalities, it has been demonstrated that CT characteristics are poor predictors
of self-reported complaints at follow-up or of overall outcomes after mTBI (Jacobs
9
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et al. 2010; Lannsjö et al. 2013). One explanation could be related to the presence
or absence of traumatic axonal injury, which is difficult to determine with CT
and appears to be more closely related to clinical outcome after TBI compared to
focal brain lesions (e.g. contusions) (Sharp & Ham 2011). Magnetic resonance
imaging (MRI) has been shown to detect more traumatic axonal injury than CT in
patients with mTBI, which is due to the increased sensitivity of T2*-gradient echo
(T2*-GRE) and susceptibility weighted imaging (SWI) sequences for detection of
microhemorrhagic lesions (Metting et al. 2007; Lee et al. 2008; Yuh et al. 2013;
Huang et al. 2015; Chastain et al. 2009; Geurts et al. 2012). Therefore, MRI scans
are routinely performed in cases with persistent complaints which interfere with
daily functioning. However, most patients with mTBI who have normal CT scans
on admission will also have normal MRI scans on follow-up; only the presence
of four or more hemorrhagic axonal lesions after mTBI is significantly predictive
of poorer outcome (Yuh et al. 2013; Huang et al. 2015). Additionally, studies so
far have shown that patients with and without MRI abnormalities do not differ
regarding the number of post-traumatic complaints (Hughes et al. 2004; Hofman et
al. 2001), although these studies did not use SWI. Altogether, current research may
call into question the use of conventional MRI during mTBI follow-up.
Interestingly, recent diffusion tensor imaging (DTI) studies have also
shown that microstructural injury to white matter tracts may not be causative in the
development of post-traumatic complaints (Lange et al. 2015; Wäljas et al. 2014).
Furthermore, one recent DTI study even demonstrated that there were no differences
between patients in the acute phase after mTBI and healthy controls, regardless
of complaints (Ilvesmaki et al. 2014). Aforementioned studies have focused on
group differences in diffusion parameters within certain brain regions; however, the
relationship with structural networks (i.e. connectomes) remains unclear. Therefore,
it is worthwhile to apply newer analysis techniques, such as graph theory, to study
the integrity of the structural connectome in patients with mTBI. This may also
enable us to capture subtle differences between patients and controls, and between
patients with and without post-traumatic complaints who would have otherwise
remain unnoticed.
Adaptation and the prefrontal cortex
The aforementioned studies emphasize the need to investigate brain function in mTBI
from a non-injury perspective. Brain injury can be regarded as a stressful life event
which challenges the capacity to deal with the consequences of such an event, i.e.
psychological adaptation. The development of persistent post-traumatic complaints
is likely to result from difficulties adapting to the presence of acute complaints and
changes in daily life in the first weeks to months after injury. These adaptive deficits
seem to be related to individual personality characteristics and coping styles (Wood
10

The UPFRONT study
The UPFRONT study is a Dutch multi-center prospective cohort study aimed at
early identification and treatment of adaptive deficits in patients with mTBI. The
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2004; Anson & Ponsford 2006; Silverberg et al. 2013).
An important aspect of adaptation is mental flexibility, which is reflected
by the ability to adequately shift between internally and externally directed mental
processes, for example during cognitive performance (Tops et al. 2014; Menon &
Uddin 2010). Another important aspect is the ability to regulate negative emotions
and stress (Ochsner & Gross 2005). Feelings of anxiety and depression are correlated
with post-traumatic complaints; this indicates that emotion regulation plays an
important role in the recovery from mTBI (Silverberg & Iverson 2011; Stulemeijer
et al. 2007; van der Horn et al. 2013). The brain’s prefrontal cortex is an essential
area for adaptive behavior, because cognitive and emotional processes coalesce within
this region (Cole et al. 2014; Tops et al. 2014; Frank et al. 2014; Ochsner & Gross
2005; Ochsner et al. 2012). Hence, it is plausible that premorbid prefrontal network
function is associated with adaptive deficits and the persistence of complaints after
mTBI. Furthermore, due to its location at the anterior part of the cranium and the
anterior cranial fossa’s irregular surface, the prefrontal cortex is particularly vulnerable
to traumatic brain injury (Bigler 2007; McAllister 2011). Thus, if structural brain
injury contributes to network dysfunction underlying adaptive deficits after mTBI,
it most likely involves injury to the prefrontal cortex.
With functional magnetic resonance imaging (fMRI), it is possible to
measure brain network function during cognitive paradigms and resting conditions.
Furthermore, it allows the relationship of network function to behavioral and clinical
measures to be assessed. Therefore, the application of fMRI may lead to valuable
insights into the role of prefrontal brain networks in adaptation after mTBI. Whereas
a working memory paradigm provides information about activation and deactivation
of brain networks during externally focused mental processes, resting-state fMRI
informs us about the intrinsic functional architecture of the brain. Among other
things, studies so far have shown hyperactivation of prefrontal brain areas during
performance of working memory tasks in patients with mTBI. This finding could
be interpreted as a neural compensation mechanism, which may lead to cognitive
complaints (Bryer et al. 2013; McAllister et al. 1999). Furthermore, resting-state
fMRI studies have demonstrated that post-traumatic complaints in mTBI likely
originate from an inadequate balance between medial (e.g. default mode network)
and lateral (e.g. executive networks) prefrontal brain networks underlying internally
and externally directed mental processes, respectively (Mayer et al. 2011; Sours et
al. 2013). However, there is limited knowledge of how these brain networks are
involved in emotion regulation after mTBI.

1

main research goal is to determine which patients are at risk for developing persistent
complaints, and to define the role of prefrontal brain networks. The study consists
of three sub-projects: (1) A longitudinal follow-up study in order to determine
the influence of early adaptive deficits on outcome of patients with mTBI; (2) A
psychological intervention study on the effectiveness of cognitive behavioral therapy
versus telephone counseling in patients with a high number of self-reported posttraumatic complaints early after mTBI; and lastly, (3) A structural and functional
neuroimaging study on the relationship between brain networks, adaptive deficits,
and emotion regulation in patients with mTBI (the subject of this dissertation).
Taken together, these projects cover a wide range of biopsychosocial confounders of
outcomes after mTBI, and the combined efforts of these projects has great potential
to enhance our understanding of the pathophysiology of post-traumatic sequelae.
Outline of this dissertation
The general objective of this dissertation is to investigate structural and functional
brain networks in patients with uncomplicated mTBI. We are particularly interested
in the role of the prefrontal cortex in the development of (persistent) posttraumatic complaints and the relationship with emotional distress. In Chapter 2,
we present a comprehensive review of the current literature on brain networks in
mTBI. In particular, the major functional brain networks for emotion regulation
and adaptation in patients with and without mTBI as well as healthy subjects,
are outlined. In the first experimental chapter of this dissertation (Chapter 3), we
aim to determine the clinical relevance of traumatic microhemorrhagic injury as
assessed by conventional MRI in patients with mTBI. This is done by examining the
association between microhemorrhaging on T2*-GRE and SWI, and post-traumatic
complaints in the subacute phase after injury. In Chapter 4, we use diffusion MRI
to evaluate axonal integrity and possible traumatic axonal injury in the same study
sample. More specifically, the structural connectome is examined with graph analysis
to explore the relationships between structural network integrity, complaints, and
neuropsychological outcome after mTBI. To gain more insight into how functional
brain networks are related to cognitive complaints after mTBI, in Chapter 5 we use
a working memory fMRI paradigm to study differences between patients with and
without complaints in the subacute post-injury phase, and healthy controls. Since
emotion regulation appears to play a pivotal role in the development and persistence
of post-traumatic complaints after mTBI, in Chapter 6 we use resting-state fMRI to
explore the relationship between intrinsic functional network connectivity, anxiety,
depression, and post-traumatic complaints. Subsequently, we take a graph theoretical
approach to assess global and local properties of intrinsic functional networks after
mTBI in further detail (Chapter 7). In the last experimental chapter, intrinsic
functional network connectivity is investigated from a longitudinal perspective in
12
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patients with complaints who were included in an early psychological intervention
study (UPFRONT sub-project 2), in addition to patients without complaints after
mTBI (Chapter 8). This dissertation ends with a general discussion of our results
and future perspectives (Chapter 9).
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Abstract

The majority of patients with traumatic brain injury sustain a mild injury (mTBI).
One out of four patients experiences persistent complaints, despite their often
normal neuropsychological test results and the absence of structural brain damage
on conventional neuroimaging. The susceptibility to develop persistent complaints
is thought to be affected by inter-individual differences in adaptation, which can
also be influenced by pre-injury psychological factors. Coping is a key construct
of adaptation and refers to strategies to deal with new situations and serious life
events. An important element of coping is the ability to regulate emotions and
stress. The prefrontal cortex is a crucial area in this regulation process, as it exerts
a top-down influence on the amygdala and other subcortical structures involved in
emotion processing. However, little is known about the role of the prefrontal cortex
and associated brain networks in emotion regulation and adaptation after mTBI.
Especially, the influence of prefrontal dysfunction on the development of persistent
post-concussive complaints is poorly understood. In this paper we aim to integrate
findings from functional and structural MRI studies on this topic. Alterations within
the default mode, executive and salience network have been found in relation to
complaints post-mTBI. Dysfunction of the medial prefrontal cortex may impair
network dynamics for emotion regulation and adaptation post-mTBI, resulting in
persistent post-concussive complaints.
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2.

Brain Networks Subserving Emotion
Regulation and Adaptation After Mild
Traumatic Brain Injury

2

Introduction

Traumatic brain injury (TBI) constitutes a major health burden, reaching far beyond
the acute care provided directly after injury (Corrigan et al. 2010; Tagliaferri et al.
2006). The sequelae of TBI include physical, cognitive and emotional disturbances,
which interfere with daily activities (Benedictus et al. 2010). The majority of patients
with TBI (85-90%) sustain a mild injury (mTBI) (Bazarian et al. 2005). Although
most patients recover within weeks after injury, approximately 15-25% of the patients
with mTBI experiences post-concussive complaints that may persist for months to
even years (Bazarian et al. 2005; Willer & Leddy 2006).
In patients with more severe TBI, conventional neuroimaging (i.e. computed
tomography (CT) and magnetic resonance imaging (MRI)) frequently shows lesions
or diffuse abnormalities that may correspond with behavioural and cognitive changes
after injury. Prefrontal lesions in particular, have a serious impact on outcome after
moderate to severe TBI (Spikman et al. 2012). However, conventional imaging
modalities often do not detect any structural brain damage in patients with mTBI
(Bazarian et al. 2006; Iverson et al. 2000), despite the fact that these patients report
post-concussive complaints. These negative imaging findings contribute to the
ongoing debate as to whether post-concussive complaints in this patient-group are
the direct result of cerebral damage or emanate from maladaptive behaviour (Wood
2004).
Studies using more advanced imaging techniques have provided increased
knowledge of the underlying pathophysiology of mTBI. Perfusion CT studies in
patients with a normal admission CT have shown frontal lobe abnormalities in the
acute phase after mTBI that correlate with unfavourable outcome (Metting et al.
2009). Functional MRI (fMRI) and diffusion tensor imaging (DTI) studies have
demonstrated abnormalities in several brain networks in the subacute and chronic
phase after mTBI (Bonnelle et al. 2011; Bonnelle et al. 2012; Jilka et al. 2014;
Sharp et al. 2014; Sharp et al. 2011; Mayer et al. 2015). However, these imaging
studies mainly focused on the role of brain network function in relation to cognitive
problems after mTBI, while few studies have investigated the role of networks
regarding emotion processing and the development of post-concussive complaints.
Yet, anxiety and depression are common after mTBI (van der Horn et al. 2013;
Smith 2006), and are associated with cognitive complaints (Stulemeijer et al. 2007)
and vocational outcome (van der Horn et al. 2013).
In individual patients, persistent post-concussive complaints are rather
unpredictable, despite comparable injury mechanisms. Therefore, an important
question in mTBI research concerns which patients are at risk to develop persistent
complaints. The vulnerability of patients to develop persistent complaints is likely
to be determined by inter-individual differences in adaptation, which refers to the
capacity of an individual to adequately deal with new situations and life events. In
16
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Cognitive and emotional processes involved in adaptation are intricately intertwined,
and that also applies to the corresponding brain networks. In this section we will
provide an overview of the brain networks that are involved in the different aspects
of adaptation in people without TBI. Furthermore, we aim to explain how problems
with adaptation may arise from disturbed network dynamics and can lead to
psychopathology.
Brain networks and adaptation
In everyday life, an individual needs to adapt his or her behaviour to a continuously
changing environment. In order to do this, adequate shifting between internally
17
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mTBI, adaptation defines the interplay between acutely arisen impairments after
injury, complaints, stress and cognitive and emotional processing. The ability to
regulate (negative) emotions and stress is an important aspect of adaptation, and
is reflected by the use of certain coping styles. Active and problem directed coping
styles are considered to be beneficial, in contrast to passive coping styles with a bias
towards negative emotions, of which worrying is a typical feature (Anson & Ponsford
2006). We assume that if patients are not able to cope sufficiently with a changed
situation or impairments after injury, by regulating their emotional state in such a
way that they adapt adequately, this may result in the persistence of post-concussive
complaints. A study conducted more than two decades ago already demonstrated that
asymptomatic patients with mTBI used more active coping styles than those with
persistent complaints (Bohnen et al. 1992). Improvement of adaptive coping styles,
by appropriate (early) psychological interventions, may prevent the development of
persistent post-concussive complaints (Anson & Ponsford 2006).
Since the prefrontal cortex and associated brain networks are crucial for
adaptation (Cole et al. 2014; Tops et al. 2014), prefrontal dysfunction may play a
role in the development of persistent post-concussive complaints. The aim of this
overview was to synthesize findings from available fMRI and DTI literature on
(prefrontal) brain network function after mTBI, in an attempt to explain the role of
adaptation, and particularly emotional regulation, in the development of persistent
complaints in this patient group. First, the relationship between brain networks
and adaptation in patients without TBI and healthy control subjects is described.
Second, a comprehensive review of studies on mTBI is provided, and findings are
integrated with those of people without TBI, in order to find possible explanations
for the development of persistent complaints after mTBI. Third, our ideas and
interpretations are further discussed, and possible limitations, current knowledge
gaps, and possible directions for future research are addressed.

2

and externally directed mental states is imperative. The internally directed mental
state of an individual encompasses the attendance to internally generated stimuli, for
example thoughts about one’s present self, about past experiences or about upcoming
events. The default mode network (DMN) is an important brain network regarding
this internally directed mental state (Andrews-Hanna et al. 2014). This network
is highly active when a person is awake, but at rest. Core areas of the DMN are
the medial prefrontal cortex (MPFC) and rostral anterior cingulate cortex (ACC),
the posterior cingulate cortex (PCC), the precuneus and the medial temporal lobes
(Raichle et al. 2001). Research has shown that parts of the DMN become active
with several internally focused mental tasks, such as self-referential processing and
introspection (Buckner et al. 2008; Andrews-Hanna et al. 2014). In general, the
DMN is subdivided into two subsystems: a medial frontal subsystem, which is
especially important for self-relevant mental exploration, and a medial temporal
subsystem, which serves mnemonic processes involving autobiographical memory
(Buckner et al. 2008).
Regarding the externally directed mental state, several networks are involved,
such as the central executive network, the cognitive and executive control networks
and the ventral and dorsal attention networks (Seeley et al. 2007; Sridharan et al.
2008; Spreng et al. 2010; Vossel et al. 2014; Cole & Schneider 2007). We will refer
to these networks as the executive networks. Regardless of distinctions between these
networks, a common region is the lateral prefrontal cortex. This area is important for
several aspects of executive behaviour, such as working memory, attention, response
inhibition, decision making and planning (Tanji & Hoshi 2008). The ACC is a
crucial area for controlling executive behaviour and therefore an important area in
the prefrontal cortex (Shenhav et al. 2013).
Since attentional resources are limited, and internally and externally directed
networks are involved in different functions, simultaneous activation of the DMN
and the executive networks may be ineffective (Buckner et al. 2008). Hence, optimal
dynamics between these networks are a prerequisite to adequately adjust mental
states to the changing situations in everyday life (Cole et al. 2014; Tops et al. 2014).
This process is directed by the salience network (SN), which consists of the anterior
insula/inferior frontal gyrus, the dorsal ACC and part of the amygdala (Seeley et
al. 2007). This network coordinates responses to novel, salient and unpredictable
situations, and integrates novel information with previous knowledge and past
experiences (Uddin 2014). Importantly, the SN facilitates activation of the executive
networks and deactivation of the DMN during cognitive task performance, when
processing of external stimuli is required (Seeley et al. 2007; Sridharan et al. 2008;
Dosenbach et al. 2006). If this mechanism does not work properly, it will result
in insufficient suppression of DMN activity, which leads to attention lapses and
poor cognitive performance (Weissman et al. 2006). This phenomenon has been
18
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described as default mode interference (Sonuga-Barke & Castellanos 2007).
Figure 1 shows spatial maps of the DMN, executive network(s) and salience
network. In addition to the MPFC, the PCC seems to play an important role in
switching between networks and mental states (Leech & Sharp 2014). Although the
PCC is most frequently associated with the DMN, it has been shown that during
increased cognitive task difficulty the dorsal PCC more strongly connects to one
of the executive networks (Leech et al. 2011). This finding suggests that this area
probably contributes to cognitive control by modulating internally and externally
focused attention.

2

Figure 1: Spatial maps representing the main brain networks associated with cognitive and
emotional processes underlying adaptation. The default mode network (blue) and executive
network(s) (yellow) are involved in internally and externally focused mental processes, respectively.
The salience network (red) coordinates switching between these networks and corresponding
mental states. Brain sections are displayed in neurological convention. Data were derived from two
ongoing studies at our department.
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Networks in emotion and stress regulation
Intact network dynamics are crucial for the regulation of emotions and stress (Cole
et al. 2014; Tops et al. 2014). Emotion regulation can be considered a core element
of coping, which refers to the ability of an individual to react adequately in emotionally salient, stressful and often unpredictable situations. Stress is defined as a
physical and emotional response to a threatening or challenging internal or external stimulus, and is considered beneficial on the short term (de Kloet et al. 2005).
Chronic stress, however, can lead to a variety of physical and mental diseases,
including feelings of anxiety and depression (Lucassen et al. 2014).
The amygdala, also as a part of the SN, serves to signal emotionally salient
external stimuli and contributes to the emotional awareness of an individual (Seeley
et al. 2007; Craig 2009; Liberzon et al. 2003). Acute (short-term) stress has been
found to be related to increased functional connectivity of areas within the SN
(Hermans et al. 2011), and enhanced coupling between the amygdala and the
DMN (Veer et al. 2011). How subjects subsequently react and adapt to a stressful
situation, depends on their ability to actively regulate their emotional state. It has
been theorized that a proper balance between internally and externally directed
networks is pivotal for adequate emotion regulation and mental health (Cole et
al. 2014; Tops et al. 2014). The prefrontal areas that are associated with both the
DMN and the executive networks, regulate amygdala activity in response to emotionally salient information, such as a stressful stimulus (Banks et al. 2007; Herwig
et al. 2010; Herwig et al. 2007; Frank et al. 2014). This prefrontal-amygdala connectivity is associated with the ability to attenuate negative emotions (Banks et al.
2007). Long-term stress is accompanied by disruptions in these emotion regulation
circuits. For example, patients with a burnout syndrome show reduced functional
connectivity between the prefrontal cortex (ACC and DLPFC) and the amygdala
(Golkar et al. 2014).
Networks in mood and anxiety disorders
Disturbances in emotion and stress regulation circuits are a hallmark of several
psychiatric diseases, such as depression and anxiety disorders (Sylvester et al. 2012;
Whitfield-Gabrieli & Ford 2012). In general, emotion regulation impairments in
these disorders are characterized by altered function of the prefrontal cortex and
ACC in association with over-activity of limbic structures, especially the amygdala
(Beauregard et al. 2006; Mochcovitch et al. 2014; Zhong et al. 2011). However,
there are major differences between patients with depression and those with anxiety
disorders regarding emotion and stress regulation.
In patients with a major depressive disorder, increased activity and connectivity within the DMN are often found in comparison with healthy subjects, which
is thought to be associated with rumination (Whitfield-Gabrieli & Ford 2012;
20

Summary of findings in people without TBI
Adaptation can be hypothesized to depend on the appropriate adjustment of
default mode- and executive network activity in response to changing situations.
The SN acts as a moderator, by regulating the balance between these networks. For
effective emotion regulation, the prefrontal areas are particularly important, because of the influence on the amygdala and SN (reactivity). In general, depression
is characterized by increased DMN function, and anxiety disorders are associated
with increased SN function. Although the results vary between studies and disease
subtypes, in both anxiety and depression disorders a disturbed interplay is found
between brain networks involved in emotion regulation.

Adaptation in mTBI

In patients with mTBI, an explanation for the persistence of post-concussive
complaints is mostly not found with conventional imaging or neuropsychological
tests. Although the exact nature of these complaints remains elusive, fMRI and
DTI studies have shown the involvement of functional brain regions and networks
that are necessary for adaptation and suggest that prefrontal dysfunction may play a
pivotal role in the development of complaints after mTBI. Table 1 provides a summary of the relevant studies on network function and adaptation after mTBI.
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Hamilton et al. 2011) and/or with an increased effort to regulate (negative) emotions (Sylvester et al. 2012). This increase in DMN function appears to be related
to increased functional connectivity between the SN and the DMN (Manoliu et
al. 2014). In contrast, self-reflective processes that are considered adaptive in these
patients, were found to be associated with increased coupling between the SN and
the executive networks (Hamilton et al. 2011; Manoliu et al. 2014).
Patients with anxiety disorders frequently show increased activity and functional connectivity within the SN, which is thought to be reflective of a hyper-vigilant state (Sylvester et al. 2012; Sripada et al. 2012). Problems with regulation of
SN reactivity may be related to impairment of emotional control in these patients
(Sylvester et al. 2012). However, functional connectivity alterations in emotion
regulation circuits may vary between anxiety disorder subtypes. For example, social
anxiety disorder has been associated with diminished resting state functional connectivity between the DMN and the amygdala (Hahn et al. 2011). In panic disorder and post-traumatic stress disorder (PTSD), heightened functional connectivity
has been found between areas of the DMN and the amygdala and the SN (Sripada
et al. 2012; Pannekoek et al. 2013).

2

Network dynamics and post-concussive complaints
Patients with mTBI often report cognitive complaints, despite neuropsychological test results that fall within the normal range (Stulemeijer et al. 2007). Mental
fatigue is one of the most frequently reported complaints (Mollayeva et al. 2014).
FMRI studies have shown increases in activation suggestive of increased mental effort during cognitive task performance (Bryer et al. 2013). During highly demanding cognitive tasks, executive networks are frequently found to be hyper-activated
(especially the right prefrontal cortex), possibly reflecting the need of engaging
additional neural resources to maintain cognitive performance at a sufficient level
(Bryer et al. 2013). It could thus be hypothesized that this increased mental effort
might cause mental fatigue. Alterations within the brain’s resting state, expressed as
functional connectivity changes within resting-state networks (Raichle et al. 2001),
may support this hypothesis. For example, Shumskaya and colleagues demonstrated increased functional connectivity within a right lateralized executive network in
patients with mTBI (Shumskaya et al. 2012). The authors attributed this finding to
a putatively increased awareness to the external world, and they proposed this as an
explanation for mental fatigue. In addition, a study in patients with mild to severe
TBI showed that increased DMN activity was related to attention problems (Bonnelle et al. 2011), which is consistent with the default mode interference hypothesis
(Sonuga-Barke & Castellanos 2007). Furthermore, increased functional connectivity between internally and externally directed functional brain networks is associated
with cognitive complaints in patients with mTBI (Mayer et al. 2011; Sours et al.
2013). The augmented connectivity of the executive networks with the DMN may
facilitate suppression of DMN activity, which reflects an increased effort to prevent
default mode interference.
These aforementioned causative mechanisms behind post-concussive
complaints are still rather speculative, especially since in most studies patients have
been scanned at one single time-point post-injury. Some imaging studies have also
measured changes in network connectivity over time (Messe et al. 2013; Sours et al.
2014; Zhu et al. 2015). It has been shown that deficits in functional network connectivity become more pronounced over time in patients with complaints, while
possible compensatory connectivity changes also seem to arise (Messe et al. 2013;
Sours et al. 2014). For example, increases in temporal connectivity are thought to
compensate for frontal connectivity deficits in patients with complaints (Messe et
al. 2013). Longitudinal changes in network function may already occur within the
first month after injury (Sours et al. 2014; Zhu et al. 2015). Interestingly, decreased
DMN functional connectivity was observed in patients without post-concussive
complaints at one week after injury (Zhu et al. 2015), which is consistent with
previous research (Johnson et al. 2012). This reduction in connectivity was found
to be (partly) normalized at 1 month post-injury. More longitudinal research is
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needed to elucidate the causative relationships between mTBI, network changes,
and post-concussive complaints.
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≈ 36*
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43.7 (17), NR

39.5 (16.4), NR

34.9 (11.5), NR

37.8 (12.9) NR

Median=39, 18-60

20.6 (1.2), 19-22
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chronic

0-4
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1-3 & 26

0-8

0-4

1-2
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Time postinjury, wks
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ROI-based
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RS, ICA & GOF
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RS, Seed-voxel- & ROI-to-ROI

RS, GT
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RS, ICA
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Methods

& PCC

↓FA & ↑↓MD related to ↑ depression over time
↓FA (esp. forceps minor) related to ↑ depression

distress

↓MD & ↑↓FA related to ↑ PCC & emotional

↑FC temporal lobes in sub-acute phase,
↓FC frontal lobes related to ↑PCC in chronic phase
↑FC of DMN-EN, DMN-SN & EN-SN related to
↑PCC
↓FC DMN related to ↓PCC at 1 week post-injury,
↓FC EN related to ↑PCC at 5 week post-injury
↑FC DMN with ↓emotional functioning

depression

↑&↓ FC DMN
↑FC right EN
↑FC ant. DMN related to ↑PCC, anxiety &

depression

Main results

↑activity DMN & ↓activity EN related to ↑

Table 1: Summary of relevant studies on brain network function subserving adaptation in patients with mTBI.
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No changes in structural DMN connectivity
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ROI-to-ROI; DTI: tractography
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DTI: CCA + jICA

↓FC DMN & ↑FC of DMN-EN, relationship with
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↑FA of EC & ACR in patients; ↓FA CB related to
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No changed relationship between FC & FA in DMN,
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prefrontal regions) related to major depression
after mBTI

FMRI: RS, seed-vocel;
DTI: ROI-based

ROI-based
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TBSS
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*Mean age for the total mTBI population was estimated using mean ages provided for patient subgroups; †An additional group of patients was
included to investigate multiple concussions; ‡DTI was performed in a subset of 71 patients.
ACR = anterior corona radiata; ant. = anterior.; CB = cingulum bundle; CCA = canonical correlation analysis; DMN = default mode network;
DTI = diffusion tensor imaging; EC = external capsule; EN = executive network(s); esp. = especially; FA = fractional anisotropy; FC = functional
connectivity; fMRI = functional magnetic resonance imaging; GLM = general linear model; GOF = goodness of fit; GT = graph theory; i.a. =
inter alia; ICA = independent component analysis; jICA = joint independent component analysis; MD = mean diffusivity; NR = not reported;
No. = number; PCC = post-concussive complaints; ROI = region of interest; RS = resting-state; SD = standard deviation; SN = salience network;
TBSS = tract-based spatial statistics; wks = weeks; WMT = working memory task; y = years.
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Emotion regulation and post-concussive complaints
In patients with mTBI, post-concussive complaints are often present together
with feelings of anxiety and depression (van der Horn et al. 2013; Rapoport et al.
2003). Cognitive complaints after mTBI have been shown to be strongly related to
emotional distress and pre-morbid personality traits, whereas only a minor association with cognitive impairment was found (Stulemeijer et al. 2007). Moreover, it
is often difficult to disentangle post-concussive complaints from symptoms that are
characteristic for PTSD, which further illustrates that disturbances in emotion and
stress regulation are considerably intertwined with the presence of complaints after
mTBI (Lagarde et al. 2014).
Few fMRI studies have investigated brain function with regard to anxiety
and depression after mTBI. Recently, Nathan et al. have reported that increased
functional connectivity of the DMN was associated with anxiety, depression and
attention problems (Nathan et al. 2015). In a study on working memory performance in patients with mTBI, depression was associated with increased activity
of areas within the DMN and decreased activity of areas associated with executive
functioning (Chen et al. 2008). These findings are in correspondence with studies
of patients with a major depressive disorder (Whitfield-Gabrieli & Ford 2012).
Furthermore, a recent EEG study reported that patients with mTBI and depression are more sensitive to emotional stimuli during cognitive task performance
(Mäki-Marttunen et al. 2014). The authors suggested that cognitive performance
in these patients puts a demand on those executive areas that are also required for
emotional control, resulting in less availability of these resources for emotion regulation purposes. These findings are in line with the point of view that the executive
networks are of the utmost importance for emotion regulation and mental health
(Cole et al. 2014; Tops et al. 2014). Based on several other studies, we assume that
the extra effort necessary for dealing with external tasks leads to mental fatigue in
patients with mTBI, which in turn affects the ability to regulate emotions, because
of exhaustion of the executive networks (Bryer et al. 2013; Shumskaya et al. 2012;
Mayer et al. 2011; Sours et al. 2013).
Emotion regulation thus depends on adequate network functioning and
on the interaction between the prefrontal cortex and limbic areas, and in particular
the amygdala (Banks et al. 2007; Herwig et al. 2007; Herwig et al. 2010; Frank et
al. 2014). Resting-state fMRI studies have demonstrated that decreased medial prefrontal functional connectivity within the DMN is related to a higher number and
more severe post-concussive complaints, including feelings of anxiety and depression, in patients with mTBI (Zhou et al. 2012; Stevens et al. 2012). Furthermore,
especially a decreased functional connectivity of the ACC within the DMN and executive networks was associated with a greater number of complaints (Stevens et al.
2012). In adolescents with moderate to severe TBI, reduced resting-state functional
26

Emotion regulation and microstructural injury
Changes in brain networks can be related to functional disturbances and/or to
underlying microstructural damage of the white matter connections. A recent
meta-analysis of DTI studies underlines the vulnerability of the frontal brain areas
in patients with mTBI (Eierud et al. 2014). DTI studies on emotion regulation
after mTBI, have reported a direct link between frontal abnormalities and anxiety
and/or depression (Chu et al. 2010; Maller et al. 2014; Rao et al. 2012). However,
recent studies have shown that the presence or absence of post-concussive complaints is not related to the presence or absence of microstructural injury (Lange
et al. 2015; Wäljas et al. 2014). These findings indicate that emotion regulation
disturbances and concomitant network dysfunction after mTBI may be more associated with non-injury related factors, such as coping styles, than with actual injury
(Anson & Ponsford 2006). The relationship between microstructural injury and
functional brain network alterations (measured with fMRI), however, has only been
investigated for cognitive performance in patients with mild to severe TBI (Bonnelle et al. 2011; Sharp et al. 2011; Mayer et al. 2011; Palacios et al. 2012; Palacios
et al. 2013; Pandit et al. 2013). Regarding emotion regulation and post-concussive
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connectivity has been observed between the rostral ACC and the amygdala (Newsome et al. 2013). However, this study contained a small number of patients, and
the researchers did not report any correlations between functional connectivity and
anxiety or depression. To our knowledge no further information on the function of
the fronto-limbic circuits in emotion regulation after TBI is available.
It should be noted that the current evidence on network function and
emotion regulation after mTBI is not without contradictions, especially regarding
the DMN. For example, some studies reported a relationship between decreased
DMN connectivity and disturbed emotion regulation and increased complaints
(Zhou et al. 2012; Stevens et al. 2012), whereas others reported the opposite
(Sharp et al. 2011; Nathan et al. 2015). Moreover, contradictory results have been
reported even within a single study (Stevens et al. 2012). There are several factors
that may explain these varying results, including differences in injury severity (e.g.
uncomplicated vs. complicated mTBI), injury mechanism (e.g. civilian mTBI
vs. blast-related mTBI), number of sustained concussions (especially relevant for
sports-related concussion), time-post injury, sample size and methods that are used
to analyze imaging data. It is also important to realize that network dysfunction is
useful to explain neurological mechanisms behind sequelae following mTBI, but
that it does not imply that the cause is mTBI (Lange et al. 2015). For example,
pre-injury variables, such as differences in personality and vulnerability for psychiatric symptoms, may also significantly affect the functioning of brain circuitry
necessary for post-injury adaptation.		

2

complaints after mTBI, this relationship is still unexposed and requires further
attention.
Summary of mTBI findings
Based on recent findings, altered network dynamics involved in switching between
internally and externally focused mental states can be hypothesized to be related
to persistent post-concussive complaints after mTBI. Main changes comprise a
hyperactive DMN and concomitant increases in activity of both the executive- and
salience networks to overcome default mode interference, which might result in
mental fatigue. Excessive DMN function can also be regarded as a reflection of rumination, similar to that in patients with a major depressive disorder. Furthermore,
this increased DMN activity may impede the activation of executive networks,
which are important for effective emotion regulation. In particular, connectivity within the MPFC may be important for emotion regulation in patients with
mTBI, as the DMN, the executive networks and the SN converge in this area.
Decreased medial prefrontal connectivity is actually related to more post-concussive
complaints. Therefore, the assumption that dysfunction of the MPFC might impair
network dynamics for emotion regulation and adaptation, resulting in persistent
post-concussive complaints after mTBI, merits further attention.
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The development of persistent post-concussive complaints in mTBI is still an
intriguing puzzle, which most likely involves multiple factors in addition to the fact
that TBI itself is a heterogeneous condition. Neuroscientists have only just begun
to unravel the neural substrates of these complaints. Based on the available imaging
literature, we suggest that disturbances in the dynamics of brain networks subserving cognitive and emotional functioning may be involved in adaptive deficits leading to persistent post-concussive complaints. In this paper, we have attempted to
integrate results from studies on mTBI, with those from psychiatric disorders and
healthy controls. However, findings cannot simply be extrapolated, as many differences between patients with and without TBI are present. Network function may
also vary between individuals with the same disorder and between healthy controls,
which is often unnoticed with the group directed approach used in neuroimaging
analyses. In addition, different areas within a network exert various functions and
one cannot attribute one function to one particular brain network. All of these
factors impede a straightforward integration of results into one explanatory concept
of post-concussive complaints.
We acknowledge that our interpretations need further substantiation due
to the preliminary, and even partly contradictory nature of the developing data.
Nevertheless, research has yielded interesting results, leading to new questions and
research goals. It is evident that the function of the prefrontal cortex (and associated networks) needs further assessment, as this region plays a key role in several aspects of adaptive behaviour. The medial prefrontal cortex, and the ACC in particular, serves as an important relay station between the major brain networks involved
in cognition and emotion regulation. As the frontal regions are most vulnerable in
mTBI, it seems likely that decreased medial prefrontal function after mTBI leads to
impaired switching between these networks. This may result in default mode interference and emotion regulation deficits, which in turn could cause problems with
adaptation and subsequent persistent post-concussive complaints. Furthermore,
the interference of the SN and the amygdala with function of the prefrontal cortex,
might play an important role regarding stress responses and thus in adaptation after
mTBI.
Studying the association between neuroimaging and adaptation strategies,
such as preferred coping styles, will certainly increase knowledge on the role of
the prefrontal cortex in adaptation after mTBI. Coping styles are thought to be
relatively stable over time (Nielsen & Knardahl 2014). Hence, the susceptibility
to develop persistent complaints might be related to individual pre-morbid brain
network organisation involved in adaptation. This assumption underlines the
difficulty to disentangle pre-injury network characteristics from those caused by the
injury itself, or occurring compensatory in response to the injury. Indeed, recent
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Discussion

2

studies have provided strong evidence that pre-existing psychiatric disorders may be
responsible for persistent post-concussive complaints at one, three and six months
after injury (Wäljas et al. 2014; Lingsma et al. 2015; Ponsford et al. 2012). In most
neuroimaging studies on mTBI, psychiatric co-morbidity is an exclusion criterion;
however, mild pre-existing psychological problems and undiagnosed psychiatric
conditions may still be related to network dysfunction after mTBI. For future
research, it might be interesting to investigate the differences in network function
between mTBI patients with and without pre-existing mental conditions.
Few studies are available that investigated changes in connectivity over
time in patients with mTBI. More knowledge about the longitudinal changes in
neural processes underlying adaptive deficits after mTBI may facilitate the development of more appropriate interventions. It would be challenging to investigate
whether recovery, in terms of reduction of complaints, could result from newly
acquired adaptive skills and is reflected in the restoration of disturbed network
dynamics and emotion regulation circuits.
The causal relationships between mTBI, network dysfunction and
post-concussive complaints remain unclear. With DTI studies, possible microstructural changes underlying disturbed functional connectivity patterns after mTBI
can be determined. Combined with fMRI, it offers the opportunity to investigate
whether functional changes in emotion regulation circuits are related to specific
patterns of axonal injury, or compensatory mechanisms associated with inter-individual differences in adaptation and complaints in patients with mTBI. Recent
studies are inconclusive on this topic, as most did not integrate findings from
FMRI and DTI data.
To conclude, more research is required to apprehend the role of brain
networks in adaptation after mTBI. We suggest focusing on the prefrontal cortex and the relationship with anxiety, depression and coping. It is of the utmost
importance that future studies include homogenous patient samples and take into
account the longitudinal aspects of network alterations and symptomatology after
mTBI.
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Microhemorrhages in mTBI
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Clinical Relevance of Microhemorrhagic
Lesions in Subacute Mild Traumatic Brain
Injury

3
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Abstract

Magnetic resonance imaging (MRI) is often performed in patients with persistent
complaints after mild traumatic brain injury (mTBI). However, the clinical
relevance of detected microhemorrhagic lesions is still unclear. In the current
study, 54 patients with uncomplicated mTBI and 20 matched healthy controls
were included. Post-traumatic complaints were measured at two weeks post-injury.
Susceptibility weighted imaging and T2*-gradient echo imaging (at 3 Tesla) were
performed at four weeks post-injury. Microhemorrhagic lesions (1-10 mm) were
subdivided based on depth (superficial or deep) and anatomical location (frontal,
temporoparietal and other regions). Twenty-eight per cent of patients with mTBI
had ≥ 1 lesions compared to zero per cent of the healthy controls. Lesions in patients
with mTBI were predominantly located within the superficial frontal areas. Number,
depth and anatomical location of lesions did not differ between patients with and
without post-traumatic complaints. Within the group of patients with complaints,
number of complaints was not correlated with number of lesions. In summary,
microhemorrhages were found in one out of four patients with uncomplicated
mTBI during follow-up at four weeks post-injury, but they were not related to early
complaints.
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Introduction

Frequently, no abnormalities are found on computed tomography (CT) in the
acute phase after mild traumatic brain injury (mTBI) (Iverson et al. 2000). When
patients suffer from (persistent) cognitive complaints interfering with daily activities,
magnetic resonance imaging (MRI) is routinely performed to assess traumatic
parenchymal abnormalities. However, studies have shown that the number of selfreported symptoms (which we will refer to as post-traumatic complaints) in the
sub-acute phase after mTBI does not differ between patients with and without
lesions on admission CT and/or follow-up MRI (i.e. complicated vs. uncomplicated
mTBI) (Iverson et al. 2012; Panenka et al. 2015). Microhemorrhagic lesions are
among the most frequently found traumatic abnormalities in mTBI, especially due
to the sensitivity of susceptibility weighted imaging (SWI) and to a lesser extent of
T2*-gradient echo (GRE) imaging (Huang et al., 2015; Yuh et al., 2013). However,
the clinical relevance of these microhemorrhages, with regard to post-traumatic
complaints (Hughes et al. 2004; Hofman et al. 2001), cognitive performance (Hughes
et al. 2004; Hofman et al. 2001; Lee et al. 2008; Huang et al. 2015) and outcome
(Yuh et al. 2013), is still unclear. Hence, clear criteria to make a distinction between
clinically relevant and non-relevant lesions in mTBI are currently not available. This
pertains not only to the number of lesions, but also to depth and anatomical location
of these lesions.
The aim of the current study was to gain more insight into the number,
depth and anatomical location of microhemorrhages on SWI and T2*-GRE in
patients with uncomplicated mTBI and healthy controls, and to find clues for the
interpretation in clinical practice, especially with regard to the presence or absence
of post-traumatic complaints.

Methods

Participants
This study is part of a prospective multicentre cohort study on outcome post-mTBI
(UPFRONT study) conducted between March 2013 and February 2015. Fifty-four
patients (age between 18 and 65) with uncomplicated (i.e. no abnormalities on
admission CT-scan) mTBI were included at the emergency department (ER) of the
University Medical Centre Groningen (a level I trauma centre). Exclusion criteria
were major neurological or psychiatric co-morbidity, admission for prior TBI, drug
or alcohol abuse, mental retardation and contraindications for MRI (implanted
ferromagnetic devices or objects, pregnancy or claustrophobia). This information
was obtained from the patients’ history at the ER or neurology ward, and through
questionnaires at two weeks post-injury. Twenty age, sex and education matched
healthy controls without a history of TBI were recruited among social contacts and
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Clinical measures
A head injury complaints checklist, consisting of 19 post-traumatic complaints,
was administered at two weeks post-injury to patients, but not to healthy controls
(de Koning et al. 2016). This a sensitive questionnaire, which also corrects for preinjury complaints. Having complaints was defined as ≥3 complaints with at least
one complaint in the cognitive and/or affective domain (Matuseviciene et al. 2015;
Dischinger et al. 2009; de Koning et al. 2016; Lundin et al. 2006; McMahon et al.
2014). Based on these questionnaires, patients were selected for MRI and subdivided
into two groups: patients with post-traumatic complaints (n=34) and without
complaints (n=20).
MRI acquisition
Approximately four weeks post-injury 3T MRI scans (Philips Intera with a 32
channel SENSE head coil, Philips Medical Systems, Best, the Netherlands) were
made comprising the following sequences: transversal T1 (TR 9ms; TE 3.5ms; FA 8°;
FOV 256x232 mm; voxel size 1x1x1 mm), coronal T2*- GRE (TR 875ms; TE16ms;
FOV 230x183.28mm; voxel size 0.40x1.12x4mm) and transversal SWI (venous
BOLD: TR 35ms; TE 10ms; FOV 230x183.28mm; voxel size 0.90x0.90x2mm).
Scoring
Classification of microhemorrhagic lesions was based on previously published
guidelines for scoring primary (non-traumatic) microbleeds: 1) black round or oval
lesions with blooming effect on T2*-GRE, 2) devoid of signal hyperintensity on
T1- or T2-weighted sequences, 3) at least half surrounded by brain parenchyma, 4)
distinct from mimics such as iron/calcium deposits, or vessel flow voids (Greenberg
et al. 2009), similar to the study by Huang and colleagues (Huang et al. 2015).
Hypointensities that were difficult to classify were scored as indeterminate. Lesions
(1-10 mm in diameter) were scored according to number, depth (superficial (cortical
and juxtacortical) vs. deep (subcortical), also see (Huang et al. 2015)) and anatomical
location (frontal, temporal, parietal, occipital, insula/basal ganglia, thalamus, corpus
callosum). Infratentorial lesions were classified into a separate category. For analyses,
anatomical locations were trichotomized into: frontal, temporoparietal and other.
Images were scored independently by a senior medical student (S.d.H.) and
a neuroradiologist (J.C.d.G.), who were blinded for group label. Presence of lesions
was determined primarily using transversal SWI. In addition, coronal T2*-GRE
was used to examine regions in proximity of the skull base. In 73% of cases there
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via advertisements.
The study was approved by the Medical Ethics Committee of the UMCG;
all participants provided informed consent.
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was initial concordance between the researchers. Disconcordance mostly concerned
small (1-2 mm) superficial hypointensities, scored as microhemorrhages or as vessel
flow voids. These cases were reanalyzed for definitive concordance.
Lesion characteristics were compared between healthy controls and patients
with mTBI, and between patients with and without complaints. Correlations were
computed between number of lesions and number of complaints. Additionally,
number of complaints was compared between patients with superficial, deep and
both superficial and deep lesions.
Statistics
Data were analysed using IBM Statistical Package for the Social Sciences (SPSS)
version 22. Normality was assessed using Shapiro-Wilk tests. Because all continuous
variables (age, lesion numbers and complaint scores) followed a non-parametric
distribution, Mann-Whitney U tests were used for group comparisons. A KruskalWallis test was used for comparison of complaint scores between patients with
superficial, deep, and both superficial and deep lesions. Chi square tests were used
for nominal (sex, frequencies of patients with positive MRI) and ordinal (education
level) variables. Spearman’s rank correlations were used for correlation analyses
between number of lesions and number of complaints. Significance was set at
α=0.05. Bonferroni corrections were used for multiple comparisons.

Results

Participant characteristics and clinical measures
Participant characteristics are listed in Table 1. The group of patients without
complaints contained more male participants compared to patients with complaints
(p=0.005). No further differences were found between patient subgroups. On
average, patients with complaints reported 10 complaints. Fatigue (88%), headache
(85%) and noise intolerance (85%) formed the top 3 most frequently reported
complaints for the PTC-present group.
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Age, mean (range), years
Sex, % male

mTBI (n=54)

HC (n=20)

p-value

37 (19-64)

34 (18-61)

0.559

67

65

0.893

6 (2-7)

6 (5-7)

0.110

Interval injury to MRI, median (range), days

33 (22-69)

N/A

N/A

GCS-score, median (range)

15 (13-15)

N/A

N/A

Traffic, % of group

50

N/A

N/A

Falls, %

42

N/A

N/A

Sports, %

2

N/A

N/A

Assault, %

2

N/A

N/A

Other , %

4

N/A

N/A

Education level, median (range)a

Injury mechanism:

Education level was based on a Dutch classification system, according to Verhage (Verhage 1964),
ranging from 1 to 7 (highest).
Abbreviations: HC = healthy controls; MRI = Magnetic Resonance Imaging; mTBI = mild
traumatic brain injury; N/A = not applicable; GCS = Glasgow Coma Score.
a

Lesions in mTBI and healthy controls
Total number of lesions in the mTBI group was 158 compared to zero lesions in
healthy controls. In 28% of patients with mTBI at least one lesion was present: one
lesion in 7%, two lesions in 4%, three lesions in 2%, and ≥4 lesions in 15%. Of the
total number of lesions, 71% were located in the superficial areas. Regardless of depth,
70% of lesions were located within the frontal lobes, 15% in the temporoparietal
lobes and 15% in other areas. Two patients had three corpus callosum lesions (both
had in total ≥4 lesions).
In 17% of patients with mTBI (total of 23 lesions) and 10% of healthy
controls (total of 2 lesions) indeterminate lesions were scored. In patients with
mTBI, 48% of indeterminate lesions was located in the superficial frontal areas ,
35% in the superficial parietal areas, and 17% in other areas.
Lesions and post-traumatic complaints
The percentage of patients with one or more microhemorrhages on MRI was not
significantly different between patients with and without complaints (χ2=0.078;
p=0.78; Figure 1). No significant differences in number of lesions were found between
patients with and without complaints (U=334, p=0.883) (Figure 2A). No group
differences in number of superficial (U=336, p=0.914), deep (U = 319, p=0.569)
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and indeterminate (U=322, p=0.619) lesions were present. Regarding anatomical
location, no group differences were present for number of lesions in frontal (U=328,
p=0.758), temporoparietal (U=306, p=0.341) or other regions (U=326, p=0.581)
(Figure 2B).
For patients with complaints, number of lesions was not related to number
of complaints (rho=-0.09, p=0.616). Total number of complaints at two weeks postinjury did not differ significantly between patients with superficial (n=5), deep (n=2)
and both superficial and deep lesions (n=8) (H =1.9, p=0.387; Figure 2C).

Figure 1: Percentage of patients with ≥ 1 microhemorrhages.
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Figure 2: Number of lesions related to depth (A) and anatomical location (B) in patients with
(PTC-present) and without (PTC-absent) post-traumatic complaints at two weeks post-injury;
(C) Number of complaints related to depth of lesions.

Discussion

In the present study, clinical relevance of microhemorrhages was investigated
with SWI and T2*-GRE imaging in a relatively small cohort of patients with
uncomplicated mTBI in the subacute phase after injury. One in four patients with
mTBI had lesions, mainly located within the superficial frontal areas. Number,
depth and anatomical location of lesions were not different between patients with
and without complaints at two weeks post-injury. No lesions were found in healthy
controls.
Patients and doctors may attribute complaints and problems in the resumption
of daily activities to abnormalities found on SWI and T2*-GRE, which are sensitive
to detect microhemorrhagic lesions. However, the clinical implication of these lesions
is still unclear. It has been shown that the presence of three or fewer hemorrhagic
axonal lesions on early T2*-GRE was not related to poorer outcome at three months
post-injury, although SWI was not performed (Yuh et al. 2013). A recent study that
37

included a large sample of uncomplicated mTBI patients in the subacute phase postinjury and healthy controls, reported that patients with microhemorrhagic lesions on
SWI had lower scores on a working memory task, but not on an attention task, than
patients without lesions (Huang et al. 2015). However, test scores in healthy controls
were not mentioned, and we know from the literature that most of the patients with
mTBI do not have any impairments on neuropsychological tests, while they may
still report significant cognitive complaints (Carroll et al. 2014; Rohling et al. 2011).
Regarding these post-traumatic complaints, studies so far have not shown differences
in number of complaints between mTBI patients with and without lesions on T2*GRE in the acute and sub-acute phase post-injury (Hofman et al. 2001; Hughes et
al. 2004). However, to our best knowledge, the relationship of depth and anatomical
location of microhemorrhages to complaints after mTBI has not been examined
with neither T2*-GRE nor with SWI.
In the current study, the majority of patients with mTBI (72%) had normal
SWI and T2*-GRE scans at four weeks post-injury, which is consistent with others
(Yuh et al. 2013; Huang et al. 2015). Number of lesions (superficial and deep) was
similar for patients with and without complaints. Furthermore, number of complaints
did not differ between patients with superficial (mostly cortical) and deep (localized
within the white matter) lesions, although group sizes were small. Most of the lesions
were located within the frontal lobes, which is in line with previous diffusion tensor
imaging studies (Eierud et al. 2014); but again, lesions in these regions were not
associated with the presence of post-traumatic complaints. These findings might
indicate that the underlying micro-structural pathology of mTBI and post-traumatic
complaints is not, or not accurately, reflected by the presence of microhemorrhages.
Small superficial microhemorrhagic lesions are easily detected with MRI
due to the high sensitivity of especially susceptibility weighted sequences, although
lesions are difficult to discriminate from flow void artefacts (Greenberg et al. 2009).
Here, one fifth of patients with mTBI had indeterminate lesions, mainly superficially
located in the superficial cerebral areas. Since these small (1-2 mm) lesions were
found to have no relation with post-traumatic complaints, this may suggest that
MRI results in overrating of (irrelevant) lesions in clinical practice.
To conclude, in one out of four patients with mTBI microhemorrhagic
lesions were present on MRI. Most interestingly, the presence, number, depth and
localization of lesions were not related to the presence and number of complaints
after mTBI, which may question whether MRI with SWI and T2*-GRE sequences
should be made routinely in clinical practice in patients with persistent complaints.
We realize that the relatively small sample size limits overall generalizability of
results. Further work is required to extend our findings, and to determine the exact
relationships of microhemorrhages to underlying neural and axonal injury.
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Abstract

In this study, structural connectivity after mild traumatic brain injury (mTBI) was
examined from a network perspective, with a particular focus on post-traumatic
complaints. Fifty-three patients with and without self-reported complaints at two
weeks after uncomplicated mTBI were included in addition to 20 matched healthy
controls. Diffusion weighted imaging was performed at four weeks post-injury,
and neuropsychological tests measuring processing speed and verbal memory were
administered at three months post-injury to determine cognitive outcome. Structural
connectivity was investigated using whole brain tractography and subsequent graph
theory analysis. In patients with mTBI, eigenvector centrality within the left temporal
pole was lower compared to healthy controls. In patients without complaints, global
and mean local efficiency were lower compared to patients with complaints, although
no differences were found between either subgroup and the group of healthy
controls. Neuropsychological test scores were similar for patients with mTBI and
healthy controls. However, patients with complaints showed higher processing speed
compared to patients without complaints. Within the total mTBI group, a trend was
found toward a correlation between lower network clustering and higher processing
speed. Additionally, significant correlations were found between higher betweenness
centrality values of language areas and lower verbal memory scores in patients with
mTBI. In conclusion, our findings may indicate that global graph measures of the
structural connectome are associated with pre- and/or non-injury related factors
that determine the susceptibility to develop (persistent) complaints after mTBI.
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Furthermore, correlations between graph measures and neuropsychological test
scores could suggest early compensatory mechanisms to maintain adequate cognitive
performance.
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Mild traumatic brain injury (mTBI) occurs frequently worldwide, and may result
in post-traumatic cognitive and affective complaints that persist long beyond
the accident in a quarter of patients (Dischinger et al. 2009; Ettenhofer & Barry
2012; Ponsford et al. 2011; de Koning et al. 2016; Cassidy et al. 2014). However,
in most cases cognitive impairments cannot be objectified by neuropsychological
testing (Carroll et al. 2004). Moreover, there is an ongoing debate as to whether
these complaints are related to structural injury since in general no correlations have
been found with findings from clinical neuroimaging modalities, such as computed
tomography (CT) and conventional magnetic resonance imaging (MRI) (Bazarian
et al. 2006; Iverson et al. 2000; Yuh et al. 2013).
Diffusion tensor imaging (DTI) has been used in multiple studies of mTBI
to study white matter (Dodd et al. 2014). However, findings so far vary significantly,
especially regarding the anatomical location and direction of changes in diffusion
parameters (e.g. fractional anisotropy (FA) and mean diffusivity (MD)) (Dodd et
al. 2014). A recent DTI study has shown that diffusion parameters were similar
for acute mTBI and healthy control subjects (Ilvesmaki et al. 2014). Furthermore,
in instances of diffusion changes after mTBI, the relationship with post-traumatic
complaints is unclear. In fact, recent DTI studies have not shown differences in
diffusion parameters between patients with and without complaints (Ilvesmaki et al.
2014; Lange et al. 2015; Wäljas et al. 2014), which casts doubts on the influence of
structural injury on the development of complaints after mTBI.
Most of the conducted DTI studies on mTBI have used methods that
detect changes in diffusion parameters, either in regions of interest or in whitematter skeletons (Dodd et al. 2014; Jones & Cercignani 2010). It could be argued
that modeling white matter tracts as a network (i.e. connectome) results in a better
approximation of the brain’s complex topological features and of interactions
between regions (Filippi et al. 2013; Sharp et al. 2014; Sporns 2013). Especially
in a heterogeneous condition such as mTBI, studying connectivity of structural
networks may be valuable for exposing patterns of white matter alterations that
remain latent with traditional methods that have been used so far. In this context,
networks (or graphs) are defined by their anatomical regions (nodes) and connections
between regions (edges), which may be weighted, for example, by the number of
reconstructed streamlines. Subsequently, graph theory can be applied (Rubinov &
Sporns 2010). With this method various graph measures can be calculated to study
characteristics of the whole network or its individual nodes. Graph theory measures
are subdivided into three main domains: Integration, Segregation and Influence
(Sporns 2013). Integration refers to the overall organization of a network in terms
of connectivity and information transfer. A well-known measure of Integration is
global efficiency. Segregation describes the formation of separate clusters within
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a network or connectivity at a more regional level and an important measure is
clustering coefficient. Lastly, Influence describes the importance of separate nodes
within a network, which can be captured by computing centrality measures, such as
betweenness and eigenvector centrality. Nodes that occupy a central position within
the network are referred to as hub nodes (van den Heuvel & Sporns 2013). Damage
to hub nodes, for example due to TBI, may have far-reaching effects on network
function (Pandit et al. 2013).
Graph theory has proven powerful in revealing many (subtle) aspects of the
pathophysiology of a wide range of neurological and psychiatric diseases (Filippi et
al. 2013; Stam 2014). Quite recently, graph theory has been adopted as a method of
studying functional and structural connectivity in patients with TBI (Caeyenberghs
et al. 2012; Caeyenberghs et al. 2013; Caeyenberghs et al. 2014; Fagerholm et al.
2015; Kim et al. 2014; Messe et al. 2013; Nakamura et al. 2009; Pandit et al. 2013;
Yuan et al. 2015). Studies on structural connectivity have included children and
adolescents with acute (Yuan et al. 2015) and chronic mTBI (Caeyenberghs et al.
2012), and adult patients with chronic moderate-to-severe TBI (Caeyenberghs et
al. 2013; Caeyenberghs et al. 2014; Fagerholm et al. 2015; Kim et al. 2014). These
studies have shown changes in network Integration, Segregation and Influence. For
example, lower global efficiency and higher clustering of structural networks was
reported (Caeyenberghs et al. 2014; Yuan et al. 2015) as well as reduced centrality
of hub nodes, such as the cingulate cortex (Fagerholm et al. 2015). Furthermore,
lower global efficiency and centrality were found to be related to lower cognitive
performance (Caeyenberghs et al. 2014; Fagerholm et al. 2015). Regarding adults
with mild TBI, only one study on structural networks has been published thus
far (Dall’Acqua et al. 2016). Using network based statistics (Zalesky et al. 2010),
this study demonstrated reduced, predominantly frontal, structural connectivity
in patients with high levels of self-reported symptoms. In addition, a graph theory
study examined functional connectivity in patients with mTBI and reported changes
in local measures, predominantly within the frontal and temporal regions, which
were associated with post-traumatic complaints (Messe et al. 2013). Despite these
interesting results, the structural connectome in patients with mTBI is still poorly
understood.
The present study is the first to perform diffusion tractography followed
by graph theory analysis in adult patients with uncomplicated (i.e. without
abnormalities on CT) mTBI in the subacute phase after injury. Given the novelty of
graph theory in the field of mild TBI, it is not straightforward which graph measures
are most suitable for studying this condition. Therefore, an exploratory approach
was used in the current study, and selection of graph measures was made, based on
elaborate reviews of graph theory analysis (Fornito et al. 2013; Stam 2014; Rubinov
& Sporns 2010; Sporns 2013) and previously published graph theory literature on
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Materials and methods

Study participants
Data from the patient group described in previously published fMRI research were
used for the current diffusion weighted imaging (DWI) study (Harm J. van der
Horn, Liemburg, Scheenen, et al. 2016). Fifty-three patients (18-65 years of age;
35 male) with mTBI were enrolled between March 2013 and February 2015 in the
University Medical Center Groningen, the Netherlands (a level 1 trauma center).
Mild traumatic brain injury was defined as a Glasgow Coma Score of 13-15 and/or
loss of consciousness ≤ 30 minutes (Vos et al. 2002; Vos et al. 2012). The following
exclusion criteria were used: lesions on admission CT scans, neurological and
psychiatric co-morbidity, admission for prior TBI, drug or alcohol abuse, insufficient
comprehension of Dutch language, mental retardation and contraindications
for MRI (any implanted ferromagnetic devices and objects, pregnancy and/or
claustrophobia). Furthermore, 20 healthy control (HC) subjects were recruited
among social contacts and via advertisements, and group-matched with the total
mTBI group for age, sex and educational level. Healthy controls had no history of
traumatic brain injury.
Study approval was obtained from the local Medical Ethics Committee of
the University Medical Center Groningen, the Netherlands, and all participants
provided written informed consent after the study and procedure had been fully
explained. All study procedures were carried out according to the declaration of
Helsinki.
Clinical measures
At two weeks post-injury a post-traumatic complaints checklist comprised of 21
frequently occurring complaints was administered to patients. A detailed description
of this questionnaire is available in previously published (de Koning et al. 2016;
43

Structural graphs in mTBI

TBI (Caeyenberghs et al. 2012; Caeyenberghs et al. 2013; Caeyenberghs et al. 2014;
Messe et al. 2013; Pandit et al. 2013; Fagerholm et al. 2015; Yuan et al. 2015).
Graph measures related to Integration, Segregation and Influence were computed
and the association with the presence or absence of post-traumatic complaints was
examined. Because cognitive and affective complaints are among the most persistent
complaints after mTBI (Dischinger et al. 2009; Ponsford et al. 2011), patients were
selected who reported complaints within these domains. An additional research goal
was to examine whether global and local graph measures in the subacute phase were
predictive of cognitive performance at three months post-injury. In particular, it
was examined whether global network measures were related to scores on tasks that
measure processing speed.
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van der Naalt et al. 1999). For the present study patients were selected based on
the number of complaints and divided into two groups. Having post-traumatic
complaints (PTC-present) (n=33; 17 male) was defined as reporting ≥3 complaints
with at least one complaint in the cognitive and/or affective domain, and no
complaints (PTC-absent) (n=20; 18 male) was defined as ≤2 complaints.
Healthy controls and patients (at ± three months post-injury) also
underwent neuropsychological testing. Since mental fatigue, concentration and
memory problems are common complaints after mTBI, the following tests were
applied: Trail Making Test A (processing speed) (Reitan & Wolfson 1985), Stroop I
Test (verbal speed) (Hammes 1971), Digit-span Test backward (working memory)
(Wechsler 2001) and the Dutch version of the Rey Auditory Verbal Learning Test
(immediate and delayed verbal memory) (Rey 1964). Three patients did not return
for neuropsychological follow-up. Raw scores, corrected for age and education level,
were used for statistical analyses. To control for task under achievement, participants
with a score <85 on the Amsterdam Short Term Memory Test (Schmand et al.
1999) and/or >5 on a brief version (neurological impairment and amnestic disorders
subscales) of the Structured Inventory of Malingered Symptomatology (Smith &
Burger 1997) were excluded from analyses. These participants included one HC and
nine patients with mTBI (four PTC-absent and five PTC-present patients).
MRI acquisition
Participants underwent MRI scanning (patients at approximately four weeks postinjury) using a 3 T Philips Intera MRI scanner (Philips Medical Systems, Best,
The Netherlands) equipped with a 32-channel SENSE head coil. For anatomical
reference, a high resolution transversal T1-weighted image was acquired with the
following parameters: repetition time (TR) 9 ms, echo time (TE) 3.5ms, flip angle
8°, field of view (FOV) 256x232 mm, voxel size 1x1x1 mm). Acquisition of diffusion
weighted images was performed using single-shot echo planar imaging with the
following parameters: TR 8884 ms, TE 60 ms, FOV 240x240 mm, acquisition
matrix 96x95, 55 slices (thickness 2.5 mm), reconstructed voxel size 2.5x2.5x2.5
mm, 60 diffusion directions, b-value 1000 s/mm2. In addition, 7 volumes without
diffusion weighting (b=0 s/mm2) were acquired and averaged in a single volume by
the MR-scanner.
For detection of post-traumatic lesions the following sequences were
used: coronal T2*-gradient echo (TR 875ms, TE16ms, FOV 230x183mm, voxel
size 0.90x1.12x4mm) and transversal susceptibility weighted imaging (TR 35ms,
TE 15ms, FOV 230x183mm, voxel size 0.90x0.90x2mm). These sequences were
examined for microbleeds (1-10mm) by an experienced neuroradiologist. Within
the control group, no microbleeds were detected. Within the patient group, 28
percent showed ≥ 1 microbleeds. Seventy per cent of all lesions were located within
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Imaging data processing
Figure 1 shows the DWI and T1 processing pipeline. The T1-weighted scans were
preprocessed using the recon-all function of FreeSurfer version 5.3 on a cluster
of processors running Linux (Ubuntu 12.04.5 LTS, CPU model AMD Opteron
Processor 6272). FreeSurfer starts with removing the non-brain tissue (Segonne
et al. 2004) followed by automated Talairach transformation, segmentation of the
subcortical white matter and deep gray matter volumetric structures (Fischl et al.
2002; Fischl, Salat, et al. 2004) and intensity normalization (Sled et al. 1998). It
then proceeds with tessellation of the gray matter white matter boundary, automated
topology correction (Fischl et al. 2001; Segonne et al. 2007) and surface deformation
following intensity gradients to optimally place the gray/white and gray/cerebrospinal
fluid borders at the location where the greatest shift in intensity defines the transition
to the other tissue class (Dale & Sereno 1993; Dale et al. 1999; Fischl & Dale 2000).
Finally, registration to a spherical atlas based on individual cortical folding patterns
is performed (Fischl et al. 1999) followed by parcellation of the cerebral cortex
into units with respect to gyral and sulcal structures (Fischl, van der Kouwe, et al.
2004; Desikan et al. 2006), which has shown to be a reliable way of defining subject
specific regions of interest (ROIs). Default parameters were used for all processing
steps. The quality of FreeSurfer results were examined in each subject by overlaying
the subcortical segmentation and the white and pial surfaces on coronal, sagittal and
axial T1 slices. The T1.mgz (i.e. the FreeSurfer T1 image) and aparc+aseg.mgz (i.e.
image containing ROIs constructed by the FreeSurfer pipeline) files were converted
to the nifti format (T1.nii and aparc+aseg.nii) to be used in further analyses.
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the frontal regions, 14% within the temporoparietal regions, 14% within other
regions and 2% within the corpus callosum. No statistical differences in the presence
(χ2=0.046, P=0.831) or number (U=327, P=0.936) of lesions were found between
the PTC-present (median 0 lesions, range 0-37) and PTC-absent (median 0, range
0-26) groups.
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Figure 1: Data processing pipeline.

Diffusion data were processed using ExploreDTI (Leemans et al. 2009), version
4.8.5, using MATLAB (MATLAB Release 2014b, The MathWorks, Inc., Natick,
Massachusetts, United States), which was run on a cluster of processors running
Linux (CentOS 6.6, CPU model Intel Xeon E5 2680v3). First, the FreeSurfer T1.nii
files were processed using the mask function from ExploreDTI, applying a kernel
size of morphological operators of 5 and a threshold of 0.05. Subsequently, diffusion
data were corrected for motion and eddy currents (Leemans & Jones 2009), and
susceptibility distortions (Irfanoglu et al. 2012) with the masked T1.nii files as
undistorted (target) scans, followed by constrained spherical deconvolution (CSD)
tractography (Tournier et al. 2007; Jeurissen et al. 2011; Tax et al. 2014) resulting in
one streamline file per subject. Default parameters were used for all processing steps
in ExploreDTI, except for the aforementioned masking of the T1.nii file (because
the applied parameters showed to result in proper masking results). The corrected
diffusion results were quality checked in every subject by a) viewing all three planes
of the diffusion weighted images in a movie loop, b) viewing the axial slices of the
color coded FA map and c) viewing all three planes of the color coded FA map
overlaid on the T1 volume.
Network construction
First, it was made sure that every ROI that was planned to be used in the analysis was
present (i.e. “dissected”) in the aparc+aseg files of all subjects. The cerebellum, which
was not fully covered in all scans, and the ventricles were excluded from the analysis,
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Image quality assurance
Visual quality assurance of the FreeSurfer results yielded 12 scans that had to be
(partially) rerun after some slight manual modifications. The final result was a proper
delineation of all surfaces and subcortical ROIs in all subjects. Quality checking of
the results of the ExploreDTI pipeline yielded no extra concerns in this regard, so all
subjects could be used in further analyses.
Network analyses
Graph analysis was performed on weighted streamline matrices using the Brain
Connectivity Toolbox (BCT) version 2016-16-01(Rubinov & Sporns 2010) in
combination with in-house developed MATLAB (v2011b) scripts. Graph measures
were selected based on previously conducted graph theory studies on TBI. The
following global (i.e. computed for the total network) measures were computed:
global efficiency (Eglob), mean local efficiency (Eloc), normalized mean clustering
coefficient (γ) and modularity (Q). Also, the following local (i.e. for individual
nodes) measures were computed: nodes’ degree (Ki), local efficiency (Eloci), clustering
coefficient (Ci), betweenness centrality (BCi) and eigenvector centrality (ECi). Table
1 provides a description of all measures used in the current study, categorized by
domain of network organization (Integration, Segregation and Influence (Rubinov
& Sporns 2010; Sporns 2013)). For a detailed description of these measures we refer
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resulting in 85 ROIs in each subject (see Supplementary Table 1). These comprised
all cortical ROIs from the Desikan Killiany atlas (34 areas), plus Thalamus-Proper,
Caudate, Putamen, Pallidum, Hippocampus, Amygdala, Accumbens-area and Ventral
Diencephalon (all of them bilateral) and Brain-Stem. For each subject, these ROIs
were combined with the information in the streamline file. For all possible ROI-pairs,
the number of streamlines (> 0) between two ROIs was counted as all streamlines
that had an endpoint in both ROIs (i.e., the ‘END’ option in ExploreDTI was used).
The resulting number of streamlines were converted to square, symmetrical matrices
(85 rows and 85 columns for all ROIs) and the main diagonal was set to zeros. These
matrices were stored for subsequent network analysis.
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Mean clustering coefficient divided by the clustering coefficient of a random null network with preserved degree distribution.
Efficiency of connections between (1st degree) neighbors of a node (i.e. Eloci reflects the global efficiency of the neighborhoods of node i).
This global measure is calculated by taking the mean of local efficiency values of all nodes in the network.

Normalized clustering coeficient (γ)

Local efficiency (Eloci)

Mean local efficiency (Eloc)

Number of edges connected to a node.
Fraction of all the shortest paths in the network that pass through a certain node. Nodes with high BCi are said to be hub nodes.
Self-referential measure that reflects how strong node’s neighbors are connected. High ECi indicates that node i is connected to important nodes.

Degree (Ki)

Betweenness centrality (BCi)

Eigenvector centrality (ECi)

Influence:

This global measure quantifies the degree to which a network may be subdivided into modules (i.e. sub-networks consisting of non-overlapping
groups of nodes).

This global measure is calculated by taking the mean of clustering coefficients of all individual nodes in the network.

Mean clustering coefficient (C)

Modularity (Q)

Fraction of triangles around a node (i.e. fraction of neighbors of node i that are neighbors of each other). This measure reflects the tendency of nodes
to cluster together.

This global measure is calculated by taking the mean inverse shortest pathlength in the network. Eglob is inversely related to the characteristic
pathlength of the total network (i.e. networks with high Eglob have short pathlengths between nodes).

Description

Clustering coefficient (Ci)

Segregation:

Global efficiency (Eglob)

Integration:

Measure

Table 1: Graph measures.

Statistical analyses
Analyses of demographics and clinical measures were conducted using the statistical
package for Social Sciences (SPSS; version 22.0; Armonk, NY: IBM Corp). Data were
assessed for normality using Shapiro-Wilk tests. Normally distributed continuous
variables were analyzed using one-way analysis of variance (ANOVA) and twosample t-tests. Non-normally distributed continuous variables were analyzed using
Kruskal-Wallis and Mann-Whitney U tests. Pearson’s chi-square tests were used for
categorical variables. Group comparisons of neuropsychological test scores were
performed using analysis of covariance with inclusion of age and education level as
covariates.
Permutation tests (10,000 random permutations) were conducted in
MATLAB (v2011b) to assess differences in AUC values of global and local graph
measures between mTBI patients and HC, between patients with and without PTC,
and between each of the patient subgroups separately and HC. Group differences in
global measures were considered significant at a false discovery rate (FDR) of 0.05
(number of global measures was 4) (Benjamini & Hochberg 1995). Each of the local
measures were deemed significant at the same FDR of 0.05 (number of nodes was
85). In addition, the common language effect size indicator (CL) was calculated to
estimate effect sizes (McGraw & Wong 1992). Since there was a difference in the
ratio of male to female subjects between patients with and without complaints, global
and/or local graph measures that were significantly different between these groups
were also compared between male and female patients (with a FDR of 0.05). This
comparison was made within the PTC-present group only, since the PTC-absent
group contained only two female patients. To account for a potential influence of
microbleeds, global and local graph measures were also compared between patients
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the reader to the paper by Rubinov and Sporns (Rubinov & Sporns 2010).
Since there exist inter-individual variations in whole brain number of reconstructed
streamlines, for example due to sex and age differences (Gong et al. 2009), prior
to graph analysis connectivity matrices were normalized using the BCT weight
conversion function. Subsequently, graph measures were computed over a range of
network density thresholds (0.01-0.28, with increments of 0.01, obtained using the
BCT threshold proportional function), aimed at reducing the influence of spurious
connections. A range of thresholds was used to avoid unwanted modifications of
graph measures that may occur when using a fixed threshold (van Wijk et al. 2010).
The upper limit was set at 0.28, at which all participants’ connectivity matrices
showed maximum density (i.e. unthresholded matrices). To obtain a scalar that was
independent of selecting a single threshold, the area under the curve (AUC) was
calculated across thresholds for every subject. These values were used for statistical
group analyses.
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with and without lesions (with a FDR of 0.05).
Using MATLAB, partial Spearman’s rank correlations were computed
between graph AUC values and neuropsychological test scores in the total group of
mTBI patients with correction for age and education level. For the global network
measures (Eglob, mean Eloc, γ and Q), correlations were computed between AUC
values and scores on tests measuring processing speed (TMT-A and Stroop I).
In addition, it was assessed whether local graph measures of specific nodes were
associated with scores on verbal memory (RALVT) and verbal working memory
(Digit-span backward) tests. Nodes were selected based on the cognitive domains
that were assessed by the specific tests. Hence, correlations were computed between
graph AUC values of temporal nodes + the opercular and triangular parts of the
inferior frontal gyri (i.e. Broca’s area) and RAVLT scores, and between AUC values of
frontoparietal nodes and Digit-span Test backward scores (node selections are listed
in Suppl. Table 1). Again, results were considered significant at a FDR of 0.05 (i.e.
corrected for the number of global measures or nodes).

Results

Demographics and clinical characteristics
Demographics and clinical characteristics of this study population are listed in
Table 2. The total group of patients with mTBI was matched with HC on age,
sex, education level and handedness. Injury and other characteristics were similar
for PTC-present and PTC-absent patients, except for sex (χ2=8.224; P=0.004).
Regarding neuropsychological tests, no differences were found between patients
with mTBI and HC when adjusting for age and education level. However, PTCpresent patients had lower scores (indicating better performance) on TMT-A than
PTC-absent patients (F=5.94, P=0.02). Regarding cognitive complaints, fatigue was
reported by 91% of the PTC-present group, forgetfulness and (mental) slowness
by 78%, and poor concentration by 73%. One patient in the PTC-absent group
reported fatigue and no other cognitive complaints were reported in this group.
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14 (13-15)

GCS score, median (range)

3
3
3

Sports, %

Assault, %

Other, %

Immediate recall, mean (range)

RAVLT
48.8 (17-65)

5.3 (3-9)

42.6 (30-58)

Stroop I, mean (range)

Digit-span backward, mean (range)

22.8 (14-44)

TMT-A, mean (range)

n=24

39

Falls, %

Neuropsychological tests:

52

Traffic, % of group

Injury mechanism:

91

14 (10-31)

Interval injury to two-week questionnaire, median
(range), days

Post-traumatic amnesia, % yes

32 (22-56)

91

6 (4-7)

52

33 (19-63)

PTC-present (n=33)

Interval injury to MRI, median (range), days

Handedness, % right

Education level, median (range)c

Sex, % male

Age, median (range), years

Table 2: Participant characteristics.			

46 (31-69)

5.2 (2-8)

45.4 (31-72)

30.5 (14-57)

n=17

5

0

0

45

50

70e

15 (13-15)

13 (10-58)

33 (22-69)

80

6 (2-7)

90

34 (20-64)

PTC-absent (n=20)
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0.935a
0.015b
0.350b
0.524b
0.526d
0.830d
0.072b
0.097b
0.915b
0.547b
0.420b
0.420b
0.727b

30 (18-61)
70
6 (5-7)
85
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.552f
0.936f
0.746f

45.2 (26-71)
5.3 (3-8)
48.6 (32-71)
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0.043f

26.5 (12-43)

n=19

P-value

HC (n=20)

52

10.1 (2-15)

10.1 (6-14)

10.2 (3-15)

0.985f

a

Kruskal-Wallis test; bPearson’s chi-square test; cEducation level was based on a Dutch classification system, according to Verhage (Verhage F
(1964): Intelligence and age: Study with Dutch people from age 12 to 77. Dissertation Van Gorcum, Assen, The Netherlands), ranging from 1
to 7 (7 being highest); dMann-Whitney U test; ePost-traumatic amnesia was documented for 95% of the PTC-absent patients; fANCOVA with
covariates age and education level.
Abbreviations: GCS = Glasgow Coma Score; MRI = Magnetic Resonance Imaging; N/A = not applicable; PTC = post-traumatic complaints;
RALVT = Rey Auditory Verbal Learning Test; TMT = Trail Making test.
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Group differences in global network measures
In Figure 2, global measures are depicted across thresholds for the two patient
subgroups and HC. There were no differences in AUC values between patients with
mTBI and HC. Significantly lower AUC values were found in PTC-absent patients
compared to PTC-present patients for Eglob (Puncorrected = 0.0074; PFDR=0.0258; CL =
0.71) and Eloc (Puncorr. = 0.0129; PFDR=0.0258; CL = 0.69). A trend was found toward
higher values of γ in PTC-absent patients (Puncorr. = 0.08; CL = 0.36). Regarding Q,
AUC values did not differ significantly between patient subgroups (Puncorr. = 0.45).
For none of the global measures, differences were found when comparing patient
subgroups separately to HC.
Secondary analyses showed no significant differences between male and
female patients in the PTC-present group for AUC values of Eglob and Eloc.
Furthermore, no differences were found between patients with and without
microhemorrhagic lesions.
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Figure 2: Global network measures across density thresholds for patients with (PTC-present)
and without (PTC-absent) post-traumatic complaints and healthy controls (HC).

Group differences in local network measures
Regarding most of the local measures, no significant differences were present between
patients with mTBI and HC, or between patient subgroups. However, AUC values
for ECi of the left temporal pole were found to be significantly lower in both the
total group of patients with mTBI (Puncorr. = 0.0001; PFDR=0.0085; CL = 0.31) and
the PTC-present subgroup separately (Puncorr. = 0.0002; PFDR=0.0170; CL = 0.3)
compared to HC (Fig. 3). A trend towards lower ECi of the orbital part of the left
inferior frontal gyrus was found in mTBI patients compared to HC (Puncorr. = 0.0013,
PFDR=0.055; CL= 0.3).
No differences in local measures were found between patients with and
without microhemorrhagic lesions.
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Figure 3: Eigenvector centrality (ECi) of the left temporal pole across density thresholds in
healthy controls and patients with (PTC-present) and without (PTC-absent) complaints.

Associations between graph measures and neuropsychological tests
Within the mTBI group there was a partial correlation observed at trend level
between higher γ values and higher TMT-A scores corrected for age and education
level (rho = 0.31, Puncorr. = 0.05; PFDR=0.22). In other words, lower network clustering
corresponded to higher processing speed. Regarding local measures in the mTBI
group, there was a significant negative partial correlation between BCi values of the
opercular part of the left inferior frontal gyrus and immediate recall scores on the
RAVLT (rho = -0.57, Puncorr. = 0.0001; PFDR=0.006); and between BCi values of left
superior temporal gyrus and delayed recall scores on the RAVLT (rho = -0.49, Puncorr.=
0.002; PFDR=0.03). Thus, higher betweenness centrality of these nodes corresponded
with lower memory performance.
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Discussion

This is the first study that has applied graph theory analysis to structural
networks (reconstructed from DWI data) in a large sample of adult patients with
uncomplicated mTBI. Global measures were similar when comparing the total
mTBI group with healthy controls. Within the mTBI group, patients without posttraumatic complaints had lower global measures (Eglob and Eloc) compared to
patients with complaints. For local measures, lower eigenvector centrality within the
left temporal pole was found in patients with mTBI compared to healthy controls,
possibly reflecting temporal lobe injury. Neuropsychological performance was
similar for patients with mTBI and healthy controls. Nevertheless, in patients with
mTBI a trend was found towards a relationship between lower network clustering
and higher processing speed, and this finding was associated with post-traumatic
complaints. More specifically, our findings might indicate a (compensatory) shift
towards a more random network configuration in patients with complaints, possibly
facilitating faster information transfer throughout the network. Additionally, higher
betweenness centrality of areas involved in language processing was related to poorer
memory performance, which may suggest a possible compensatory role for language
hubs in patients with post-mTBI memory problems.
The use of graph theory to study structural brain networks obtained from
DWI has increased rapidly over the past few years, in the field of traumatic brain
injury as well. Studies have reported differences regarding various graph measures
between patients with chronic moderate-to-severe TBI and healthy controls, showing
that lower global efficiency and centrality values were associated with worse cognitive
performance (Caeyenberghs et al. 2014; Kim et al. 2014; Fagerholm et al. 2015).
These studies suggest that changes in structural network configuration may explain
deficits following more severe TBI. To date, only one study has investigated the
structural connectome in adult patients with mTBI using network based statistics
(Dall’Acqua et al. 2016). In this study, whole-brain structural connectivity (number
of streamlines) was found to be similar for both patients with acute mTBI (with on
average three symptoms) and healthy controls. In the present study, several graph
measures were compared between patients with mTBI and healthy controls, which
to our knowledge was done here for the first time. One local measure, namely
eigenvector centrality of the left temporal pole, was lower in patients with mTBI
compared to healthy controls. Eigenvector centrality is a self-referential measure that
reflects the level of importance (hub status) of the neighbors of a node. This could
mean that connectivity of hub nodes adjacent to the temporal pole was disturbed in
patients with mTBI, which can be explained given the vulnerability of this area to
TBI (Bigler 2007). Although eigenvector centrality of other vulnerable areas, such as
the frontal lobes, was similar for patients and healthy controls, we did find a trend
towards lower eigenvector centrality of the left inferior frontal gyrus in the mTBI
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group. In patients with moderate to severe TBI, reduced eigenvector centrality of
hub regions, such as the cingulate cortex, has been reported (Fagerholm et al. 2015).
However, this was not found in the current study. Moreover, global measures were
also similar in the total group of patients with mTBI and healthy controls, which
might indicate that mTBI causes minor local network changes that do not affect
global network functioning. Another possible explanation for these findings may
be the time interval between injury and scanning, which in the current study was
approximately 30 days. A study by Yuan et al. has shown that global efficiency of
structural networks in children and adolescents with mTBI (within 96 hours post
injury) was lower compared to healthy controls, which may suggest that changes
in structural networks are more prominent in the acute phase (Yuan et al. 2015).
However, it also has to be taken into account that the brains of young patients
with mTBI may be more vulnerable to injury compared to those of adult patients
considering ongoing developmental processes (Lenroot & Giedd 2006).
Recent studies using non-graph theory methods on DTI data did not
demonstrate differences between adult patients with and without complaints in the
acute and subacute stages after mTBI (Ilvesmaki et al. 2014; Wäljas et al. 2014;
Lange et al. 2015). The present study showed that, using CSD tractography and
graph theory, it is possible to discern differences in structural network connectivity
between patients with and without post-traumatic complaints in the subacute phase
post-mTBI. Patients without complaints had lower values on global measures of
network integration (Eglob) and segregation (Eloc) compared to patients with
complaints, while local measures did not differ. Contrary to our results, a recent
study has shown that reduced frontal structural network connectivity (number of
streamlines) was associated with higher levels of symptoms reported acutely after
mTBI (Dall’Acqua et al. 2016). Moreover, one graph theoretical study on functional
networks showed only a relationship between local graph measures of frontotemporal
regions and post-traumatic complaints in mTBI without any significant findings
regarding global measures (Messe et al. 2013). Remarkably, our findings also
demonstrated that network measures in both the group of patients with and the
group without complaints did not differ significantly from healthy controls, which
might imply that the injury itself does not cause major perturbations in the structural
network in patients with mTBI. An exciting idea is that differences in structural
connectivity may be related to pre/non-injury related factors, such as personality
characteristics, which may explain differences in susceptibility to develop (persistent)
complaints. In healthy subjects, for example, it has been demonstrated that a more
random functional network in terms of higher global efficiency was related to higher
scores on a neuroticism questionnaire (Servaas et al. 2015). Since it was found that
patients with complaints had higher global efficiency compared to patients without
complaints, it could be hypothesized that neuroticism also plays a role in developing
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complaints after mTBI.
Although several cognitive complaints were reported by patients with
mTBI, performance scores on neuropsychological tests at follow-up fell within the
normal range, which is consistent with the existing literature (Carroll et al. 2004;
Carroll et al. 2014; Rohling et al. 2011). Mental fatigue is commonly reported after
mTBI, also in the current patient sample, and this complaint has been found to be
related to processing speed in patients with acute and chronic mTBI (Johansson et
al. 2009; Liu et al. 2016). In the present study, a trend was found towards a moderate
correlation between better (faster) performance on the TMT-A and lower network
clustering in the group of mTBI patients, which might be reflective of an early
compensatory process to ensure adequate cognitive performance in the long term.
Interestingly, patients with complaints performed better on the TMT-A compared
to those without complaints, which might be related to (compensatory) increased
mental effort and subsequent mental fatigue. Our results also show a trend toward
lower network clustering in patients with complaints, compared to those without
complaints. Although speculative, these findings may complement fMRI studies
that have found higher activation during working memory processing in patients
with mTBI compared to healthy controls, which was also thought to be associated
with enhanced mental effort to maintain normal task performance (McAllister et
al. 1999; McAllister et al. 2001). In addition, we found a significant association
between lower scores on a verbal memory task and higher BCi of language areas in
the left hemisphere, which might also reflect a compensatory process via increased
usage of the phonological loop in patients with mTBI (Buchsbaum & D’Esposito
2008). Perhaps more important, hub-status of these nodes appears to be predictive
of memory processing at follow-up. Further studies are required to elucidate the
association between structural networks and cognitive outcome after mTBI.
Most of the DTI studies on mTBI so far have used voxel-based or ROI
analyses and none have used graph theory. A systematic review of the literature
has shown that results of these studies vary significantly regarding the presence or
absence of diffusion abnormalities, direction (e.g. increased or decreased FA or MD)
and anatomical location of abnormalities, and associations with neuropsychiatric
complaints in patients with mTBI (Dodd et al. 2014). The authors report that these
mixed results may be partly attributed to the heterogeneous nature of mTBI itself and
of patient samples included in these studies (e.g. number of patients, injury severity
and time post-injury). Furthermore, they found that data acquisition parameters
are of influence. For example, a low number of diffusion weighted images (<20)
may lead to more variable results. The current study has several methodological
strengths that deal with these concerns. First, in comparison to several other studies,
sufficient sample size was used and attempts were made to reduce heterogeneity (e.g.
matching injury-to-scanning intervals of mTBI subgroups). Second, a high number
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of diffusion weighted images was acquired (i.e. 60). Third, whereas many studies so
far have used DTI tractography, here CSD tractography was used, which is capable
of identifying crossing fiber tracts, resulting in fewer “false negative tracts” (Tournier
et al. 2007).
There are also some limitations that should be mentioned. First, the b-value
applied (1000 s/mm2) in the present study is relatively low for CSD, in which
higher b-values are able to resolve crossing fibers at even lower angles. Second, the
reader should not delude him- or herself that by weighting the connectivity matrices
for streamline count, the number of axons was directly investigated (which could
be considered a measure of white matter connection strength). The number of
streamlines can be affected by a multitude of uninteresting and biologically irrelevant
factors in addition to the actual number of underlying axons/tracts (Jones 2010;
Jones et al. 2013). Rather, streamline sets were constructed in the diffusion field, of
which it is known that “false positive tracts” (i.e. streamlines that were found, but
should not have been reconstructed if it were for the underlying white matter) and
“false negative tracts” are present in addition to “true positive tracts”, leading to the
proper conclusion that we were at best investigating indirect measures of connection
strength. Nevertheless, it has been shown that within-subject similarity of diffusion
tractography network measures is higher than between-subject similarity (Bassett
et al. 2011), and thus current findings are probably reflective of various biological
processes. To date, no other methods have been developed that come near the method
of diffusion tractography regarding the reconstruction of “fiber tracts” in vivo,
especially when it comes to whole-brain connectivity. Third, there is no consensus
regarding many of the choices that have to be made with (DWI) graph analysis (e.g.
regarding parcellation of the brain, selection of streamlines that pass through or end
in an ROI, normalization of weighted matrices, graph thresholding and multiple
comparison correction (Duarte-Carvajalino et al. 2012; Fornito et al. 2013)), and
results may vary accordingly. Fourth, imaging was performed in the subacute phase
post-injury only, and not acutely after injury as well. Therefore, we were not able to
determine whether our findings (also) reflected possible compensatory processes to
acute injury. Lastly, although the current study provides novel perspectives on mTBI,
replication studies are needed to demonstrate the reliability of our findings.
In conclusion, this study has demonstrated relatively minor differences in
graph properties of the structural connectome in patients with uncomplicated mTBI
when compared to healthy controls. Interestingly, within the mTBI group, values of
global and local efficiency were lower in patients without complaints compared to
patients with complaints, while both patient subgroups did not differ from healthy
controls. Possible indications were found for early compensatory mechanisms in
patients with mTBI involving network clustering and betweenness centrality of
language areas to ensure adequate cognitive performance at follow-up. Diffusion
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weighted structural graph analysis in neuroscience is still in its infancy, but it is a
promising tool in further disentangling the role of structural injury in uncomplicated
mTBI, possibly leading to clinically relevant clues for future diagnostics and treatment
of patients with mTBI.
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Supplementary Table 1: Regions of interest for network analyses (ROIs total) and selection of
ROIs for correlation with Rey Auditory Verbal Learning Test (RAVLT) and Digit-span backward.

Left Caudate

ROIs RAVLT

ROIs Digit-span backward

Left Hippocampus

Left caudal anterior cingulate

Right Hippocampus

Left caudal middlefrontal

Left Putamen

Left fusiform

Left inferior parietal

Left Pallidum

Left inferior temporal

Left pars opercularis

Brain Stem

Left middle temporal

Left pars triangularis

Left Hippocampus

Left parahippocampal

Left precuneus

Left Amygdala

Left pars opercularis

Left rostral anterior cingulate

Left Accumbens area

Left pars triangularis

Left rostral middle frontal

Left Ventral Diencephalon

Left superior temporal

Left superior frontal

Right Thalamus Proper

Left supramarginal

Left superior parietal

Right Caudate

Left temporal pole

Left frontal pole

Right Putamen

Left transverse temporal

Right caudal anterior cingulate

Right Pallidum

Right fusiform

Right caudal middle frontal

Right Hippocampus

Right inferior temporal

Right inferior parietal

Right Amygdala

Right middle temporal

Right pars opercularis

Right Accumbens area

Right parahippocampal

Right pars triangularis

Right Ventral Diencephalon

Right pars opercularis

Right precuneus

Left banks superior temporal sulcus

Right pars triangularis

Right rostral anterior cingulate

Left caudal anterior cingulate

Right superior temporal

Right rostral middle frontal

Left caudal middle frontal

Right supramarginal

Right superior frontal

Left cuneus

Right temporal pole

Right superior parietal

Right transverse temporal

Right frontal pole

Left entorhinal
Left fusiform

Left banks superior temporal sulcus

Left inferior parietal

Right banks superior temporal sulcus

Left inferior temporal
Left isthmus cingulate
Left lateral occipital
Left lateral orbitofrontal
Left lingual
Left medial orbitofrontal
Left middle temporal
61

Structural graphs in mTBI

ROIs total
Left Thalamus Proper

4

Left parahippocampal
Left paracentral
Left pars opercularis
Left pars orbitalis
Left pars triangularis
Left pericalcarine
Left postcentral
Left posterior cingulate
Left precentral
Left precuneus
Left rostral anterior cingulate
Left rostral middle frontal
Left superior frontal
Left superior parietal
Left superior temporal
Left supra marginal
Left frontal pole
Left temporal pole
Left transverse temporal
Left insula
Right banks superior temporal sulcus
Right caudal anterior cingulate
Right caudal middle frontal
Right cuneus
Right entorhinal
Right fusiform
Right inferior parietal
Right inferior temporal
Right isthmus cingulate
Right lateral occipital
Right lateral orbitofrontal
Right lingual
Right medial orbitofrontal
Right middle temporal
Right parahippocampal
62

Right paracentral
Right pars opercularis
Right pars orbitalis
Right pars triangularis
Right pericalcarine
Right postcentral
Right posterior cingulate
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Right precentral
Right precuneus
Right rostral anterior cingulate
Right rostral middle frontal
Right superior frontal
Right superior parietal
Right superior temporal
Right supramarginal

4

Right frontal pole
Right temporal pole
Right transverse temporal
Right insula
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Abstract

The aim was to investigate brain network function during working memory
(WM) task performance in patients with uncomplicated mild traumatic brain
injury (mTBI) in the subacute phase post-injury. We were particularly interested
in differences between patients with (PCC-present) and without post-concussive
complaints (PCC-absent). Fifty-two patients and twenty healthy controls (HCs)
(matched for age, sex, education and handedness) were included. Two patient groups
were created based on reported post-concussive complaints at two weeks post-injury:
PCC-present (n=32) and PCC-absent (n=20). Functional MRI scans were made
at approximately four weeks post-injury. Participants performed an n-back task
consisting of three conditions (0-, 1 and 2-back) with increasing difficulty. General
linear model analysis was performed to investigate activation patterns. Independent
component analysis was used to identify brain networks. The frontal executive
network (FEN), frontoparietal network (FPN) and default mode network (DMN)
were selected for further analyses based on their highest task-relatedness. Task
accuracy and reaction times were similar for patients with mTBI and HCs. During
high WM load (2-vs.0-back contrast), mTBI patients exhibited lower activation
within the medial prefrontal cortex compared to HCs. No differences were found
between PCC-present and PCC-absent patients. Regarding network function,
PCC-absent patients showed stronger deactivation of the DMN compared to PCCpresent patients and HCs, especially during difficult task conditions. Furthermore,
functional connectivity between the DMN and FEN was lower in PCC-absent
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5.

Post-Concussive Complaints After Mild
Traumatic Brain Injury Associated With
Altered Brain Networks During Working
Memory Performance

5

patients compared to PCC-present patients. Interestingly, network function did not
differ between PCC-present patients and HCs, suggesting that non-injury related
factors may underlie post-concussive complaints after mTBI.
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Annually, millions of people sustain a traumatic brain injury (TBI), with the vast
majority (85-90%) incurring a mild injury (mTBI) (Corrigan et al. 2010). Patients
with mTBI frequently report cognitive and/or affective complaints, which most
often resolve within weeks, but may persist for months to years in a subgroup of
patients (Willer & Leddy 2006). However, with conventional magnetic resonance
imaging (MRI) sequences usually no lesions are detected that might explain these
complaints in patients with mTBI (Bazarian et al. 2006; Iverson et al. 2000).
Functional MRI (fMRI) studies using working memory (WM) paradigms
have provided more insight into the concept of mTBI. WM involves short-term
storage and manipulation of information and is considered crucial for higher-order
cognitive functioning (Owen et al. 2005). Already in 1999, it was demonstrated that
altered brain activation patterns may be related to cognitive complaints in patients
with mTBI, despite the fact that WM performance was unimpaired (McAllister et al.
1999). Since then, several studies have been published on this subject, with varying
results (Mayer et al. 2015). Some studies have reported higher activation, whereas
others reported lower activation post-mTBI, and differences may be partly explained
by task design and difficulty (Bryer et al. 2013). However, to date, there is still no
clear explanation for the occurrence of post-concussive complaints after mTBI.
In recent years, evidence has accumulated that dysfunction of brain networks
plays a major role in the pathophysiology of mTBI. Studies have reported alterations
within the default mode network (DMN) and stronger connectivity between the
DMN and (parts of ) executive networks during resting conditions (Borich et al.
2015; Mayer et al. 2011; Sours et al. 2013; Zhou et al. 2012; Zhu et al. 2015).
However, in contrast to severe TBI, no study so far has investigated brain network
function during WM performance in patients with mTBI (Palacios et al. 2012).
Furthermore, the link between network function and the presence or absence of
post-concussive complaints remains unclear.
In the present study, we investigated the relationship between network
function, WM performance and post-concussive complaints in the subacute phase
after mTBI.

Methods

Participants
This study was conducted as part of a larger prospective multicenter follow-up
study (UPFRONT study). Fifty-five patients (age 18-65 years old) with mTBI were
prospectively included at the University Medical Center Groningen, the Netherlands
(a level 1 trauma center) between March 2013 and February 2015. The diagnosis of
mTBI was based on a Glasgow Coma Score of 13-15 and/or loss of consciousness
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≤ 30 minutes (Vos et al. 2012). The following exclusion criteria were applied:
lesions on admission computed tomography (CT) scans, neurological or psychiatric
comorbidity, prior admission for TBI, drug or alcohol abuse, mental retardation and
contraindications for MRI (implanted ferromagnetic devices or objects, pregnancy
or claustrophobia). A group of twenty healthy controls (HCs) was recruited among
social contacts and via advertisements. Healthy controls did not have any history of
TBI or other neurological or psychiatric diseases, and did not suffer from current
psychiatric or neurological conditions. MTBI patients and HCs were group-matched
for age, gender, educational level and handedness.
Post-concussive complaints
Two subgroups, patients with (PCC-present) and without (PCC-absent) post
concussive complaints, were created based on their answers on a post-concussive
questionnaire administered at two weeks post-injury. This questionnaire is derived
from the Rivermead Post-concussion symptoms Questionnaire (RPQ) (King et al.
1995) and composed of 19 complaints. Pre-injury as well as current complaints were
measured on a scale from 0 to 2 (0 = never, 1 = sometimes, 2 = often). PCC-present
was defined as ≥3 complaints, with at least one complaint within the cognitive
or affective domain. PCC-absent was defined as <3 complaints. The presence of
complaints following the moment of scanning was determined based on answers on
follow-up questionnaires administered at three to six months post-injury and data
from outpatient appointments.
In addition, feelings of anxiety and depression post-mTBI were assessed
using the Hospital Anxiety and Depression Scale (HADS) (Zigmond & Snaith
1983). Group analyses were performed on raw anxiety (HADS-A) and depression
(HADS-D) scores. A cut-off score of ≥8 was used as an indicator of anxiety or
depressive disorder (Bjelland et al. 2002).
MRI acquisition
Images were acquired at approximately four weeks post injury by using a 3.0 T Philips
Intera Achieva MRI scanner (Phillips Medical Systems, Best, The Netherlands). A
high resolution transversal T1-weighted sequence image was made for anatomical
reference with the following parameters: repetition time (TR) 9 ms; echo time (TE)
3.5ms; flip angle (FA) 8°; field of view (FOV) 256x232 mm; voxel size 1x1x1 mm).
Functional MRI was acquired using gradient echo planar imaging with the following
parameters: TR 2000ms; TE 20ms; FOV 224x224mm; voxel size 3.5x3.62x3.5 mm.
To account for T1 equilibrium effects, image acquisition was preceded by a preparation
phase. The following sequences were performed to examine post-traumatic lesions:
a coronal T2-gradient echo (TR 875ms; TE16ms; FOV 230x183.28mm; voxel
size 0.40x1.12x4mm) and a transversal susceptibility weighted imaging (TR 35ms;
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fMRI paradigm
A verbal n-back with visual stimuli was presented by using E-prime v2 (Psychology
Software Tools, Sharpsburg, PA, USA) on a screen visible via a mirror on top of
the head coil. Three conditions (0-, 1- and 2-back) had to be performed, in which
a sequence of letters was presented (stimulus time 500 milliseconds (ms), interstimulus interval 1000 ms). During the 0-back condition, patients had to respond by
button presses when one specific letter (“X”) appeared, and during the 1- and 2-back
conditions if the presented letter matched the letter respectively one or two steps back
in the sequence. The task consisted of 12 pseudo-randomized blocks (4 blocks of 36
seconds per condition), with a fixation period between conditions. Prior to scanning,
task instruction was given and this instruction was repeated in the MRI-scanner
before the onset of the task. Task accuracy was defined as the percentage of correct
responses for every condition. Three patients were excluded from final analyses due
to difficulties with understanding the task and/or aberrant task performance (i.e.
<50% correct responses on the 0- or 1-back condition, excessive number of false
presses). Task accuracy could not be calculated for seven of the remaining patients
(four PCC-present, three PCC-absent) and six HCs, due to initial technical problems
with logging procedures. However, we included these participants in the final fMRIanalyses, because they appeared to perform adequately based on the available data
and the interview after the experiment. To account for possible inconsistencies, we
also conducted the analyses with exclusion of these participants.
fMRI preprocessing
Preprocessing was performed using Statistical Parametric Mapping (SPM) v12
(Wellcome Trust Centre for Neuroimaging, University College London, London,
England) implemented in Matlab v2011b (MathWorks, Natick, MA, USA).
Functional images were realigned, co-registered with the individual participant’s
T1-weighted image, normalized using diffeomorphic nonlinear registration tool
(DARTEL) (isotropic voxels of 2x2x2mm) and smoothed (8mm full-width at half
maximum (FWHM) Gaussian kernel).
General linear model
For first level general linear model (GLM) analyses, task conditions were modeled as
a boxcar function convolved with the hemodynamic response function in SPM12,
with inclusion of six motion parameters, their derivatives, and a 176s high pass
filter. The following t-contrasts were made for every participant: 1- vs. 0-back (low
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TE 10ms; FOV 230x183.28mm; voxel size 0.90x0.90x2mm). Microbleeds (≥2;
1-10mm) were observed in 40% of patients, with no differences between PCCpresent and PCC-absent patients.
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WM load), 2- vs. 0-back (high WM load) and 2- vs. 1-back (moderate WM load).
Subsequently, these contrasts were analyzed on second level in SPM.
Network analyses
To identify functional brain networks, independent component analysis (ICA) was
performed using the Group ICA of fMRI Toolbox (GIFT; version 3.0a, MIALAB
Software) implemented in Matlab (Calhoun et al. 2001). The number of independent
components (ICs) was estimated using Minimum Description Length (MDL) and
Akaike’s criteria (Li et al. 2007). Principal component analysis (PCA) was run for data
reduction purposes (step one: 60 principal components, step two: 40 components).
Group ICA was performed using the Infomax algorithm, with the ICASSO approach
to realize IC stability (20x) (Himberg et al. 2004). Spatial-temporal regression was
used for back-reconstruction. Forty ICs were extracted. Components reflecting
artifacts, including head motion, physiological and scanner noise, cerebrospinal
fluid and white matter were discarded after inspection of spatial maps and power
spectra (E. A. Allen et al. 2011). Identification of artifact components was done
independently by H.J.v.d.H. and E.J.L. and subsequently discussed until consensus
was reached. The decision point of removal was based on spatial overlap with gray
matter, spatial outline, and dominance of low-frequencies in the power spectrum,
and decided by expert opinion.
To calculate the relationship between task conditions and IC time-courses,
first level SPM models were entered in the temporal sorting (i.e. regression) tool
in GIFT. For every subject, three beta values per IC were obtained, reflecting
the degree to which an IC was modulated by the three different task conditions.
Positive modulation (roughly) corresponds with activation and negative modulation
corresponds with deactivation. The ICs were sorted from highest to lowest taskrelatedness according to the R2-values from temporal regression in the total dataset.
We selected the three networks that showed the highest task-relatedness for further
analyses. Although this method has been used in earlier research, it is relatively new
in the field of mTBI (Kullmann et al. 2013; Palacios et al. 2012).
Within-network functional connectivity (FC) of ICs was examined on
second level in SPM12, which yields information about the voxel-wise contribution
to the spatial map of a certain component. To determine between-network FC,
time-courses were analyzed using the Functional Network Connectivity (FNC)
toolbox v2.3 implemented in Matlab (Jafri et al. 2008). To our knowledge, this is a
relatively new method to investigate between-network FC in patients with mTBI. A
Butterworth band-pass filter (0.013-0.24 Hz) and a lag-shift of three seconds were
applied. Correlations were calculated between entire time-courses and not for each
task condition separately. Absolute correlation values were used to take into account
negative correlations between networks, and these values were Fisher z-transformed
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Statistics
Participant characteristics were analyzed with the Statistical Package for Social
Sciences (SPSS) v22.0 (IBM Corp, Armonk, NY, USA).
Group differences in first level contrasts were analyzed in SPM12 using
flexible factorial designs with the following factors: subject (to control for betweensubject variation), group (HC, PCC+ and PCC-) and load (1-vs. 0-, 2-vs. 0- and 2-vs.
1-back contrasts). A priori t-contrasts were made to compare the total mTBI- and
HC-group. Regarding subgroups, F-tests were conducted and if there was a significant
group effect post-hoc t-contrasts were made. The threshold for group differences was
set at puncorrected<0.001 with family wise error (FWE) - cluster correction (p<0.05) for
multiple comparisons based on random field theory.
For the networks identified with ICA, beta-weights from temporal sorting
were entered in a repeated measures permutation test in MATLAB with 5000 random
permutations. The α-level of 0.05 for group differences was adjusted for multiple
testing (3 networks x 3 conditions = 9 tests) using the false discovery rate (FDR)
procedure (corrected α-level = 0.05 x rank p-value / 9) (Benjamini & Hochberg
1995). Differences in within- and between-network FC between the total mTBI and
HC group were examined using (a priori) independent sample t-tests. Regarding
subgroups, one-way ANOVA was conducted, followed by two-sample t-tests in
case of significant group effects. Since multiple components were assessed for group
differences in within-network FC, the statistical threshold was set at puncorrected<0.001,
cluster corrected qFDR<0.01, k>10 voxels, based on a study by Veer et al (Veer
et al. 2010). For between-network FC, a threshold of p<0.05 was used with FDR
correction for six tested component pairs.
Since there was a difference in the percentage of male and female patients
between subgroups, ANCOVA and repeated measures ANCOVA (p<0.05) were
performed in SPSS to examine the influence of sex on fMRI differences between
subgroups.
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and imported into SPSS for statistical analyses.
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Results

Participant characteristics
Participant characteristics are listed in Table 1. Although the total group of mTBI
patients was matched with HCs, the group of PCC-absent patients contained more
male subjects compared to the PCC-present group (χ2=7.606, p=0.006). For PCCpresent patients, the average number and severity of complaints was 9.6 and 12.8,
respectively. The five most frequently reported complaints at two weeks were fatigue
(reported by 91%), headache (84%), noise intolerance (84%), dizziness (81%) and
forgetfulness/slowness/drowsiness (all 77%). Ninety-seven percent (n=31) of the
PCC-present group still reported ≥3 complaints and three percent (n=1) reported
one complaint at follow-up after the scan.
PCC-present patients scored higher on the HADS-A (p=0.007) and
HADS-D (p<0.001) items than PCC-absent patients. Within the PCC-present
group, 28% of the patients scored above the cut-off for affective disorder with anxiety
(n=2), depression (n=4) or both (n=3). None within the PCC-absent group scored
above the cut-off for anxiety or depression.

72

73

14 (13-15)

GCS-score, median (range)

38
3
3
3

Falls (%)

Sports (%)

Assault (%)

Other (%)

94.9 (6.3)
83.0 (10.8)

% Correct 1-back, mean (SD)

% Correct 2-back, mean (SD)
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82.1 (10.1)

75.2 (15.2)

97.4 (3.2)

% Correct 0-back, mean (SD)

n-back task accuracy:
95.4 (5.8)

N/A

5

95.4 (5.2)

N/A

0

98.2 (3.1)

N/A

0

94.5 (9.6)

N/A

45

N/A

N/A

50

1.0 (1.7)

N/A

15 (13-15)

5.5 (4.1)

N/A

33 (22-69)

HADS-D, mean (SD)

85

80

N/A

6 (5-7)

6 (2-7)

2.5 (2.5)

65

90

e

34 (18-61)

39 (20-64)

5.3 (4.0)e

HC (n=20)

PCC-absent (n=20)

HADS-A, mean (SD)

HADS-scores:

53

Traffic (%)

Injury mechanism:

32 (22-62)

91

6 (4-7)

53

37 (19-63)

MRI: days from injury, d, median (range)

Handedness, % right

Education level, median (range)c

Sex, % male

Age, y, mean (range)

PCC-present (n=32)

Table 1: Participant characteristics.			

5

0.111a

0.984a

0.514a

<0.001d

0.007d

0.763b

0.405b

0.405b

0.504b

0.826b

0.063b

0.528d

0.551b

0.277b

0.023b

0.820a

P-value
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496.7 (65.0)
587.9 (90.9)

RT 1-back, ms, mean (SD)

RT 2-back, ms, mean (SD)

612.5 (138.6)

481.4 (103.1)

423.3 (55.9)
600.0 (84.7)

484.4 (68.8)

429.5 (47.0)
0.393f

0.789f

0.778f

a

Kruskal-Wallis test; bPearson’s chi-square test; cEducation level was based on a Dutch classification system, according to Verhage (Verhage 1964),
ranging from 1 to 7 (highest); dMann-Whitney U test; eData regarding HADS were collected for 91% of the PCC-present patients; fOne-way
ANOVA.
Abbreviations: MRI = Magnetic Resonance Imaging; GCS = Glasgow Coma Score; N/A = not applicable; HADS = Hospital Anxiety and Depression Scale.; RT = reaction time.

418.8 (38.8)

RT 0-back, ms, mean (SD)

n-back task reaction time:
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General linear model
Activation patterns for HCs and patients with mTBI are depicted in Figure 1. With
respect to the 2- vs. 0-back contrast, significantly lower activation was found in
the medial prefrontal cortex in patients with mTBI compared to HCs (Fig. 2).
After exclusion of participants without available detailed task accuracy data, a trend
towards lower activation of a cluster within the medial prefrontal cortex was found
in patients with mTBI (cluster-level FWE-corrected p=0.067). Instead, significant
clusters of lower activation were observed within the cerebellar vermis (peak MNIcoordinates: 0, -54, -6, cluster-level FWE-corrected p=0.038) and left supramarginal
gyrus (peak MNI-coordinates: -50, -40, 48, cluster-level FWE-corrected p=0.016).
The F-test did not show a significant effect of subgroup regarding the 2- vs. 0-back
contrast.
For the 1- vs. 0-back and 2- vs. 1-back contrasts, no differences were found
between mTBI patients and HCs. Furthermore, F-tests did not reveal significant
effects of subgroup. These results remained non-significant after exclusion of patients
without detailed task accuracy data.

5

Figure 1: Working memory activation patterns for healthy controls (HC) and patients with
mTBI (puncorrected<0.001, cluster-level FWE-corrected p<0.05).
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Figure 2: Differences in working memory activation between HC and patients with mTBI
during high working memory load. In mTBI patients, a significant cluster of lower activation
was found within the medial prefrontal cortex (peak MNI-coordinates: 2, 44, 36) compared to
HC (puncorrected<0.001, cluster-level FWE-corrected p=0.045).

Network identification
Forty ICs were extracted. Nineteen ICs reflected artifacts and were discarded. From
the remaining functional networks, three were selected for further analyses based on
their highest task-relatedness, which we will refer to as the frontal executive network
(FEN), frontoparietal network (FPN; consisting of a left and right lateralized
component) and DMN (Fig. 3 and Suppl. Table 1). The FEN and FPN were
activated (increasing beta-weights) and the DMN was deactivated (decreasing betaweights) with increased task difficulty (Fig. 4).
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5
Figure 3: Spatial maps of the frontal executive network (FEN), frontoparietal network
(FPN) and default mode network (DMN). Axial slices are displayed according to neurological
convention

Group comparisons of network activation or deactivation
Comparison of beta-weights from temporal sorting showed no significant differences
in network activation or deactivation between HCs and the total group of mTBI
patients. During the 2-back condition, PCC-absent patients showed stronger
deactivation of the DMN compared to PCC-present patients (p=0.0024; Fig. 4). A
similar trend was observed for the 0- and 1-back conditions (p<0.05, non-significant
after FDR correction). Stronger deactivation was also found during the 1- and 2back conditions in PCC-absent patients compared to HCs (p=0.0098 and p=0.002,
respectively), with a similar trend for the 0-back condition (p<0.05, non-significant
after FDR correction). Results remained consistent after exclusion of participants
without available detailed task accuracy data. Since the PCC-absent group contained
a relatively high percentage of male patients, a repeated measures ANCOVA (withinsubject factor: condition; between-subject factor: subgroup) with sex as a covariate
was performed, which confirmed the significant effect of subgroup on DMN
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deactivation during working memory performance (p=0.029). For the FEN and
FPN, no significant differences in activation were present between groups. These
findings remained non-significant after exclusion of participants without detailed
task accuracy data.

Figure 4: Average beta-weights expressing network activation or deactivation during working
memory performance for HC, PCC-present (PCC+) and PCC-absent (PCC-) patients. Asterisks
indicate significant group differences (p<0.05 after FDR correction).
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Group comparisons of functional network connectivity
Functional connectivity between the DMN and FEN was significantly lower in PCCabsent patients compared to PCC-present patients (p=0.004; Fig. 5). An additional
ANCOVA with sex as a covariate showed a similar effect of subgroup on functional
connectivity between these networks (p=0.035). No further group differences were
found regarding within- and between-network functional connectivity. Results
remained consistent after exclusion of participants without available data regarding
task accuracy.		
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Figure 5: Functional network connectivity (FNC) of the DMN – FEN pair for HC, PCCpresent (PCC+) and PCC-absent (PCC-) patients. Asterisk indicates a significant group
difference (p<0.05 after FDR correction).
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Discussion

This is the first study that assessed the relationship between brain network function,
WM performance and post-concussive complaints in the subacute phase after
mTBI. In the total group of patients with mTBI, lower activation was found within
the medial prefrontal cortex during high WM load, despite normal task accuracy
and reaction times. Regarding subgroups, ICA revealed that DMN function and the
interaction between the DMN and FEN were different between patients with and
without concussive complaints. Altogether, these results might provide new insights
into the concept of mTBI and post-concussive complaints.
So far, several studies have investigated WM performance in mTBI, with
varying results (Bryer et al. 2013; Mayer et al. 2015). In general, stronger activation
was observed during high task difficulty compared to healthy controls, which could
indicate increased mental effort to maintain normal task accuracy, leading to mental
fatigue (McAllister et al. 1999; McAllister et al. 2001; Smits et al. 2009). Moreover,
with increasing task difficulty patients with mTBI were not able to sufficiently recruit
brain areas for WM performance, which was reflected by lower activation compared
to controls (McAllister et al. 2001). However, this finding mostly pertains to lateral
prefrontal and parietal areas and the supplementary motor area. In the present study,
we demonstrated lower activation within the medial prefrontal cortex during high
WM load in mTBI patients compared to healthy controls. This region is important
with respect to executive functioning, but also with regard to emotion regulation
(Euston et al. 2012; Messina et al. 2015). Furthermore, the medial prefrontal cortex
is a core area of the DMN and an important relay station in the interaction between
the DMN and other (executive) brain networks (Buckner et al. 2008; Seeley et al.
2007). Our findings may thus reflect stronger deactivation of the DMN during
working memory performance. Since the prefrontal cortex is often affected by TBI,
it can be hypothesized that changes in function of the medial prefrontal cortex are
related to post-concussive complaints and emotion regulation deficits after mTBI
(Harm J. van der Horn, Liemburg, Aleman, et al. 2016). In particular, dysfunction
of this area may lead to impaired dynamics between the DMN and executive
networks, resulting in cognitive and affective complaints. Our network analyses
revealed significant results that are in line with this hypothesis.
Strikingly, network analyses showed that PCC-absent patients exhibited
stronger deactivation of the DMN during WM performance compared to PCCpresent patients. To our knowledge no study so far used ICA to investigate brain
networks during WM performance in patients with mTBI. A recent report has
shown stronger deactivation in a particular area of the DMN (i.e. posterior cingulate
cortex) during an n-back task in patients without cognitive complaints compared
to patients with complaints at one week post-injury (Wylie et al. 2015). One study
used ICA to study WM performance in patients with more severe TBI in the chronic
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phase after injury (Palacios et al. 2012). In these patients, higher DMN activity is
associated with lapses in attention and impaired cognitive functioning (Bonnelle
et al. 2011; Palacios et al. 2012). This phenomenon is also known as default mode
interference, which is supposed to be related to ineffective switching between the
DMN and networks involved in executive functioning (Menon & Uddin 2010;
Sonuga-Barke & Castellanos 2007). In order to adequately perform a cognitive task,
not only executive networks need to be activated, but it is imperative that the DMN
is adequately deactivated to prevent default mode interference and to facilitate
network switching (Koshino et al. 2014; Sonuga-Barke & Castellanos 2007). A third
network, the salience network, modulates the interaction between the DMN and
executive networks during cognitive tasks and thereby exerts a supporting role in
network switching (Seeley et al. 2007; Sridharan et al. 2008). Our current findings
suggest that PCC-absent patients are better at suppressing the DMN and switching
to an executive state, resulting in fewer complaints. On the other hand, it might be
possible that the presence of complaints in PCC-present patients impedes DMN
deactivation. We also observed stronger coupling of the DMN and FEN in PCCpresent patients compared to PCC-absent patients, suggestive of problems with
network switching. This is consistent with resting state fMRI studies that showed that
stronger connectivity between the DMN, executive networks and salience network is
related to cognitive complaints (Mayer et al. 2011; Sours et al. 2013). Interestingly,
the FEN we identified during WM performance also contains the insulae and
anterior cingulate cortex, which are areas that are often described as parts of the
salience network (Seeley et al. 2007). This finding further indicates that network
switching may be involved in post-concussive complaints. It is plausible that PCCpresent patients need stronger top-down control of the DMN by executive networks
in collaboration with the salience network in order to suppress internal thoughts and
to switch to an externally directed mental state that is necessary for WM performance
(Sours et al. 2013). For future research, it may be worthwhile to use a combination
of cognitive paradigms and resting state fMRI to shed more light on the relationship
between network switching and post-concussive complaints.
The question is whether the observed findings regarding network function
are related to structural abnormalities. Recent diffusion tensor imaging (DTI)
studies have not shown clear evidence that patients with and without complaints
differ with respect to microstructural injury (Lange et al. 2015; Wäljas et al. 2014).
A recent systematic review has also indicated that common subjective symptoms after
mTBI, which we therefore refer to as complaints, are not necessarily caused by brain
injury per se, but also occur in the general population and after non-head injuries
(Cassidy et al. 2014). These reports suggest that differences in network function
between patients with and without complaints may be strongly associated with noninjury related factors, such as pre-injury mental problems, personality factors and
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current life stress. We deem it plausible that network findings after mTBI reflect
inter-individual (perhaps pre-injury) differences in for example emotion regulation
abilities and coping, which determine the level of mental distress and consequently
the expression of complaints (Harm J. van der Horn, Liemburg, Aleman, et al.
2016). We have found that levels of anxiety and depression were significantly higher
in PCC-present patients than in PCC-absent patients, which is consistent with the
idea that emotion regulation abilities play an important role in the development of
post-concussive complaints. Chen et al. demonstrated that depressive complaints
after mTBI are associated with higher activity in DMN related areas during WM
performance (Chen et al. 2008). It can be hypothesized that higher DMN activity in
patients with mTBI is associated with rumination, similar to what happens in patients
with a major depressive disorder (Whitfield-Gabrieli & Ford 2012). Additionally, in
healthy individuals higher activity of the DMN is related to worrying and higher
neuroticism scores, and predisposes to anxiety and depression (Servaas et al. 2014).
Although speculative, we propose that stronger suppression of the DMN during
WM performance in PCC-absent patients may in turn be related to more effective
emotion regulation, which also relies on adequate control of the DMN via executive
networks (Cole et al. 2014). PCC-absent patients may require less top-down control
of the FEN to suppress the DMN, reflected by lower connectivity strength between
these networks compared to PCC-present patients.
Surprisingly, our findings indicate that PCC-present patients may be
more comparable to healthy controls than to PCC-absent patients. Most patients
with mTBI are known to develop some post-concussive complaints (McMahon et
al. 2014; Wäljas et al. 2014). Up to 12 months after injury in 80% of patients
at least one complaint is present, with a mean of six complaints overall (TrackTBI) (McMahon et al. 2014). It is important to realize that these complaints are
frequently reported in the absence of objective functional deficits and are likely
reflecting subjective feelings of decreased wellbeing. The fact that healthy controls
may report similar complaints underlines the possibility that non-injury related
factors, such as personality style and emotion regulation abilities, are predominantly
involved the development of complaints after mTBI (Cassidy et al. 2014; Wäljas et
al. 2014). So far it is not clear which patients will develop complaints and who will
be able to resume activities despite complaints. Most studies focus on predictive
factors for the development of complaints and contain a relatively high percentage of
patients with complaints reflecting the overall distribution of complaints in mTBI.
However, it might be even more interesting/informative to investigate those patients
who do not develop complaints at all, which has not been done until now. Perhaps
these patients have specific personality characteristics that facilitate good recovery.
The relative overrepresentation in our cohort of such patients without complaints
might be the reason that for the first time this difference in subpopulations of
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mTBI is highlighted. Whether or not our findings are indicative of compensatory
mechanisms or pre-injury network characteristics related to specific personality traits
has to be further investigated.
Furthermore, few differences were observed when directly comparing fMRI
results between the total group of mTBI patients and the healthy control group. We
included patients with a significant number of complaints and a group of patients
with no complaints at all, reflecting either end of the spectrum of complaints, which
might account for the negative findings regarding the total mTBI group. In fact,
this further underlines the possibility that the injury itself may be less influential
in the development of post-concussive complaints than pre-morbid personality
characteristics and emotion regulation abilities. In this respect, it could be argued
that differentiation of patients with mTBI based on anxiety and/or depression
instead of post-concussive complaints might be more informative. Certain other
methodological aspects may have played a role in our negative findings. First, we
applied a relatively stringent statistical threshold compared to previous studies.
Creating the optimal balance between type-1 and type-2 errors is (still) a subject of
debate in neuroimaging (Bennett et al. 2009; Lieberman & Cunningham 2009).
Since we included fairly large patient samples, appropriate correction for multiple
comparisons was required. To avoid missing possible (clinically) relevant findings, we
reported results without corrections at voxel-level and only applied family wise error
correction at cluster-level. Absence of network findings may have been influenced by
the type of network analysis technique that we used. Both ICA (Mayer et al. 2015;
Shumskaya et al. 2012; Zhou et al. 2012) and seed-based methods (Johnson et al.
2012; Mayer et al. 2011; Sours et al. 2013; Sours et al. 2014; Zhu et al. 2015) are
frequently used to investigate network function after mTBI. We chose to perform
ICA, because it may be more suitable and informative considering the heterogeneous
nature of mTBI; however, we realize that this method has its disadvantages compared
to seed-based methods (D. M. Cole et al. 2010). Second, task conditions used in
our study were relatively difficult, considering the high stimulus presenting rate
compared to other studies (1/1500 ms vs. 1/3000 ms) (Chen et al. 2012; McAllister
et al. 2001; McAllister et al. 1999; Smits et al. 2009) This may also be the reason
that we found lower instead of higher activation during the 2- vs. 0-back contrast
in mTBI patients, similar to that observed during a 3- vs. 2-back contrast in a study
by McAllister and colleagues (McAllister et al. 2001). However, one has to take into
account the possibility of over-subtraction in causing their findings, considering that
hyper-activation was already observed during the 2- vs. 1-back contrast.
The present study, inevitably, holds limitations. First, we did not administer
HADS questionnaires in the healthy control group, although during the interview
before inclusion participants were screened for psychiatric problems, including
depression, which were not reported. Interestingly, studies have shown HADS-A
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and HADS-D scores in healthy subjects that are comparable to those reported
by patients in our PCC-present group (Bocerean & Dupret 2014; Michopoulos
et al. 2008; Spinhoven et al. 1997). We also acknowledge that the absence of an
early neuropsychological assessment prevents us from making a clear statement
about the cognitive abilities of this study population. However, task-performance
accuracy and reaction times during the n-back task did not differ between mTBI
patients and healthy controls, and most other studies did not show deficiencies on
neuropsychological tests in patients with mTBI (Chen et al. 2012; McAllister et
al. 1999), or showed only subtle deficiencies reflected in slightly higher reaction
times in the subacute and chronic stage (Chen et al. 2007; McAllister et al. 2001).
As post-concussion questionnaires were administered at two weeks post-injury, in
theory patients with complaints at two weeks may have been (partially) recovered at
time of scanning at four weeks post-injury. However, because of the high complaint
levels at two weeks (average 9.6), the relatively short interval between questionnaires
and scanning (1-2 weeks), and the fact that everyone in this group still reported
complaints at follow-up after scanning, we have strong reasons to assume that patients
were still suffering from significant complaints at the time of scanning.
To conclude, the present study demonstrates lower medial prefrontal activity
during difficult WM conditions in the subacute phase after mTBI. Furthermore, this
is the first study that used ICA to show network changes during WM task performance
in patients with mTBI. Absence of post-concussive complaints was associated with
specific patterns of network activity and connectivity, especially with regard to the
DMN and FEN, and network measures in PCC-present patients were comparable to
those in healthy controls. Whether these findings reflect compensatory mechanisms
and/or non-injury related factors has to be further investigated. Longitudinal
designed neuroimaging studies, that also examine emotion regulation and include
DTI to assess structural network integrity, may provide more clarity on the nature of
network alterations after mTBI.
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Insula
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4, 6
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0.4/1.0

3.0/3.5

4.7/2.3

3.8/3.4

7.2/6.9

0.2/0.6

Volume (cc)
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(0, 0, 0)/(0, 0, 0)
(-50, 38, 2)/(0, 0, 0)
(0, 0, 0)/(34, -34, 68)
(-50, 38, -2)/(0, 0, 0)

-999.0 (0, 0, 0)/3.2 (36, -22, 64)
-999.0 (0, 0, 0)/-999.0 (0, 0, 0)
3.0 (-50, 37, 0)/-999.0 (0, 0, 0)
-999.0 (0, 0, 0)/2.9 (34, -30, 64)
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(-36, -56, -30)/(36, -56, -32)

2.0 (-36, -56, -22)/2.0 (36, -56, -24)

(-26, -4, 62)/(18, 2, 62)

3.8 (-26, -1, 57)/3.3 (18, 5, 57)

(-38, -60, -28)/(0, 0, 0)

(-46, -4, 56)/(0, 0, 0)

3.9 (-46, -1, 52)/-999.0 (0, 0, 0)

2.1 (-38, -59, -21)/-999.0 (0, 0, 0)

(-52, 14, -6)/(58, 14, -4)

3.9 (-51, 13, -6)/4.2 (57, 13, -4)
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7.2 (-4, 1, 61)/7.4 (4, 1, 61)

(-52, 14, -2)/(2, 22, 60)

3.0 (-51, 13, -2)/3.8 (2, 24, 54)
8.1 (-4, 1, 64)/8.6 (2, 5, 62)

MNI (x, y, z)

Max Value (x, y, z)

Supplementary Table 1: Corresponding anatomical areas, volume, statistical significance and coordinates of clusters within the frontal executive
network (FEN), frontoparietal network (FPN) and default mode network (DMN).
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Abstract

The objective was to assess the role of brain networks in emotion regulation and
post-traumatic complaints in the subacute phase after non-complicated mild
traumatic brain injury (mTBI). Fifty-four patients with mTBI (34 with and 20
without complaints) and 20 healthy controls (group-matched for age, sex, education
and handedness) were included. Resting-state fMRI was performed at four weeks
post-injury. Static and dynamic functional connectivity were studied within and
between the default mode, executive (frontoparietal and bilateral frontal network)
and salience network. The hospital anxiety and depression scale (HADS) was used
to measure anxiety (HADS-A) and depression (HADS-D). Regarding withinnetwork functional connectivity, none of the selected brain networks were different
between groups. Regarding between-network interactions, patients with complaints
exhibited lower functional connectivity between the bilateral frontal and salience
network compared to patients without complaints. In the total patient group, higher
HADS-D scores were related to lower functional connectivity between the bilateral
frontal network and both the right frontoparietal and salience network, and to higher
connectivity between the right frontoparietal and salience network. Furthermore,
whereas higher HADS-D scores were associated with lower connectivity within
the parietal midline areas of the bilateral frontal network, higher HADS-A scores
were related to lower connectivity within medial prefrontal areas of the bilateral
frontal network. In conclusion, functional interactions of the executive and salience
networks were related to emotion regulation and complaints after mTBI, with a key
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role for the bilateral frontal network. These findings may have implications for future
studies on the effect of psychological interventions.
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Patients with mild traumatic brain injury (mTBI) frequently report post-traumatic
cognitive and/or affective complaints during the first weeks after injury and these
complaints may persist for months or even years in a small subgroup (Bazarian et al.
2005; Willer & Leddy 2006). Despite the presence of complaints, neuropsychological
test results are most often in the normal range and conventional structural imaging
reveals no abnormalities in most of the cases (Bazarian et al. 2006; Iverson et al.
2000). Since post-traumatic complaints might be related to altered brain functioning,
which can be visualized with functional MRI (fMRI), this technique could provide
more insight into the underlying mechanisms of these complaints.
The human brain is organized into several intrinsic connectivity networks
(ICNs), involved in various mental tasks (Seeley et al. 2007; van den Heuvel &
Hulshoff Pol 2010). The default mode network (DMN) is the most iconic ICN and
many fMRI studies focus on this particular network because of its central role in
internally focused mental processes (Raichle et al. 2001). In contrast to the DMN,
the executive network(s) are activated during externally focused mental tasks (Cole et
al. 2014; Seeley et al. 2007; Spreng et al. 2010; Sridharan et al. 2008). The salience
network, anatomically interposed between the DMN and executive networks,
facilitates switching between these ICNs (Dosenbach et al. 2006; Seeley et al. 2007;
Sridharan et al. 2008).
Altered functional network connectivity is associated with the presence of
post-traumatic complaints in patients with mTBI (Mayer et al. 2011; Nathan et al.
2015; Sours et al. 2013; Zhou et al. 2012). Disturbances in emotion regulation,
reflected by anxiety and depression, are closely related to the presence of posttraumatic complaints (Silverberg & Iverson 2011; van der Horn et al. 2013).
However, little is known about brain networks and emotion regulation after mTBI.
Since the interaction between aforementioned ICNs appears to play a role in
emotion regulation and the pathophysiology of mental disorders, such as anxiety
and depressive disorders (Cole et al. 2014; Hamilton et al. 2011; Manoliu et al.
2014; Sylvester et al. 2012; Whitfield-Gabrieli & Ford 2012), this is also likely to be
the case for emotion regulation and post-traumatic complaints after mTBI (Harm J.
van der Horn, Liemburg, Aleman, et al. 2016). In addition, few studies so far aimed
to differentiate network function in mTBI patients with complaints from that of
patients without complaints in the subacute phase after injury. In the present study,
these issues were investigated with resting-state fMRI in a large sample of patients
with non-complicated mTBI in the subacute phase after injury.
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Materials and methods

Study participants
As part of a prospective follow-up study (UPFRONT study), 54 patients were
enrolled in this fMRI study between March 2013 and February 2015 at the University
Medical Center Groningen (UMCG), the Netherlands (a level 1 trauma center).
Diagnosis of mTBI was based on a Glasgow Coma Scale score of 13-15 and/or loss
of consciousness ≤ 30 minutes (Vos et al. 2012). Severity of trauma was measured
using the Injury Severity Score (ISS) (Copes et al. 1988). An ISS >15 indicates major
trauma. For the assessment of non-head injury, ISS was corrected for mild traumatic
brain injury (i.e. a score of four was subtracted from the total ISS).
At the emergency department (ED), patients received information regarding
the UPFRONT-study that focuses on the course and outcome after mTBI by
administering questionnaires at several intervals post-injury. Written consent was
obtained at the ED or after discharge from the neurology ward when admitted (e.g.
due to persistent post-traumatic amnesia (PTA)), by their treating physician. After
filling in the first questionnaire at two weeks follow-up, patients (if aged between 18
and 65 years) were informed about the fMRI study. Exclusion criteria were: lesions
on admission computed tomography (CT) scans, neurological or psychiatric comorbidity, admission for prior TBI, drug or alcohol abuse, mental retardation and
contraindications for MRI (implanted ferromagnetic devices or objects, pregnancy
or claustrophobia). Healthy controls (HCs) were recruited among social contacts and
via advertisements, and matched with the mTBI group for age, sex and educational
level. All participants provided written informed consent.
The study was approved by the local Medical Ethics Committee of the
UMCG and all procedures were carried out according to the declaration of Helsinki.
Patient subgroups
Patients were selected based on self-reported complaints on a 19 item post-traumatic
questionnaire (van der Horn et al. 2013), derived from the Rivermead Postconcussion Symptoms Questionnaire (RPQ) (King et al. 1995), administered at two
weeks post-injury. Items of this questionnaire are listed in supplementary table 1.
Pre-injury and current complaints were measured on a scale from 0 to 2 (0 = never, 1
= sometimes, 2 = often), yielding a total complaint score and a severity score. Having
post-traumatic complaints (PTC-present) was defined as ≥3 complaints (regardless
of severity), with at least one complaint within the cognitive (including forgetfulness,
poor concentration, slowness, fatigue and drowsiness) or affective domain (including
irritability, reduced tolerance for noise and anxiety). Having no complaints (PTCabsent) was defined as reporting <3 complaints.
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Behavioral data analyses
The statistical package for Social Sciences (SPSS; version 22.0; Armonk, NY: IBM
Corp) was used for behavioral data analyses. Shapiro-Wilk tests were used to assess
normality. Group differences in age, interval from injury to scanning, ISS and HADS
scores were examined using Kruskal-Wallis and Mann-Whitney U tests. Pearson’s
chi-square tests were used for sex, education level, handedness, GCS score, PTA
and injury mechanism. Correlations between complaints and HADS scores were
calculated using Spearman’s rank tests. Comparisons of HADS scores between male
and female patients were performed using Mann-Whitney U tests.
MRI acquisition protocol
Image acquisition was done with a 3.0 T Philips Intera MRI scanner (Phillips
Medical Systems, Best, The Netherlands) equipped with a 32-channel SENSE
head coil. A high resolution transversal T1-weighted sequence image was made for
anatomical reference (repetition time (TR) 9 ms; echo time (TE) 3.5ms; flip angle
(FA) 8°; field of view (FOV) 256x232 mm; voxel size 1x1x1 mm). During resting
state fMRI, participants were asked to close their eyes and to stay awake. Threehundred volumes were acquired with slices aligned in the anterior commisure (AC)posterior commisure (PC) plane and recorded in descending order (TR2000ms; TE
20ms; FOV 224x224mm; voxel size 3.5x3.62x3.5 mm). To detect post-traumatic
lesions the following sequences were used: coronal T2-gradient echo (TR 875ms;
TE16ms; FOV 230x183.28mm; voxel size 0.40x1.12x4mm) and transversal
susceptibility weighted imaging (TR 35ms; TE 10ms; FOV 230x183.28mm; voxel
size 0.90x0.90x2mm). Microhemorrhages (≥2; 2-10mm) were observed in 35%
of patients, with no differences in number and volume of lesions between patient
subgroups.
FMRI preprocessing
FMRI data was preprocessed using Statistical Parametric Mapping (SPM12 Wellcome
Department, University College London, London, England) implemented in Matlab
(version R2014a; MathWorks, Natick, MA, USA). After slice timing correction,
images were realigned to correct for head motion during acquisition, co-registered
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Anxiety and depression
To investigate emotion regulation, anxiety and depression were assessed with
the Hospital Anxiety and Depression Scale (HADS) (Zigmond & Snaith 1983),
consisting of seven anxiety (HADS-A) and seven depression (HADS-D) related items
(each scale with a maximum of 21). Group analyses were performed on raw HADS-A
and HADS-D scores. Patients with a score ≥8 on the HADS-A or HADS-D items
were defined anxious or depressed, respectively (Bjelland et al. 2002).

6

with individual participants’ T1-weighted images, normalized using diffeomorphic
nonlinear registration tool (DARTEL) (isotropic voxels of 3x3x3mm) and smoothed
using an 8 mm full-width at half maximum Gaussian kernel.
FMRI data analyses
Independent component (ICA) analysis was performed using Group ICA of fMRI
Toolbox (GIFT) version 3.0a implemented in Matlab (Calhoun et al. 2001). The
number of components was determined using Minimum Description Length (MDL)
and Akaike’s Information Criterion (Li et al. 2007). After intensity normalization
and subject-specific PCA, group ICA was performed with 28 estimated components.
Spatial-temporal regression was used for back-reconstruction and ICASSO was
repeated 20 times (Himberg et al. 2004). Intrinsic connectivity networks were
identified visually (based on previously published literature) and by spatial regression
of network templates provided in GIFT. Two components of the DMN, three
components corresponding with the executive networks (left and right frontoparietal
network (FPN) and bilateral frontal network) and the salience network were selected
for further analyses (Figure 1).

Figure 1: Spatial maps of selected independent components. Axial brain sections are displayed in
neurological convention.
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Different aspects of these ICNs were compared between the total mTBI and
HC-group, and between PTC-present, PTC-absent and HC subgroups. Group
differences for within-network functional connectivity were investigated using a
one-way ANOVA design in SPM. The total group of mTBI patients and HCs were
compared using t-contrasts. Subgroups were compared using F-tests and post-hoc
t-contrasts were made if there was a significant group effect. Results were thresholded
at uncorrected p < 0.001, k > 10, cluster-corrected at an estimated False Discovery
Rate (qFDR) < 0.01 (Veer et al. 2010).
Static between-network functional connectivity was investigated using the
Functional Connectivity Toolbox (FNC; version 2.3, MIALAB Software) (Jafri
et al. 2008). A band-pass filter of 0.013-0.15 Hz and a lag-shift of three seconds
were applied. Both positive and negative correlations were taken into account and
correlation values were Fisher Z-transformed. Statistical analyses were performed in
Matlab. After normality testing (Shapiro-Wilk tests), comparisons between the total
mTBI and HC groups were made using (a priori) independent two sample t-tests
or Wilcoxon rank sum tests (FDR-correction for 15 tested connections (Benjamini
& Hochberg 1995)). To analyze differences between subgroups, one-way ANOVA
or Kruskal-Wallis tests were conducted (α=0.05 with FDR corrections for 15 tests),
followed by post-hoc tests (α=0.05 with FDR corrections for three groups) in case
of significant group effects. Since the PTC-absent group contained a relatively high
percentage of male patients, connections that were significantly different between
PTC subgroups were also compared between male and female patients (α=0.05 with
FDR corrections).
Dynamic between-network functional connectivity was examined using in
house Matlab scripts following the methods of Allen et al. (Allen et al. 2014). Time
courses of the selected components underwent post-processing, including detrending,
multiple regression of the six realignment parameters and their derivatives, and lowpass filtering at frequencies < 0.15 Hz. After variance normalization of the data,
correlations were computed with a sliding-window approach (window of 20*TR
(=40 seconds), steps of 1TR, resulting in a total of 280 windows) and transformed
with a Fisher’s Z-transform. Subsequently, the standard deviation of these 280
correlation values was calculated. Group comparisons of standard deviations were
conducted using non-parametric permutation testing in Matlab (α=0.05 with FDR
corrections for 15 connections).
For within network functional connectivity, the relationship with anxiety
and depression was analyzed in SPM using a one-way ANOVA design with inclusion
of HADS-A and HADS-D scores as covariates (p<0.001, k > 10, cluster qFDR < 0.01)
(Veer et al. 2010). For static between-network functional connectivity values and
standard deviations of sliding window Z-scores, Spearman’s rank correlations with
HADS-A and HADS-D were calculated in Matlab (α=0.05 with FDR corrections
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for 15 correlations).

Results

Participant characteristics
Table 1 shows the participant characteristics. Besides the head injury, the majority of
patients with mTBI had few physical injuries in other regions (average ISS of 1.7 for
the total mTBI group). The PTC-absent group contained more men than the PTCpresent group (χ2=7.78, p=0.005). For PTC-present patients, the average number
and severity of complaints was 10 and 13, respectively. Prevalence of complaints is
depicted in the supplementary table 1. Twenty-nine percent of PTC-present patients
had affective disorders: anxiety (n=3), depression (n=4) or both (n=3). None within
the PTC-absent group were anxious or depressed.
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3
3
3

Sports, %

Assault, %

Other , %
5.5 (4.0)h
5.5 (4.0)h

HADS-A, mean (SD)

HADS-D, mean (SD)

0.09b

85
N/A
N/A
N/A

80
33 (22-69)
15 (13-15)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

1 (0-13)f
50
45
0
0
5
2.5 (2.5)
1.0 (1.7)

74

0.09b

6 (5-7)

6 (2-7)

e

70

90

<0.001d

0.004d

0.69b

0.43b

0.43b

0.59b

1b

0.16d

0.44d

0.50b

0.25b

0.02b

0.95a

30 (18-61)

34 (20-64)

p-value

HC (n=20)

PTC-absent (n=20)
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Kruskal-Wallis test; bPearson’s chi-square test; cEducation level was based on a Dutch classification system, according to Verhage (1964), ranging
from 1 to 7 (highest); dMann-Whitney U test; ePost-traumatic amnesia and fInjury severity scores were documented for 95% of the PTC-absent
patients; gInjury severity scores were corrected for mild traumatic brain injury; hHADS was completed by 91% of PTC-present patients.
Abbreviations: GCS = Glasgow Coma Score; HADS = Hospital Anxiety and Depression Scale, A=anxiety, D=depression; MRI = Magnetic Resonance Imaging; N/A = not applicable; PTC = post-traumatic complaints.

a

41

Falls, %

HADS scores:

50

1 (0-13)

91

Traffic, % of group

Injury mechanism:

Injury Severity Score, median (range)g

Post-traumatic amnesia, % yes

14 (13-15)

GCS score, median (range)

91

6 (4-7)

53

33 (22-62)

c

35 (19-63)

PTC-present (n=34)

Interval injury to MRI, median (range), days

Handedness, % right

Education level, median (range)

Sex, % male

Age, median (range), years

Table 1: Participant characteristics
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Associations between complaints and anxiety/depression
The number and severity of post-traumatic complaints were significantly related to
HADS-A (Spearman’s ρ=0.558, p<0.001; ρ=0.529, p<0.001) and HADS-D scores
(ρ=0.754, p<0.001; ρ=0.760, p<0.001). Female patients reported higher HADS-D
scores, but not HADS-A scores, than male patients (U=142, p=0.004).
Within-network functional connectivity
For none of the six components, significant differences in within-network functional
connectivity were found between the total group of mTBI patients and HCs, or
between PTC-present, PTC-absent and HC subgroups. In the mTBI group, lower
functional connectivity of the posterior cingulate cortex and precuneus within the
left FPN, and lower connectivity of the medial prefrontal cortex within the bilateral
frontal network were related to higher HADS-A scores (Figure 2). Lower functional
connectivity of the right mid/posterior cingulate cortex and post-central gyrus within
the bilateral frontal network was related to higher HADS-D scores.
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Figure 2: Within-network functional connectivity related to anxiety and depression in patients
with mTBI. (A) Negative relationship between left frontoparietal network functional connectivity
and HADS-A scores (puncorrected<0.001, cluster qFDR=0.001, peak MNI-coordinates: -9 -57 42,
Z=4.58); (B) negative relationship between bilateral frontal network functional connectivity
and HADS-A scores (puncorrected<0.001, cluster qFDR=0.002, peak MNI-coordinates: 9 48 24,
Z=4.37); (C) negative relationship between bilateral frontal network functional connectivity
and HADS-D scores (puncorrected<0.001, cluster qFDR<0.001, peak MNI-coordinates: 18 -36 42,
Z=4.74).
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Static between-network functional connectivity
Two sample t- and Wilcoxon rank sum tests showed no differences in static functional
connectivity between the total mTBI group and HCs. Analyses of variance revealed
that functional connectivity between the bilateral frontal network and salience
network (H=12.76; p=0.002), between the right FPN and salience network (F=6.08;
p=0.004) and between the left and right FPN (F=5.51; p=0.006) were significantly
different between subgroups. Post-hoc analyses showed that functional connectivity
between the bilateral frontal network and salience network was significantly lower
in PTC-present patients compared to PTC-absent patients (W =737; p<0.001;
Figure 3A), and that connectivity between the right FPN and salience network
was significantly lower in PTC-absent patients compared to PTC-present patients
(t=2.91, p=0.005) and HCs (t=3.16; p=0.003) ( Figure 3B). Functional connectivity
between the left and right FPN was also significantly lower in PTC-absent patients
compared to PTC-present patients (t=2.81, p=0.007) and HCs (t=2.77, p=0.009).
No significant group differences were revealed for connections involving DMN
components.

Figure 3: Static between-network functional connectivity. (A) Bilateral frontal network - salience
network and (B) right frontoparietal network - salience network functional connectivity (FC) for
healthy controls (HC), patients with complaints (PTC-present) and patients without complaints
(PTC-absent). Asterisks indicate significance of p<0.05 after FDR correction.
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Figure 4A shows a moderate negative correlation between static functional
connectivity of the bilateral frontal network - salience network pair and HADS-D
scores in the mTBI group. Functional connectivity between the right FPN and
salience network was positively related to HADS-D scores (Spearman’s ρ= 0.472,
p<0.001).
Within the mTBI patient group, female patients exhibited significantly
lower functional connectivity between the bilateral frontal and salience network than
male patients (W=267, p<0.001).
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Figure 4: Functional connectivity between the bilateral frontal and salience network related
to depression in patients with mTBI. (A) Static and (B) dynamic functional connectivity (FC)
related to HADS-D scores in patients with (PTC-present) and without (PTC-absent) complaints
after mTBI. Correlation coefficients (Spearman’s rho) were calculated for the total group of mTBI
patients.

Dynamic between-network functional connectivity
Permutation tests showed no group differences in standard deviation of sliding
window correlations for any of the functional connections. Within the total mTBI
group, standard deviations of the left FPN-salience network pair (Spearman’s ρ=
-0.370, p=0.008), bilateral frontal-right FPN pair (ρ= -0.367, p=0.008), and bilateral
frontal-salience network pair (ρ= -0.416, p=0.002; Figure 4B) were negatively
correlated with HADS-D scores. No significant correlations were found between
dynamic functional connectivity and HADS-A scores.
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Discussion

In the current study, resting-state fMRI was used to assess intrinsic connectivity
of brain networks in relation to emotion regulation and post-traumatic complaints
in a large sample of patients with non-complicated mTBI. Differences in network
interactions were found between patients with and without post-traumatic
complaints, in particular for the salience network and the executive networks.
Furthermore, functional connectivity within and between these networks was shown
to be related to anxiety and depression in patients with mTBI.
One of the main research goals was to obtain more insight in the role of
network function in the interplay between emotion regulation and post-traumatic
complaints after mTBI. As expected, we found positive correlations between posttraumatic complaints and HADS-A and HADS-D scores, which is consistent with
previous research (Silverberg & Iverson 2011; van der Horn et al. 2013). Regarding
within-network functional connectivity, higher HADS-A and HADS-D scores in
patients with mTBI were associated with weaker functional connectivity within
prefrontal and parietal midline areas of the frontoparietal and bilateral frontal
network. These findings are in line with previous studies that have shown that the
medial prefrontal cortex and the posterior cingulate cortex (along with the precuneus)
are affected in patients with mild (Eierud et al. 2014; Zhou et al. 2012) and mild to
severe TBI (Bonnelle et al. 2011; Sharp et al. 2011) . These areas are important for
emotion regulation (Coutinho et al. 2016), and switching between brain networks
(Leech et al. 2011; Seeley et al. 2007). It could be hypothesized that in patients with
mTBI dysfunction of these areas may lead to impaired network interactions resulting
in complaints, anxiety and depression.
Interesting results were found with respect to interactions between the
executive networks and salience network. Higher static functional connectivity
between the bilateral frontal network and salience network was related to fewer
complaints and lower HADS-D scores after mTBI, whereas higher connectivity
between the right lateralized frontoparietal network and salience network was
related to more complaints and higher HADS-D scores. Furthermore, stronger
connectivity between the left and right frontoparietal network was found in patients
with complaints compared to patients without complaints. Adequate function
of the executive networks and the salience network is thought to be particularly
important for emotion regulation and subsequent mental health (Cole et al. 2014)
and dysfunction of these networks may result in anxiety and depressive disorders
(Sylvester et al. 2012; Whitfield-Gabrieli & Ford 2012). Although, one has to realize
that mTBI is an entirely different condition, our results bare some resemblances
to findings from studies on anxiety and depressive disorders. For example, anxiety
disorders are thought to be related to excessive function of the salience network, which
contains important structures for emotion processing such as the insula and amygdala
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(Craig 2009; Seeley et al. 2007), and impaired function of the executive networks
(Sylvester et al. 2012). Furthermore, in patients with a major depressive disorder,
stronger connectivity between the executive networks and salience network appears
to be associated with more adequate emotion regulation, in contrast to connectivity
between salience network and DMN, which is associated with rumination (Belleau
et al. 2015; Hamilton et al. 2011; Manoliu et al. 2014).
Since individuals constantly switch between brain networks and
corresponding mental states, the strength of between-network connections is not
static, but variable over time (Allen et al. 2014). Therefore, we used a relatively new
approach to examine this aspect of functional connectivity, i.e. dynamic functional
connectivity. Recently, Mayer et al. were the first to use this method to investigate
patients with mTBI; however, no significant findings were reported (Mayer et al.
2015). With dynamic functional connectivity analyses, we have found that higher
variability in functional connectivity between the bilateral frontal, frontoparietal and
salience network was associated with lower HADS-D scores in the total group of mTBI
patients. To date, our study is the first to report that not only stationary interactions
between networks, but also fluctuations in these correlations over time underline the
role of emotion regulation after mTBI. Dynamic functional connectivity analysis
seems a promising technique that offers the possibility to examine temporal aspects
of network interactions in more detail. Future studies will have to confirm its value
in patients with mTBI.
It is unclear whether our functional network findings are related to
structural injury or to other factors. Recent studies have demonstrated that the
influence of microstructural injury in the development of post-traumatic complaints
after mTBI is debatable (Lange et al. 2015; Wäljas et al. 2014). We included
a group of patients with complaints that reported at least one complaint within
the cognitive or affective domain, because these complaints are more specific for
mTBI as compared to somatic complaints (Dischinger et al. 2009; Ettenhofer &
Barry 2012; Lundin et al. 2006; Ponsford et al. 2011). However, post-traumatic
complaints are also reported by the general population and non-head injured
patients, which suggests that other factors than structural injury play a dominant
role in the development of (persistent) post-traumatic complaints (Cassidy et al.
2014). Our functional network findings may also be related to non-injury factors
rather than to the injury itself (Harm J. van der Horn, Liemburg, Aleman, et al.
2016), especially since we found no differences between patients with complaints
and healthy controls. Mild traumatic brain injury is a complex condition, because
of its heterogeneous clinical and pathological nature (Rosenbaum & Lipton 2012).
Pre-morbid mental health and personality characteristics seem to be strongly related
to post-traumatic complaints, which suggests that network function in these patients
may have already been different from healthy controls before injury (Lingsma et al.
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2015). Furthermore, inter-individual differences in coping styles, presumed to be
stable personality characteristics (Nielsen & Knardahl 2014), are of influence on the
persistence of post-traumatic complaints (Anson & Ponsford 2006; Bohnen et al.
1992). Our network findings may indicate that patients without complaints have
specific personality characteristics that prevent the development of post-traumatic
complaints. More research is required to determine the relationship between coping
and brain networks and the influence on long-term outcome after mTBI.
Consistent with other studies, a higher number of patients with posttraumatic complaints, anxiety and depression were female (Bazarian et al. 2010; van
der Horn et al. 2013). In this study we found a link between female sex, higher
HADS-D scores and weaker functional connectivity between the bilateral frontal
and salience network. Recent research also indicates that sex differences are related
to different patterns of brain activation during working memory performance after
mTBI (Hsu et al. 2015). Our findings may suggest that differences between male
and female patients with mTBI could be partly attributed to differences in emotion
regulation circuits, which has to be confirmed in other studies.
Remarkably, we did not find any significant results regarding the DMN,
although previous research demonstrated DMN changes as a key feature in patients
with post-traumatic complaints after mTBI (Mayer et al. 2011; Nathan et al. 2015;
Sours et al. 2013; Zhou et al. 2012). Stronger connectivity between the DMN and
executive networks is thought to be associated with impaired switching between
internally and externally focused mental state, possibly resulting in increased
distractibility and mental fatigue in mTBI (Mayer et al. 2011; Sours et al. 2013). The
absence of DMN results could be attributed to several factors, such as timing and the
fMRI paradigm. Recent literature suggests that most of the changes within the DMN
occur within the first week after injury (Zhu et al. 2015), which could mean that in
our study DMN function had already been normalized at the time of scanning. In
addition, analogous to recent reports on depression, DMN functional connectivity
alterations may be more pronounced during externally focused conditions than
during resting or self-focused conditions, as used in our study (Belleau et al. 2015).
Other limitations need to be addressed in addition to those already discussed
regarding our DMN findings. We did not administer the HADS to our healthy
control subjects. Therefore, we were not able to determine differences in emotion
regulation between patients and healthy controls. Furthermore, correlations between
network measures and raw HADS scores might have been affected by the selection
of patients, namely based on the presence or absence of post-traumatic complaints.
Consequently, a relatively high percentage of patients without complaints also scored
zero on HADS items, decreasing the variability. Notwithstanding, a challenging
thought is whether it would be more informative for studies to select patients
based on affective problems instead of post-traumatic complaints. At last, in mTBI
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research often an orthopedically injured control group is included in addition to
a healthy control group. The lack of such a group may be considered a limitation
of this study, because it impedes clear conclusions about the influence of somatic
complaints, such as pain, on our findings. However, based on the relatively low ISS,
indicating that our patients had few additional physical injuries, we have reasons
to assume that the influence of pain as a result of physical injury on post-traumatic
complaints is negligible. Furthermore, according to our definitions it is possible
that patients without complaints report one or two complaints. However, in our
study 90% (n=18) of the group without complaints reported zero complaints and
the remaining 10% (n=2) reported only one complaint; therefore, we have strong
reasons to assume that this is a representative group of patients without serious risk
for developing persistent complaints.
In summary, this study further supports the relationship between functional
brain networks and post-traumatic complaints after non-complicated mTBI. The
interplay between the executive networks and the salience network was shown to
be closely related to anxiety and depression, underlining the putative role of these
networks in emotion regulation after mTBI. In particular, functional connectivity
of the bilateral frontal network appeared to play a modulating role in terms of
fewer complaints and lower anxiety and depression scores. It may be worthwhile to
further investigate the influence of psychological interventions to improve emotion
regulation and the subsequent effect on (executive) network function in patients
with post-traumatic complaints.
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Supplementary Table: Prevalence of post-traumatic complaints
(PTC) for patients with mTBI.
PTC-present

PTC-absent

Headache, % of group

85

0

Dizziness, %

79

0

Balance disorders, %

58

0

‘Tinnitus’, %

24

0

Hearing loss, %

12

0

Drowsiness, %

79

0

Fatigue, %

88

5

Forgetfulness, %

79

0

Poor concentration, %

74

0

Slowness, %

79

0

Irritability, %

27

0

Noise intolerance, %

85

0

Alcohol intolerance, %

31

0

Anxiety, %

33

0

Dry mouth, %

23

0

Neck pain, %

57

0

Neck stiffness, %

62

0

Arm pain, %

29

0

Itching, %

19

5

NB: Top three most prevalent complaints are depicted in bold.
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Abstract

Mild traumatic brain injury (mTBI) is one of the most common neurological
disorders worldwide. Post-traumatic complaints are frequently reported, interfering
with outcome. However, a consistent neural substrate has not yet been found. We
used graph analysis to further unravel the complex interactions between functional
brain networks, complaints, anxiety and depression in the subacute stage after mTBI.
This study included 54 patients with uncomplicated mTBI and 20 matched healthy
controls. Post-traumatic complaints, anxiety and depression were measured at two
weeks post-injury. Patients were selected based on presence (n=34) or absence (n=20)
of complaints. Resting-state fMRI scans were made approximately four weeks postinjury. High order independent component analysis resulted in 89 neural components
that were included in subsequent graph analyses. No differences in graph measures
were found between patients with mTBI and healthy controls. Regarding the two
patient subgroups, degree, strength, local efficiency and eigenvector centrality of the
bilateral posterior cingulate/precuneus and bilateral parahippocampal gyrus were
higher, and eigenvector centrality of the frontal pole/ bilateral middle & superior
frontal gyrus was lower in patients with complaints compared to patients without
complaints. In patients with mTBI, higher degree, strength and eigenvector centrality
of default mode network components were related to higher depression scores, and
higher degree and eigenvector centrality of executive network components were
related to lower depression scores. In patients without complaints, one extra module
was found compared to patients with complaints and healthy controls, consisting of
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the cingulate areas. In conclusion, this research extends the knowledge of functional
network connectivity after mTBI. Specifically, our results suggest that an imbalance
in the function of the default mode- and executive network plays a central role in
the interaction between emotion regulation and the persistence of post-traumatic
complaints.
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Cognitive and affective complaints reported by patients with mild traumatic brain
injury (mTBI) still puzzle clinicians and scientists worldwide (Dischinger et al.
2009; Ettenhofer & Barry 2012; Ponsford et al. 2011; de Koning et al. 2016).
In the majority of patients with mTBI, these complaints are present without any
impairments objectified with neuropsychological assessment (Cassidy et al. 2014;
Carroll et al. 2004; Rohling et al. 2011) and/or abnormalities visible on computed
tomography (CT) or conventional structural magnetic resonance imaging (MRI)
scans (Bazarian et al. 2006; Hughes et al. 2004; Iverson et al. 2000; Yuh et al. 2013).
A growing number of functional MRI (fMRI) studies suggest that (persistent) posttraumatic complaints after mTBI are associated with alterations in functional brain
networks, especially with regard to the interaction between frontal/parietal networks,
such as the default mode network, executive network and salience network (Sours et
al. 2013; Harm J. van der Horn, Liemburg, Scheenen, et al. 2016; Mayer et al. 2011;
Harm J. van der Horn, Liemburg, Aleman, et al. 2016; Mayer et al. 2015). This is
not surprising, since these networks converge on prefrontal midline areas, which are
vulnerable to traumatic brain injury (McAllister 2011; Sheline et al. 2010; Seeley
et al. 2007), and because these networks and regions are important for emotion
regulation (Frank et al. 2014; Cole et al. 2014). However, much uncertainty still
exists about the exact role of functional network dynamics in the pathophysiological
mechanisms underlying sequelae of mTBI.
To gain a comprehensive understanding of the specific features of network
dysfunction that are involved in cognitive and emotional consequences of mTBI, it
might be useful to use more sophisticated measures of network function (Barbey et al.
2015). A computational method that is increasingly being used to study functional
brain networks in various neurological conditions is graph analysis, which is derived
from graph theory (De Vico Fallani et al. 2014; Rubinov & Sporns 2010; Sporns
2013; Stam 2014). The basis of graph analysis of resting-state fMRI is functional
connectivity, which is defined as the statistical correlation between blood oxygen
level dependent (BOLD) responses of separate regions (i.e. nodes (N)) throughout
the brain (De Vico Fallani et al. 2014). An N x N functional connectivity matrix
is constructed, and subsequently graph analysis is applied to this matrix in order
to gain knowledge about the connections and hierarchy of nodes as well as about
local and global architecture throughout the network. There are several advantages of
graph analysis over traditional within- and between-network functional connectivity
analysis techniques such as seed-based analysis, region of interest (ROI) analysis, and
(low order) independent component analysis (ICA) (Rubinov & Sporns 2010; Filippi
et al. 2013; van den Heuvel & Sporns 2013). First, with graph analysis it is possible
to calculate measures of global network function, such as global efficiency or average
path length. Second, graph analysis allows us to capture complex local interactions,
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because it not only provides information about the bidirectional relationship between
two nodes or components, but also about neighboring nodes, neighborhoods of a
node and subnetworks. Third, the importance (‘hub status’) of individual nodes for
the network can be determined (van den Heuvel & Sporns 2013). Thus, this analysis
technique covers a wider range of network aspects compared to traditional methods.
Until now, only a small number of studies have used graph analysis to
study functional networks in patients with mTBI (Messe et al. 2013; Spielberg et
al. 2015). Among other things, these studies have shown an association between
lower local efficiency of the prefrontal cortex and basal ganglia, and a higher severity
of post-traumatic complaints and stress. In the present study, exploratory graph
analysis was performed in a relatively large sample of patients with uncomplicated
mTBI. Especially, differences between patients with and without complaints, and
associations with anxiety and depression were examined. It was hypothesized that
local graph measures of prefrontal midline areas would be affected because of their
vulnerability to TBI and their role in network dynamics involved in cognition and
emotion regulation. High order ICA was used to define network nodes (Calhoun
et al. 2001). This data-driven method does not require any a priori hypotheses
about specific features of brain networks, and has served well in the examination
of network dysfunction in a wide variety of neurological and psychiatric diseases,
including TBI (Mayer et al. 2011; Sharp et al. 2014). Furthermore, ICA has proven
useful in defining nodes for graph analysis studies of patients with more severe TBI
(Hillary et al. 2014; Pandit et al. 2013). In the current analyses, a high order ICA
model (i.e. with a high number of components) was applied, which may be more
accurate in functional segmentation of the brain (Allen et al. 2014; Kiviniemi et al.
2009), and may result in better delineation of disease related functional connectivity
alterations than lower order ICA (Abou Elseoud et al. 2011).

Methods

Participants
This study elaborates on previously published work of our research group using the
same patient sample (Harm J. van der Horn, Liemburg, Scheenen, et al. 2016). For
information on recruitment of participants and behavioural data analyses we refer
the reader to the method section of that paper. Study approval was obtained from
the local Medical Ethics Committee of the University Medical Center Groningen,
the Netherlands, and all participants provided written informed consent after the
study and procedure had been fully explained. All study procedures were carried out
according to the declaration of Helsinki.
Fifty-four patients (18-65 years of age) with mTBI (Glasgow coma scale
13-15 and/or loss of consciousness ≤ 30 minutes (Vos et al. 2002)) were enrolled.
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Image acquisition and pre-processing
Structural (T1, T2*-gradient echo (T2*-GRE), susceptibility weighted imaging
(SWI)) and functional MRI scans were made at approximately four weeks post-injury.
Details about image acquisition parameters and fMRI pre-processing were described
previously (van der Horn et al., 2016). T2*-GRE and SWI sequences were examined
for microbleeds (1-10mm) by an experienced neuroradiologist. Microbleeds were
absent in the healthy control group. A total of 158 microbleeds (mean, range: 3,
0-37) were observed in the group of mTBI patients, with zero microbleeds in 72
% of the patients. No significant differences in number of microbleeds (U=334,
P=0.88) and percentage of patients with ≥1 microbleeds (χ2=0.08, P=0.78) were
found between the PTC-present and PTC-absent groups.
ICA
ICA was performed using the Group ICA of fMRI Toolbox (GIFT) version 3.0a
implemented in MATLAB (Calhoun et al. 2001). Similar to Allen and colleagues,
prior to ICA decomposition, voxel time series were converted to z-scores to normalize
variance across space (Allen et al. 2014). A set of 100 components was estimated.
Spatial-temporal regression was used for back-reconstruction and ICASSO was
repeated 20 times to test component stability (Himberg et al. 2004). Components
were visually characterized as either part of a neural network or as an artefact,
based on the expectation that neural networks should exhibit peak activations in
grey matter and low spatial overlap with known vascular, ventricular, motion, or
susceptibility artifacts. Moreover, power spectra were inspected for dominant lowfrequency signal. All components were evaluated by H.J.v.d.H. and E.J.L. separately,
and dissimilarities were discussed until consensus was reached.
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Patients were selected based on the number of self-reported complaints on a head
injury symptoms checklist (HISC) (de Koning et al. 2016) administered at two weeks
post-injury (pre-injury scores subtracted from post-injury scores): a group with posttraumatic complaints (PTC-present; n=34) defined as ≥3 complaints and a group
without complaints (PTC-absent; n=20) defined as <3 complaints (Matuseviciene et
al. 2013; Matuseviciene et al. 2015; McMahon et al. 2014; Wäljas et al. 2014). In
addition, a healthy control group (n=20) was included that was age-, sex, education
and handedness matched with the total mTBI group. In addition to post-traumatic
complaints, feelings of anxiety and depression were measured at two weeks using the
hospital anxiety and depression scale questionnaire (Zigmond & Snaith 1983).
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Post-processing
Prior to functional connectivity analysis, additional processing steps were applied to
the time-courses to remove variance in the data related to white matter (WM) and
cerebrospinal fluid (CSF) signal, participants’ motion and scanner drifts (Van Dijk
et al. 2010). Principal component analysis was applied to the WM and CSF signal
and components that explained 95% of the variance were filtered out. Subsequently,
linear, quadratic and cubic detrending was performed. Residual effects of motion
were corrected by regression with the 6 realignment parameters and their temporal
derivatives. Next, temporal band-pass filtering was applied to retain frequencies
between 0.008-0.08Hz (Van Dijk et al. 2010). Finally, a procedure similar to the
one Power and colleagues have used, was carried out to calculate total displacement
per scan (i.e. framewise displacement (FD)), and volumes that had a displacement
of > 0.5 mm compared to the previous scan were interpolated (Allen et al. 2014;
Power et al. 2012). FD parameters are provided in S1 Appendix. No differences in
FD parameters and number of interpolated volumes were found between subgroups.
Graph analysis
The ICA time courses were correlated using a Pearson’s correlation, and correlations
were transformed with a Fisher’s Z transformation. We investigated graph measures
across a range of thresholds (1 - 30% strongest connections in the weighted
connectivity matrix in steps of 1%). Across this range of thresholds, graph measures
were calculated using functions implemented in the Brain Connectivity Toolbox
((Rubinov & Sporns 2010), www.brain-connectivity-toolbox.net). Selection of
specific global (computed for the total network) and local (computed for individual
nodes) measures was based on previous TBI literature (Fagerholm et al. 2015;
Messe et al. 2013; Pandit et al. 2013; Yuan et al. 2015) and several comprehensive
reviews (Barbey et al. 2015; De Vico Fallani et al. 2014; Rubinov & Sporns 2010;
Sporns 2013). The following local measures were selected: degree (Ki), strength (Si),
local efficiency (Eloci), clustering coefficient (Ci), betweenness centrality (BCi) and
eigenvector centrality (ECi). Global network measures used in this study were: global
efficiency (Eglob), mean local efficiency (Eloc) and mean clustering coefficient (C). A
detailed description of these measures is provided by Rubinov and Sporns (Rubinov
& Sporns 2010). Graph measures for every subject at every threshold are provided as
Supporting Information (S1 Data).
For group comparisons, graph measures were plotted against the threshold
range and the area under the curve (AUC) was calculated. These AUC values were
compared between patients with mTBI and healthy controls, and between PTCpresent patients, PTC-absent patients and healthy controls using permutation
testing. Individuals were permuted (retaining original group sizes) and results were
recalculated. After 10,000 permutations, significant differences between groups
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Module decomposition
Modularity is the extent to which a graph can be divided into modules with a large
number of within module connections and a minimal number of between module
connections (Girvan & Newman 2002). For fMRI data, such modules have been
found to be similar to functional (large-scale) networks (Power et al. 2011). In the
current study, it was investigated whether in different groups components belonged
to different modules (i.e. large-scale networks). Furthermore, module decomposition
was used to aid in the explanation of group differences in local graph measures.
First the optimal threshold for module decomposition had to be determined.
Participants’ correlation matrices were binarized at every threshold (1-30%) and
these binarized matrices were averaged across all participants (HC and TBI together)
(Geerligs et al. 2015). Information theory was applied to compute the entropy (i.e.
the amount of distortion) over the averaged matrix for every threshold (Shannon
1948). The matrix giving the lowest entropy contains the least distortion and
therefore has the largest stability across participants. Because entropy depends on
the number of elements, a correction was applied by comparing the entropy in the
actual matrix to the entropy in randomized matrices. We created 50 randomized
matrices per participant, per threshold, preserving the number of nodes and the
degree distribution (Maslov & Sneppen 2002). These were used to construct 500
new average matrices by randomly sampling one of the 50 randomized networks
per participant. The entropy was computed and averaged for each of these average
115

Functional graphs in mTBI

were defined as the outer 0.05 range of the histogram containing these permuted
measures. For local measures, multiple comparison correction was performed by
calculating the maxima across all nodes per permutation and combining these values
in one histogram. Magnitudes of effect were estimated using common language (CL)
effect sizes (McGraw & Wong 1992). To gain more insight in the inter-individual
variability of complaints in the total patient group, Spearman’s rank correlations
were calculated between graph measures and number of complaints. To examine
the relationship between network function and emotion regulation, Spearman’s
rank correlations were computed between graph measures and anxiety/depression
scores in the total group of patients with mTBI. For local measures, false positive
correlations were controlled using the false discovery rate (FDR) procedure according
to Benjamini and Hochberg (α=0.05; m=number of nodes = 89) (Benjamini &
Hochberg 1995).
To investigate the influence of structural injury on graph measures,
comparisons were made between patients with (n=15) and without (n=39)
microbleeds on T2*-GRE and SWI. For local measures, multiple comparison
correction was performed by combining maxima across all nodes per permutation in
one histogram (α=0.05).
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random matrices. Subsequently, the optimal threshold was defined as the threshold
at which the difference between the entropy in the actual matrix and the entropy in
the randomized matrices was maximal.
As input of the partitioning algorithm, averages of the binary matrices
were computed per group. Similar to Rubinov and Sporns (Rubinov & Sporns
2011), an initial module partition was created using the algorithm by Blondel et al.
(Blondel et al. 2008), which attempts to maximize within module connections and
minimize between module connections, and this procedure was repeated 500 times.
Subsequently, all of these partitions were refined, using a modularity fine-tuning
algorithm (Sun et al. 2009). Changes that led to an increase in modularity were
retained. The fine-tuning algorithm was applied repeatedly until the modularity of
the partitioning no longer increased, and the partitioning with the highest modularity
was used for further analyses.
To compare the overall module decompositions of HC vs. PTC-present and
HC vs. PTC-absent, normalized mutual information (NMI) was used (Strehl & Ghosh
2002), varying from 0 (no mutual information) to 1 (identical node assignments).
Statistical differences in module decomposition were analyzed using permutation
testing. Participants were randomly divided in groups (retaining original group sizes)
and the optimal module decomposition and their NMI were recalculated for each
group (repetition: 1000 times). If the actual NMI between groups was smaller than
0.05 of this distribution (i.e. less than 5% of the decomposition of one group could
explain the decomposition of the other group), the difference between groups was
considered significant.
It was also tested whether specific modules statistically differed between the
PTC-present and PTC-absent group and which of them was deviant from HC. To
this end, module assignments of both patients groups were categorized using the
module decomposition of HC as a reference. Entropy was calculated for both patient
groups, with the minimum entropy value indicating that all nodes were in a similar
module as the HC’, and the maximum value indicating that they were included
in completely different modules. Entropy values of both groups were tested using
permutation testing, by randomly changing the patients groups and recalculating
the entropy. A difference in entropy of < 0.05 of the distribution was considered
significant.

Results

Participant characteristics
Fifty-four patients (36 male; mean age 37 ± 15 years) were included in this study.
There was a significantly lower percentage of female subjects in the PTC-absent
group compared to the PTC-present group (10% and 47%, respectively; χ2=7.78,
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Group comparisons of graph measures
After ICA, 89 components were identified as neural networks and included in
network analyses. Permutation testing did not show differences between HC and
the total group of patients with mTBI for any of the calculated graph measures.
Regarding patient subgroups, PTC-present patients had higher values compared to
PTC-absent patients on the following local graph measures: degree of the bilateral
posterior cingulate cortex (PCC)/precuneus (P<0.0009; CL=0.76) and the bilateral
parahippocampal gyrus (PHG) (P<0.0006; CL=0.78), strength of the bilateral PCC/
precuneus (P<0.0009; CL=0.77) and bilateral PHG (P<0.0009; CL=0.78), local
efficiency of the bilateral PCC/precuneus (P<0.0004; CL=0.77) and bilateral PHG
(P<0.0004; CL=0.76), and eigenvector centrality of the bilateral PCC/precuneus
(P<0.0001; CL=0.82), bilateral PHG (P<0.0003; CL=0.8) and right peri-central
gyri (PCG) (P <0.0001; CL=0.81) (Fig 1). In contrast, PTC-present patients had
lower eigenvector centrality of the frontal pole (FP)/bilateral middle & sup frontal
gyrus (MSFG) (P <0.0003; CL=0.21) compared to the PTC-absent group. For
global efficiency, mean local efficiency and mean clustering coefficient, no significant
differences were found between patient subgroups.
No significant differences in graph measures were found between patients
with and without microbleeds on T2*-GRE and SWI.
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P=0.005). No statistical differences regarding injury severity (Glasgow Coma Scale
score and number of patients with post-traumatic amnesia) and injury mechanism
(number of patients with mTBI due to traffic-, falls-, sports-, assault-related or
other mechanisms) were found between patient subgroups. The PTC-present group
reported on average 10 (range: 5-16) complaints, with a mean severity of 13 (range:
5-25). Ninety per cent of the PTC-absent group reported zero complaints. PTCpresent patients had higher anxiety (median (interquartile range): 4 (3-7) vs. 2 (04.75)), respectively; U=160, P=0.004) and depression (5 (3-7) vs. 0 (0-1); U=70,
P<0.001) scores than PTC-absent patients.
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Figure 1: Components that were significantly different between subgroups. A) The bilateral
posterior cingulate (PCC)/precuneus is depicted in red; bilateral parahippocampal gyrus (PHG) in
green; frontal pole/bilateral middle & sup frontal gyrus (FP/MSFG) in blue and right peri-central
gyri (rPCG) in purple; B) Average AUC values for degree (Ki), strength (Si), local efficiency (Eloci)
and eigenvector centrality (ECi) for patients with (PTC-present) and without (PTC-absent)
complaints and healthy controls (HC). Asterisks indicate significance p<0.05 after correction for
multiple comparisons.

Graph measures related to the number of complaints
Table 1 lists graph measures of the components that were significantly correlated
with number of complaints in the patient group. Regarding the components that
were different between PTC-present and PTC-absent patients, graph measures of
the bilateral PCC/precuneus and PHG were positively correlated with number of
complaints, while graph measures of FP/MSFG were negatively related to number
of complaints.
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Table 1: Spearman’s rank correlations between graph measures and number of complaints in the
patient group (significant at FDR < 0.05).
component

Ki

Bilateral PCC/precuneus

Si

0.43

ECi
0.52

(peak MNI: x=-27, y=-45, z=24)
Bilateral parahippocampal gyrus

0.51

0.50

0.51

(peak MNI: x=-24, y=-42, z=-6)
Left inf/sup parietal lobe

-0.41

-0.40

-0.43

-0.44

(peak MNI: x=-39, y=-39, z=42)
Right inf/sup parietal lobe
(peak MNI: x=45, y=-36, z=42)
Right peri-central gyri

0.46

Frontal pole/ bilateral middle & sup frontal gyrus

-0.41

-0.43

(peak MNI: x=27, y=36, z=30)
ACC/middle & sup frontal gyrus

0.43

(peak MNI: x=6, y=33, z=18)
Middle/posterior cingulate gyrus

-0.38

(peak MNI: x=0, y=-3, z=36)
Bilateral frontal operculum/insula

0.42

(peak MNI: -24 -3 18)
Right middle frontal/precentral gyrus

-0.39

(peak MNI: x=27, y=-6, z=39)

Abbreviations: ACC=anterior cingulate cortex; ECi=node eigenvector centrality; FDR=false
discovery rate; inf=inferior; Ki=node degree; MNI=Montreal Neurological Institute;
PCC=posterior cingulate cortex; PTC=posttraumatic complaints; Si=node strength; sup=superior.

Graph measures related to anxiety and depression
Table 2 lists graph measures of the components that were significantly correlated with
depression scores in the total group of patients with mTBI. Whereas graph measures
of posterior midline areas were positively correlated with depression scores, graph
measures of lateral frontoparietal areas were negatively correlated with depression
scores. No significant correlations were observed between local graph measures and
anxiety scores. Global network measures showed no significant correlations with
either anxiety or depression scores.
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(peak MNI: x=27, y=-18, z=36)
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Table 2: Spearman’s rank correlations between graph measures and depression scores in the patient
group (significant at FDR < 0.05).
component

Ki

Bilateral PCC/precuneus

Si

0.40

ECi
0.47

(peak MNI: x=-27, y=-45, z=24)
Bilateral parahippocampal gyrus

0.49

0.47

0.46

(peak MNI: x=-24, y=-42, z=-6)
Left inf/sup parietal lobe

-0.45

-0.49

-0.54

-0.53

(peak MNI: x=-39, y=-39, z=42)
Right inf/sup parietal lobe
(peak MNI: x=45, y=-36, z=42)
Bilateral inf/sup parietal lobe

-0.43

(peak MNI: x=-21, y=-30, z=45)
Frontal pole/bilateral middle & sup frontal gyrus

-0.44

-0.47

(peak MNI: x=27, y=36, z=30)
Bilateral middle frontal gyrus

-0.48

(peak MNI: x=-27, y=63, z=24)
Bilateral lingual gyrus

-0.44

(peak MNI: x=12, y=-90, z=-6)
Bilateral calcarine sulcus

0.41

(peak MNI: x=-18, y=-66, z=6)

Abbreviations: ECi=node eigenvector centrality; FDR=false discovery rate; inf=inferior; Ki=node
degree; MNI=Montreal Neurological Institute; PCC=posterior cingulate cortex; Si=node strength;
sup=superior.

Module decomposition
The optimal threshold for connections to retain in the correlation matrix was 1.85%.
Results of module decomposition are shown in Fig 2. Several differences between
groups can be noticed. Most strikingly, while the HC and PTC-present groups both
had six modules, estimation resulted in seven modules for the PTC-absent group. In
this group, there appeared to be a separate module consisting mainly of the cingulate
areas. In the HC and PTC-absent group, most of these areas were incorporated in
the default mode module(s). Despite visual dissimilarities and the fact that PTCabsent patients had an extra module, there were no statistically significant group
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differences in module decomposition.

Figure 2: Module decomposition per subgroup. Overlays were constructed per subgroup using
one-sample t-tests in SPM12, and T-thresholds were adjusted separately for every overlay to ensure
optimal display.

To aid in the interpretation of our graph results, we assessed which modules
contained the components that showed significant correlations with post-traumatic
complaints and/or depression scores. Module assignment for these components is
listed per subgroup in Table 3. Noticeably, in the PTC-present and HC groups,
the bilateral PCC/precuneus and PHG components were both assigned to the
default mode module, while in the PTC-absent group the bilateral PCC/precuneus
and PHG were assigned to the cingulate and limbic module, respectively. The FP/
bilateral MSFG was included in the frontoparietal, salience and cingulate module for
the PTC-present, HC and PTC-absent group, respectively.
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Table 3: Module assignment for each component that was significantly related to posttraumatic
complaints and/or depression scores.
Component

PTC-present

PTC-absent

HC

Bilateral PCC/precuneus

Default mode

Cingulate

Default mode

Bilateral parahippocampal gyrus

Default mode

Limbic

Default mode

Left inf/sup parietal lobe

Frontoparietal

Frontoparietal

Frontoparietal

Right inf/sup parietal lobe

Frontoparietal

Frontoparietal

Frontoparietal

Bilateral inf/sup parietal lobe

Frontoparietal

Cingulate

Frontal/cerebellar

Right peri-central gyri

Default mode

Cingulate

Default mode

Frontal pole/bilateral middle & sup frontal
gyrus

Frontoparietal

Cingulate

Salience

ACC/ bilateral middle & sup frontal gyrus

Default mode

Cingulate

Default mode

Middle/posterior cingulate gyrus

Frontoparietal

Frontoparietal

Salience

Bilateral frontal operculum/insula

Default mode

Cingulate

Default mode

Right middle frontal/precentral gyrus

Frontoparietal

Frontoparietal

Frontal/cerebellar

Bilateral middle frontal gyrus

Frontoparietal

Frontoparietal

Frontal/cerebellar

Bilateral lingual gyrus

Motor/visual/
cerebellar

Visual/cerebellar

Motor/visual

Bilateral calcarine sulcus

Default mode

Limbic

Motor/visual

Abbreviations: ACC=anterior cingulate cortex; HC=healthy controls; inf=inferior; PTC=posttraumatic complaints; PCC=posterior cingulate cortex; sup=superior.
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In this study, graph analysis of functional brain networks was performed in patients
with uncomplicated mTBI in the subacute phase after injury, aimed to improve
our understanding of the presence of post-traumatic complaints related to anxiety
and depression after mTBI. A large patient sample was included, which provided
us with sufficient power to detect possible group differences. None of the network
measures differed between patients with mTBI and healthy controls, but in patient
subgroups various differences were found in local network measures of prefrontal
and parietal midline and parahippocampal areas. In patients with mTBI, associations
were found between local network measures and depression scores, but not between
any of the network measures and anxiety. Module decomposition was similar for
all study groups, although patients without complaints showed one extra module
compared to patients with complaints and healthy controls, which was composed of
the cingulate areas.
Global network measures did not differ between patients with and without
complaints, which may be consistent with the fact that cognitive functioning is
unimpaired in most of the cases of mTBI (Rohling et al. 2011; Cassidy et al. 2014;
Carroll et al. 2004). Regarding local measures, however, higher values of degree,
strength, local efficiency and eigenvector centrality of the bilateral PCC/precuneus
and bilateral PHG were found in patients with complaints compared to patients
without complaints. Within the group of patients with mTBI, higher degree,
strength and eigenvector centrality of these components were also associated with a
higher number of complaints. In partial agreement with our results, a study by Messe
et al. demonstrated higher graph measures of the left PHG in mTBI patients with
complaints in the subacute phase compared to healthy controls (Messe et al. 2013).
Furthermore, studies using non-graph analyses have reported higher functional
connectivity within the posterior midline and parahippocampal areas in patients
with chronic mild to severe TBI compared to healthy controls (Rigon & Duff MC,
McAuley E, Kramer A 2015; Sharp et al. 2011).
Over the past few years, evidence has accumulated that network dynamics
play a crucial role in the development of post-traumatic complaints after mTBI (Sours
et al. 2013; Mayer et al. 2011; Harm J. van der Horn, Liemburg, Scheenen, et al.
2016). Network dynamics strongly rely on hub nodes, and these nodes can be affected
by TBI, especially moderate-to-severe TBI (Sharp et al. 2014). The PCC/precuneus
and PHG are regarded as hub nodes in the human brain (Cavanna & Trimble 2006;
Leech & Sharp 2014; Ward et al. 2014). They are key areas of the DMN, but are also
incorporated in executive networks during externally focused cognition (Cavanna
& Trimble 2006; Leech et al. 2011; Leech & Sharp 2014; Utevsky et al. 2014).
The PHG can be considered part of the medial temporal lobe subsystem of the
DMN that is involved in autobiographical memory (Buckner et al. 2008; Ward et al.
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2014). We have shown that in patients with complaints the bilateral PCC/precuneus
and PHG were both included in the (posterior) default mode module. In patients
without complaints, however, the bilateral PCC/precuneus was incorporated in
the cingulate module and the bilateral PHG was included in the limbic module. It
could be hypothesized that stronger connectivity of the PCC and PHG within the
DMN in patients with complaints is associated with ongoing negative self-referential
mental processes, such as worrying about subjective cognitive problems, mood
problems, negative illness beliefs or expectations about future situations (Mulders et
al. 2015; Harm J. van der Horn, Liemburg, Aleman, et al. 2016). Furthermore, our
findings might be related to post-traumatic stress, because post-traumatic complaints
strongly overlap with symptoms of the hyperarousal dimension of post-traumatic
stress disorder (Lagarde et al. 2014). In veterans with mTBI, associations were
found between re-experiencing symptoms and weaker functional connectivity of a
functional network including basal ganglia, prefrontal cortex, insula and posterior
cingulate cortex (Spielberg et al. 2015). It could be possible that because of stronger
connectivity within the limbic and cingulate modules and weaker connectivity within
the default mode module, patients without complaints may be more resilient to stress
and less prone to developing complaints. As the default mode network, executive
network and salience network converge within the midline (cingulate areas), it could
also be postulated that the extra cingulate module in patients without complaints is
associated with more balanced switching between internally and externally focused
mental processes leading to more optimal cognitive and emotional processing and
stress regulation compared to patients with complaints (Frank et al. 2014; Cole et al.
2014; Leech & Sharp 2014; Sheline et al. 2010; Menon & Uddin 2010). Since this
cannot be directly deduced from our data, future studies are required to confirm our
theories.
Eigenvector centrality of the FP/bilateral MSFG was lower in patients with
complaints compared to those without complaints, which is in contrast to the posterior
regions. To put it differently, nodes neighboring the FP/ bilateral MSFG were less
likely to be hubs in these patients, indicating weaker connections throughout the
prefrontal cortex. These findings complement previous non-graph studies on mTBI
that have shown that lower functional connectivity of prefrontal areas was associated
with a higher number of complaints and higher anxiety and depression scores (Messe
et al. 2013; Stevens et al. 2012; Zhou et al. 2012). The prefrontal cortex acts as a relay
station in the interaction between networks involved in cognitive and emotional
functioning (Menon & Uddin 2010; Seeley et al. 2007; Sheline et al. 2010; Harm
J. van der Horn, Liemburg, Aleman, et al. 2016). Therefore, our results may point
towards an association between post-traumatic complaints and disturbances in
network dynamics that may (partly) arise from prefrontal dysfunction.
Regarding the presence or absence of post-traumatic complaints, it has to be
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noted that based on the literature a relatively low percentage of patients with mTBI
report to have no complaints at all after (civilian) mTBI (McMahon et al. 2014;
Wäljas et al. 2014). Moreover, even healthy controls have been found to report on
average more than one complaint (Wäljas et al. 2014). To our knowledge, the group
of patients without any complaints has not received much attention so far, especially
in functional neuroimaging studies, but is very interesting with regard to studying
mechanisms that are related to successful recovery. It is therefore a unique feature of
our study that we succeeded in including a relatively large group of patients without
complaints, in addition to a group with complaints.
Interestingly, graph measures of posterior components that are associated
with the DMN were positively correlated with depression scores, while measures of
frontal and parietal components that are generally associated with executive networks
were negatively correlated with depression scores in the total group of patients
with mTBI. In concordance with our results, increased functional connectivity
of the default mode network has been consistently observed in major depressive
disorder (Whitfield-Gabrieli & Ford 2012; Mulders et al. 2015). Furthermore, the
executive networks are thought to form a key regulatory system for promoting and
maintaining mental health (Cole et al. 2014). Prefrontal areas, such as the middle
and superior frontal gyrus and the anterior cingulate cortex, are crucial areas in this
process, because of their role in emotion regulation (Frank et al. 2014). Our current
findings extend on our previous work on the same patient sample that demonstrated
that prefrontal brain networks are important for emotion regulation after mTBI
(Harm J. van der Horn, Liemburg, Scheenen, et al. 2016). It has to be realized
that causal inference based on our observed correlations is not possible, since higher
values of graph measures might lead to lower depression scores, but the reverse is also
plausible. Nevertheless, our findings suggest that intervention therapies targeted at
executive functioning and attention may also improve emotion regulation in patients
with mTBI (Quoidbach et al. 2015; Sheppes et al. 2015).
Previous research has shown lower local and global graph measures of
functional networks in patients with mild-to-severe TBI compared to healthy
controls, and these measures were associated with traumatic axonal injury (Pandit et
al. 2013). In our study, we found no differences in graph measures between patients
and healthy controls, although we investigated a patient group at the milder end of
the TBI spectrum. Furthermore, it might seem counterintuitive that patients with
complaints did not differ from healthy controls, because these patients are clinically
most affected. These findings cast doubts on the causative role of mTBI itself in
functional network connectivity differences between patients with and without
complaints. These doubts are strengthened by the fact that graph measures were
similar for patients with and without microhemorrhagic lesions. Interestingly, recent
research demonstrated that high pre-injury somatization scores predicted longer
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symptom duration after sports-related concussion (Nelson et al. 2016). Furthermore,
variations in graph measures have been associated with personality characteristics,
such as neuroticism, in healthy subjects (Servaas et al. 2015). Therefore, it is tempting
to hypothesize that also graph analysis findings in mTBI are not injury-related, but
associated with pre-injury personality characteristics that predispose to developing
complaints after a stressful event, such as a mTBI (Broshek et al. 2015; Harm J. van
der Horn, Liemburg, Aleman, et al. 2016).
In the current study, a high order ICA model was combined with graph
analysis (Abou Elseoud et al. 2011; Allen et al. 2014; Hillary et al. 2014) aimed at
discerning subtle changes in large-scale network function that possibly remained
hidden in previous analyses (Harm J. van der Horn, Liemburg, Scheenen, et al.
2016). Group ICA was used to define network nodes because this data-driven
method has been shown to adequately capture inter-individual differences, and
may result in more accurate functional components for the dataset that is being
investigated (Hillary et al. 2014; E. Allen et al. 2011). However, the ‘best’ method
for node definition is unknown, and various other effective parcellation methods
are available (De Vico Fallani et al. 2014; Hillary et al. 2014; Power et al. 2011;
Stanley et al. 2013). Although volume of between-group differences has shown to be
optimal at a model order of 70 to 100, high order models have their disadvantages
as the exact number of selected components is rather arbitrary, and power is possibly
reduced considering the large number of tests that are performed and have to be
statistically corrected, especially regarding local measures (Abou Elseoud et al. 2011).
The selection of graph measures of the current fMRI study was based on graph
measures that were used in previous TBI studies (Messe et al. 2013; Yuan et al. 2015;
Fagerholm et al. 2015; Pandit et al. 2013), and aimed to obtain an impression of
network Integration, Segregation and Influence (Sporns 2013). However, it is still
largely unclear which measures are most informative for investigating (m)TBI. Based
on the results of our study, it may be worthwhile to use eigenvector centrality in
future research on mTBI. Lastly, computing modules for different study subgroups
provided an interesting perspective on large-scale network function after mTBI. Still,
caution is warranted in interpreting our module decomposition results, because no
statistical group differences were found.
A limitation of our study is the lack of data about complaints, anxiety and
depression in the healthy control group, because complaints are to some extent also
reported by healthy controls (Wäljas et al. 2014). However, in the patient groups
we corrected for pre-injury levels of functioning by subtracting their pre-injury
complaint scores from post-injury scores (i.e. scores reflect complaints that developed
post-injury). Furthermore, there was an interval of 1-2 weeks between filling out the
two weeks questionnaire and the appointment for an MRI scan. Therefore, it is
possible that at time of scanning, patients would have reported fewer complaints.
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However, considering the short interval and the high average number and severity
of complaints at two weeks, we deem it unlikely that complaints would be greatly
decreased at time of scanning. Lastly, we did not administer neuropsychological
tests at time of scanning. However, it is known from previous studies that cognitive
deficits are often absent in the subacute phase after mTBI (Rohling et al. 2011;
Carroll et al. 2004; Cassidy et al. 2014).
In this study, a novel approach, consisting of high order ICA followed by graph
analysis, was used to investigate functional brain networks in relation to complaints,
anxiety and depression after mTBI. Interestingly, all network measures were similar
for patients with mTBI and healthy controls, which might suggest that the influence
of the injury itself in network function after mTBI is not that strong. Regarding
patient subgroups, higher local graph measures were found in patients with
complaints compared to patients without complaints, especially in default mode
network related areas in the proximity of the posterior midline. In addition, higher
values of these components were related to mood disturbances in patients with mTBI,
while the opposite was true for components of the executive networks. It could be
hypothesized that targeting mood problems after mTBI, with therapies focused
on executive functioning, may lead to a reduction of complaints. More studies are
required to further elucidate the complex alterations in functional networks after
mTBI, with an emphasis on personality characteristics and emotion regulation.
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Abstract

The aims of this study were: (1) to investigate longitudinal functional connectivity of
resting-state networks in patients with and without complaints after uncomplicated
mild traumatic brain injury (mTBI), and (2) to determine the value of network
connectivity in predicting persistent complaints, anxiety, depression and long-term
outcome. Thirty mTBI patients with (≥ 3) post-traumatic complaints at two weeks
post-injury, 19 without complaints, and 20 matched healthy controls were selected
for this study. Resting-state fMRI was performed in patients at one month and three
months post-injury, and once in healthy controls. Independent component analysis
(ICA) was used to investigate the default mode, executive and salience networks.
Persistent post-traumatic complaints, anxiety and depression were measured at three
months post-injury and outcome was determined at one year post-injury. Within
the group with complaints, higher functional connectivity between the anterior
and posterior components of the default mode network at one month post-injury
was associated with a higher number of complaints at three months post-injury
(ρ=0.59, p=0.001). Minor longitudinal changes in functional connectivity were
found for patients with and without complaints after mTBI, which were limited
to connectivity within components of the default mode network. Furthermore, a
minor difference in longitudinal connectivity within one of the components of the
default mode network was found between patients with and without complaints. No
significant results were found for the executive and salience network. In conclusion,
current results suggest that the default mode network may serve as a biomarker of
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persistent complaints in patients with uncomplicated mTBI.
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The vast majority of the traumatic brain injury (TBI) population comprises patients
at the milder end of the injury severity spectrum (Roozenbeek et al. 2013; Cassidy et
al. 2014). Patients with a mild TBI (mTBI) often report post-traumatic complaints in
the acute phase post-injury (Cassidy et al. 2014). These acute complaints evolve into
persistent complaints in a quarter of the patients, with complaints in the cognitive
and affective domain being most persistent (Dischinger et al. 2009; Lundin et al.
2006; Ettenhofer & Barry 2012; Ponsford et al. 2011; de Koning et al. 2016; Cassidy
et al. 2014). Despite these lasting complaints, neuropsychological performance has
usually returned to normal levels one to three months after injury (Carroll et al.
2014; Rohling et al. 2011; Dikmen et al. 2016), and routine magnetic resonance
imaging (MRI) scans often shows no intra- or extra-axial pathology (Hofman et al.
2001; Hughes et al. 2004; Yuh et al. 2013).
There is abundant evidence that (pre-injury) psychological factors have a
strong influence on whether or not (sub-)acute complaints convert into chronic
complaints. An important factor is coping, which is one’s capacity to adapt to
psychological stressors. In general, an active coping style, including positive
thinking, is considered beneficial, whereas passive coping with worrying is viewed
as maladaptive (Anson & Ponsford 2006; Linley 2012). A key aspect of coping is
the ability to regulate negative emotions. The importance of emotion regulation
is underlined by the close relationship between post-traumatic complaints, anxiety
and depression after mTBI (van der Horn et al. 2013; Stulemeijer et al. 2007; Hou
et al. 2012). Negative illness perception (e.g. the belief that symptoms will have
long-lasting negative consequences) further contributes to the persistence of posttraumatic complaints (Whittaker et al. 2007; Hou et al. 2012). It seems likely that
the interaction between maladaptive coping and negative illness perception increases
attention to perceived symptoms and causes anxiety and depression in patients
with mTBI, resulting in long-lasting complaints and disability. This process may be
prevented by timely psychological interventions aimed at enhancing coping skills
and reducing unrealistic illness perception and expectations (Quoidbach et al. 2015;
Sheppes et al. 2015; Beutler et al. 2011; Bell et al. 2008; Silverberg et al. 2013).
In order to understand the neural substrate underlying the persistence of
complaints after mTBI, more knowledge is needed regarding longitudinal changes
in functional networks after mTBI (McDonald et al. 2012; Mayer et al. 2011; Harm
J. van der Horn, Liemburg, Aleman, et al. 2016). Several longitudinal functional
MRI (fMRI) studies have been conducted on functional networks in mTBI (Messe
et al. 2013; Sours et al. 2014; Zhu et al. 2015; Meier et al. 2016; Sours et al. 2015).
These studies have shown increases as well as longitudinal decreases in functional
connectivity of brain networks in patients with mTBI, that are thought to reflect
delayed injury effects or compensatory mechanisms. In particular, disruptions in
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functional connectivity have been found within and between the Default Mode
Network (DMN), Executive Networks (EN) and Salience Network (SN), which
appear to be related to the presence and scores of post-traumatic complaints, anxiety
and depression (Mayer et al. 2011; Sours et al. 2013; Sours et al. 2014; Sours et
al. 2015; Zhou et al. 2012). Whereas the DMN is primarily involved in internally
focused mental processes, such as mind wandering, the EN are mainly switched on
during externally directed mental processes, for instance when performing a cognitive
task (Menon & Uddin 2010). The SN facilitates shifting between these networks
and associated mental states (Seeley et al. 2007). Thus, network findings in mTBI so
far indicate that disturbances of internally and externally directed mental processes
could be underlying maladaptive behavior leading to persistent post-traumatic
complaints and mood disturbances (Harm J. van der Horn, Liemburg, Aleman, et al.
2016). Further investigation into this matter is important for developing biomarkers
that can be used for better identification of patients who are prone to suffer from
persistent complaints, to monitor and improve psychological interventions, and to
develop tailored treatment programs for patients with mTBI.
We conducted a longitudinal resting-state fMRI study in patients with and
without post-traumatic complaints in the subacute phase after uncomplicated mTBI.
We used independent component analysis (ICA) to examine longitudinal changes in
functional connectivity within and between components of the DMN, EN and SN,
and tested for group differences in connectivity between patients with and without
complaints. An additional research goal was to assess whether functional network
connectivity at one month post-injury was associated with persistent complaints and
emotional distress at three months post-injury and outcome at one year post-injury.

Materials and methods

Study participants
This fMRI study was part of a multi-center cohort study (UPFRONT-study) on
outcome after mTBI conducted between January 2013 and January 2016 in three
level 1 trauma centers in the Netherlands (University Medical Center Groningen,
St. Elisabeth Hospital Tilburg and the Medical Spectrum Twente). The definition
of mTBI was based on the American Congress of Rehabilitation Medicine criteria:
admission Glasgow Coma Score of 13-15, loss of consciousness ≤ 30 minutes and
post-traumatic amnesia ≤ 24 hours (Kayd et al. 1993). Patients with mTBI were
included if aged >18 years. The following exclusion criteria were applied: neurological
or psychiatric co-morbidity, admission for prior TBI, drug or alcohol abuse and
mental retardation.
Patients who suffered from post-traumatic complaints at two weeks postinjury (PTC-present) were asked to participate in a randomized controlled trial on the
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Clinical measures
Self-reported complaints were measured with a 19 item Head Injury Symptoms
Checklist (HISC) administered two weeks and three months post-injury (van der
Naalt et al. 1999; de Koning et al. 2016). Patients had to rate presence of current
and pre-injury complaints on a 3-point Likert scale ranging from 0 to 2 (0 = never,
1 = sometimes, 2 = often). Total number of complaints and severity of complaints
(summation of all [current - pre-injury] scores) were calculated. Having posttraumatic complaints was defined as reporting ≥3 or more complaints (regardless of
severity) at two weeks post-injury, with at least one complaint within the cognitive
(including forgetfulness, poor concentration, slowness, fatigue and increased need
for sleep) and/or affective domain (including irritability, reduced tolerance for noise
and anxiety). Having no complaints was defined as reporting <3 complaints.
Feelings of anxiety and depression were measured at two weeks and three
months post-injury using the Hospital Anxiety and Depression Scale (HADS)
consisting of seven anxiety (HADS-A) and seven depression (HADS-D) related
items (each item with a 4-point Likert scale ranging from 0 to 3) (Zigmond & Snaith
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effects of an early psychological intervention on recovery after mTBI (trial number:
ISRCTN86191894) (Scheenen et al. 2017). The following inclusion criteria were
used: age 18-65, no lesions on admission head computed tomography (CT) scans
and having paid work or studying at time of injury. Patients were randomized for
either cognitive behavioral therapy (CBT) or telephonic counseling (TC). Patients
included in this trial were also asked to partake in the fMRI study. Contraindications
for MRI (implanted ferromagnetic devices or objects, pregnancy or claustrophobia)
were used as additional exclusion criteria. For the current study, only the fMRI data
were used; the results of the total intervention study are subject of another paper
(Scheenen et al., manuscript under revision). To control for a possible influence of
treatment condition on our longitudinal fMRI results in the PTC-present group, we
made additional comparisons between the CBT and TC groups.
In addition to PTC-present patients, a group of patients without posttraumatic complaints at two weeks post-injury (PTC-absent) was recruited for
this fMRI study (age 18-65 years, no lesions on CT). Lastly, a group of 20 healthy
controls (HC) was recruited, which was matched to the total mTBI group with
respect to age, sex, education level and handedness. This group consisted of 70%
male and 85% right handed subjects, with a median age of 30 (range: 18-61) and
a median education level of 6 (range: 2-7) according to the Verhage classification
system (Verhage 1964).
The study was approved by the local Medical Ethics Committee of the
UMCG; written informed consent was obtained from all participants. All procedures
were carried out according to the declaration of Helsinki.
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1983). Sum scores of HADS-A and HADS-D scores were used for analyses.
Outcome was determined at 12 months post-injury using the Glasgow
Outcome Scale Extended (Wilson et al. 1998). This structured interview measures
outcome on an eight-point scale: 8 = good recovery, 7 = suboptimal recovery, 6 =
upper moderate disability, 5 = lower moderate disability, 4 = upper severe disability,
3 = lower severe disability, 2 = vegetative state and 1 = death. Outcome scores were
dichotomized into: favorable (GOSE-score = 8) and unfavorable (GOSE < 8)
outcome.
Behavioral data analyses
The Statistical Product and Service Solutions (SPSS; version 22, Released 2013, IBM
Corp., Armonk, NY) was used for data analyses. Normality of data was assessed using
Shapiro-Wilk tests. Testing for group differences was done with one-way analysis of
variance (ANOVA) for normally distributed continuous variables and Kruskal-Wallis
and Mann-Whitney U tests for non-normally distributed continuous variables. For
nominal and ordinal variables, Pearson’s chi-square tests were used.
MRI acquisition
Patients underwent scanning at four weeks (first visit) and three months (followup visit) post-injury. For PTC-present patients, scans were made before and after
completion of either the CBT or TC sessions. The interval between scans for PTCabsent patients was matched to that of the PTC-present group. Healthy controls
underwent scanning once.
A 3.0 T Philips Intera MRI scanner (Phillips Medical Systems, Best, The
Netherlands) equipped with a 32-channel SENSE head coil was used for image
acquisition. A high resolution transversal T1-weighted sequence image was made
for anatomical reference (TR 9 ms; TE 3.5ms; flip angle 8°; FOV 256x232x170
mm; reconstructed voxel size 1x1x1 mm). For resting-state imaging, three-hundred
T2*-weighted echo planar imaging volumes were acquired with slices aligned in
the anterior commissure (AC)-posterior commissure (PC) plane and recorded in
descending order (TR 2000 ms; TE 20 ms; FOV 224x224x136.5 mm; reconstructed
voxel size 3.5x3.5x3.5 mm). Participants were instructed to close their eyes and to
stay awake.
The following sequences were used to examine the presence of
microhemorrhages: coronal T2-gradient echo (TR 875 ms; TE 16 ms; FOV
230x183x199 mm; reconstructed voxel size 0.45x0.45x4 mm) and transversal
susceptibility weighted imaging (TR 35ms; TE 15 ms; FOV 230x183x150 mm;
reconstructed voxel size 0.45x0.45x1 mm). These scans were assessed for traumatic
lesions by an experienced neuroradiologist. Twelve patients (24.5%) had one or
more microhemorrhages. There was no difference in number of microhemorrhagic
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FMRI preprocessing
Statistical Parametric Mapping (SPM12 Wellcome Department, University College
London, London, England) implemented in Matlab (version R2014a; MathWorks,
Natick, MA, USA) was used for preprocessing, which consisted of slice timing
correction, image realignment to the first functional image, co-registration of
functional images with individual participants’ T1-weighted images, normalization
using diffeomorphic nonlinear registration tool (DARTEL) (isotropic voxels of
3x3x3 mm) to the MNI template and smoothing (8 mm full-width at half maximum
(FWHM) Gaussian kernel).
Independent component analysis
Group ICA of fMRI Toolbox (GIFT) version 4.0a, implemented in Matlab, was
used for spatial ICA (Calhoun et al. 2001). The mean number of independent
components was estimated using Minimum Description Length (MDL) and
Akaike’s Information Criterion (Li et al. 2007). Following subject-specific PCA (1st
step: 44 components, 2nd step: 29 components), group ICA was performed with 29
estimated components and ICASSO was repeated 20 times to establish stability of
component decomposition (Himberg et al. 2004). Back-reconstruction was done
using spatial temporal regression and results were scaled to the original data (i.e. %
signal change). Identification of neural components was done by H.J.v.d.H. and
E.J.L. independently, using previously published literature and spatial regression of
network templates provided with GIFT. Differences were discussed until consensus
was reached. Components corresponding with the DMN, EN and SN were selected
for further analyses.
Within-component functional connectivity
Within-component functional connectivity (FC) was analyzed using the Statistical
nonParametric Mapping (SnPM13) toolbox (Nichols & Holmes 2001; Eklund et
al. 2016) in SPM12. A between-group ANOVA was used to test for FC differences
between HC, PTC-present and PTC-absent groups during visit one and two.
Longitudinal effects were examined for the PTC-present and PTC-absent groups
using the paired t-test function. Differences in longitudinal effects were tested
between the PTC-present and PTC-absent, and between the CBT and TC groups.
To this end, spatial maps from scans obtained during the initial visit were subtracted
from those obtained during the second visit using the imCalc function in SPM12.
Subsequently, the resulting images (reflecting the slope of within-component FC)
were entered into a two sample t-test. All analyses in SnPM were conducted using
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lesions between PTC-present (median = 0, range: 0 - 37) and PTC-absent (median
= 0, range: 0 - 26) patients (U = 284, p = 0.967). None of the HC had lesions.
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10,000 random permutations, and results were deemed significant when surviving
voxel-level family wise error (FWE) correction at α = 0.05. To facilitate future metaanalyses, unthresholded SnPM output files are available upon request.
Between-component functional connectivity
Between-component FC was computed using the MANCOVAN toolbox in GIFT
(E. A. Allen et al. 2011). Prior to calculation of FC, component time-courses were
detrended and despiked using 3dDespike (AFNI 1995), and filtered using a fifthorder Butterworth low-pass filter (<0.15 Hz). Functional connectivity values were
extracted from the mancovan_results_fnc.mat output and further analyzed using
in-house developed permutation scrips in Matlab. First, network connectivity during
visit one and two was tested between HC, PTC-present and PTC-absent groups.
Second, longitudinal FC effects were examined for the PTC-present and PTCabsent groups using tests for paired samples. Third, to investigate group differences
in longitudinal effects of between-component FC, slopes of FC (i.e. FC at follow-up
visit minus FC at first visit) were tested between the PTC-present and PTC-absent
groups, and between CBT and TC groups. All permutation tests were conducted
using 10,000 random permutations. Alpha was set at 0.05 and type I errors were
controlled using the Simple Interactive Statistical Analysis (SISA) Bonferroni
approach, similar to (Li et al. 2014). Contrary to traditional Bonferroni (α/number
of tests or dependent variables), this method accounts for the covariance between
dependent variables (i.e. component pairs), which was defined as the mean of
absolute values in one triangular part of the component pair matrix. Effect sizes were
calculated in Matlab using the common language effect size statistic (CL) (McGraw
& Wong 1992). Tables containing uncorrected results were added as Supplementary
Material.
Functional connectivity related to clinical measures
For PTC-present patients, associations between within-component FC during the
first visit and complaint (number and severity), HADS-A and HADS-D scores at
three months post-injury were examined using simple regression in SnPM. Also
within the PTC-present group, differences in within-component FC during first visit
between patients with a favorable and unfavorable outcome (based on GOSE) at 12
months post-injury were assessed using a two sample t-test in SnPM. Unthresholded
SnPM output files are available upon request.
Regarding between-component FC, Spearman’s rank correlations were
calculated between FC values during visit one and complaint, HADS-A and
HADS-D scores at three months post-injury using Matlab (α=0.05 with SISA
Bonferroni adjustments). Confidence intervals (CI) were calculated using Fisher’s
z-transformation (95% CI=tanh (arctanh(r)± 1.96
n-3 ) (Fisher 1915). Differences in
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between-component FC during the first visit between patients with a favorable and
unfavorable outcome were examined using permutation tests in Matlab. Uncorrected
results were added as Supplementary Material.
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Results

Patient characteristics
Figure 1 shows the patient inclusion flowchart. Of the 91 PTC-present patients
enrolled in the total intervention study, 30 were included for fMRI (30% of the
total CBT-group and 36% of the total TC-group). Twenty PTC-absent patients were
included, of whom one did not return for follow-up scanning. Patient characteristics
are listed in Table 1.

Figure 1: Patient inclusion flowchart.
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a
Education level was based on a Dutch classification system (Verhage 1964), ranging from 1 to 7 (highest).
Abbreviations: CBT = cognitive behavioral therapy; Diff. = difference; TC = telephone counseling; GCS = Glasgow Coma Scale; MRI = magnetic
resonance imaging; PTC = posttraumatic complaints.

Injury mechanism:

nd

st

Handedness, % right

Education level, median (range)

Sex, % male

a

36 (21-61)

27 (19-54)

Age, median (range), years

(2) TC (n=17)

PTC-present (n=30)
(1) CBT (n=13)

Table 1: Patient characteristics.
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Independent components
Twenty-nine components were extracted with ICA. Ten artifact components were
discarded. Of the remaining 19 neural components, eight were selected for further
analysis (Figure 2). Three of these components corresponded with parts of the DMN
(DMN1 (posterior cingulate cortex and precuneus), DMN2 (medial prefrontal cortex,
posterior cingulate cortex and inferior parietal cortex) and DMN3 (precuneus));
four components corresponded with the EN (left and right frontoparietal network
(FPN), dorsal attention network (DAN) and bilateral frontal network); and one
component reflected the SN.

Figure 2: Components of networks of interest.

Within-component functional network connectivity
During visit one and two, FC of none of the components was found to be
significantly different between HC, PTC-present and PTC-absent groups after
multiple comparison corrections.
Small, but significant longitudinal changes in FC within the DMN were
found for the PTC-present, PTC-absent and CBT group (Table 2). Furthermore,
minor differences in longitudinal connectivity were found between PTC-present and
PTC-absent patients, and between CBT and TC patients. There were no significant
results with respect to the EN and SN.
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Between-component functional connectivity
During the first and second visit, FC of none of the component pairs was found to
be significantly different between HC, PTC-present and PTC-absent groups after
correction for multiple comparisons. A trend toward significance was observed for
FC between the bilateral frontal network and DAN, which was higher in PTCabsent patients than in HC (Puncorr = 0.008; CL = 0.74) during visit one and visit two
(Puncorr = 0.005; CL = 0.75). Lastly, no significant changes in longitudinal betweencomponent FC were found for either the PTC-present or PTC-absent group, and
no differences were present between the PTC-present and PTC-absent groups, or
between the CBT and TC groups.
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Functional connectivity related to clinical measures
For PTC-present patients, within-component FC during the first visit was not
significantly related to number and severity of complaints, and HADS scores at three
months post-injury. Also, no significant differences in within-component FC were
found between PTC-present patients with unfavorable and favorable outcome at 12
months post-injury.
Regarding between-component FC, a significant positive correlation (at a
SISA Bonferroni corrected α = 0.004) was found between FC of the DMN1-DMN2
pair during the first visit and number of complaints at three months post-injury in
the PTC-present group (Figure 3). Functional connectivity of this component pair
was also significantly correlated with severity of complaints at three months postinjury (ρ = 0.55; Puncorr = 0.003; 95% CI = 0.21-0.78). For none of the componentpairs, significant correlations were found between FC during the initial visit and
HADS scores at three months post-injury. However, a negative correlation that
approached significance was found between FC of the bilateral frontal network – SN
pair during the first visit and HADS-A scores at three months post-injury (ρ = -0.51;
Puncorr= 0.009; 95% CI =[-0.14] – [-0.75]).
Between-component FC during the initial visit was not significantly
different between PTC-present patients with favorable (n=17) and unfavorable
(n=13) outcome at 12 months post-injury.
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Figure 3: Default mode network (DMN1-DMN2 pair) functional connectivity during the first
visit was associated with posttraumatic complaints at follow-up three months post-injury.
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In the current resting-state fMRI study, we aimed to investigate longitudinal network
connectivity in patients with subacute uncomplicated mTBI. We examined patients
with post-traumatic complaints, who were randomized for either cognitive behavioral
therapy or telephone counseling, and a group without complaints who received
no intervention. Independent component analysis was used to analyze functional
connectivity within and between components of the default mode network, executive
network and salience network. In addition, we assessed relationships between
functional connectivity at one month post-injury and persistent post-traumatic
complaints, anxiety, depression at three months post-injury, and long-term outcome
one year after injury in the group of patients with complaints.
The clinically most relevant finding of our study was that in the PTC-present
group, higher functional connectivity between the anterior and posterior part of the
default mode network during the initial visit was related to a higher number of posttraumatic complaints at three months post-injury. This could indicate that the default
mode network is involved in mechanisms underlying the persistence of complaints
and/or response to treatment. Areas of the default mode network are strongly linked
to spontaneous thought processes, such as mind wandering and envisioning past or
future events (Andrews-Hanna et al. 2014; Fox et al. 2016). Based on our results,
it could be hypothesized that relatively higher default mode network functional
connectivity in patients with complaints is associated with ongoing thoughts
about present complaints, sustained injury or its future consequences, and that
this increased state of internally focused mental activity may impede recovery and/
or possible treatment effects. In previous research it has been shown that reduced
volume and higher activation of default mode network areas are associated with
neuroticism, which is one of the Big Five personality traits (Servaas et al. 2014;
Deyoung et al. 2011). Therefore, it would be interesting for future studies on mTBI
to investigate if default mode network connectivity is associated with maladaptive
pre-injury personality characteristics, and whether this is related to persistent posttraumatic complaints.
It has been consistently reported that the default mode network plays a
pivotal role in psychopathology, such as anxiety disorders and major depressive
disorder (Whitfield-Gabrieli & Ford 2012; Mulders et al. 2015; Sylvester et al.
2012). In the current study, we did not find any significant correlations between
default mode network connectivity and anxiety or depression after mTBI. However,
we did find a borderline significant negative correlation between FC of the bilateral
frontal network – salience network pair at one month and anxiety scores at three
months post-injury, which fits with the proposed role of the executive and salience
networks in anxiety disorders (Sylvester et al. 2012).
Regarding within-component functional connectivity, we found significant
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longitudinal decreases in small clusters of the default mode network in patients
with and without complaints after mTBI. Previous studies have demonstrated
longitudinal connectivity changes in areas of the default mode network in patients
with mTBI and sports-related concussion (Meier et al. 2016; Messe et al. 2013). As
has already been suggested by Meier and colleagues, the default mode network may
be vulnerable to traumatic injury, because of the high level of functional connections
in this network, and the susceptibility of the midline areas to shear strain injury
(Meier et al. 2016; M. W. Cole et al. 2010; McAllister 2011). In theory, longitudinal
decreases in default mode network functional connectivity could be interpreted as
delayed injury effects or as fading compensatory increases in connectivity that might
have occurred in the first days to weeks after injury. However, we did not find any
significant differences in within-component functional connectivity between the
patient groups and healthy controls, neither at measurement one nor at measurement
two. Therefore, we have to conclude that the decreases in functional connectivity are
not due to effects of injury.
With regard to between-component connectivity, significant longitudinal
results were found for none of the patient groups. These findings match those of
other studies, which have failed to demonstrate longitudinal changes in functional
connectivity between the default mode network, executive network and salience
network (Sours et al. 2015; Mayer et al. 2011). In addition to the possibility that
there are in fact no significant longitudinal changes in network connectivity, our
null findings may indicate that changes in network function could already have
taken place and reached a plateau during the timeframe (i.e. first month post-injury)
before the first scan. Other studies have demonstrated that longitudinal variations in
resting-state functional connectivity are prominent within the first month (Meier et
al. 2016; Sours et al. 2014; Sours et al. 2015) and may not occur between three weeks
and five months post-injury (Mayer et al. 2011; Sours et al. 2015). Alternatively,
functional network changes in our study groups may have been too subtle to be
detected with current methods.
In the field of psychiatry, fMRI has been used frequently to study
psychological treatments, particularly in patients with anxiety and depressive disorders
(Ribeiro Porto et al. 2009; Yang et al. 2014; Frewen et al. 2008; Goldin et al. 2014).
However, fMRI studies on the effect of psychological treatments in patients with
mTBI are scarce (Roy et al. 2010; Laatsch et al. 2004). Of the two available studies,
one investigated cognitive rehabilitation in a case series of five patients (Laatsch et
al. 2004), and found within-subject changes in activation during cognitive tasks
associated with language and visual processing. The other study investigated virtual
reality and imaginal exposure therapy in veterans with blast-induced mTBI and (comorbid) post-traumatic stress disorder and demonstrated pre- to post-treatment
changes in amygdala and prefrontal activation during tasks involving emotional
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stimuli (Roy et al. 2010). In the current study, patients receiving cognitive behavioral
therapy were compared with patients receiving telephonic counseling as a means to
control for possible influences of treatment condition on our longitudinal fMRI
results in the PTC-present group. Only a minor difference in connectivity within
the default mode network was found between these groups. This finding is of
questionable relevance because cluster size was small (k=2 voxels), and paired tests
revealed no longitudinal changes in functional connectivity of this particular cluster
for neither of the groups. Interestingly, regarding the total intervention study, posttraumatic complaints have been shown to decrease significantly from two weeks
to three months post-injury in the telephonic counseling group, but not in the
cognitive behavioral therapy group (Scheenen et al., manuscript under revision). It
is tempting to speculate that treatment effects are somehow mediated by the default
mode network. However, the present fMRI study contained only one third of the
total intervention study population and therefore lacks power to detect changes
related to treatment. Future fMRI studies are required to further investigate the
effects of psychological interventions on network connectivity in mTBI.
Despite the interesting results of our study, a major limitation is the lack of a
group of patients with post-traumatic complaints that did not receive any treatment.
Therefore, it was not possible to determine with certainty the natural course of
network function in patients with complaints after mTBI. However, the group with
complaints may be considered as a homogenous group since only a minor difference
in network connectivity was found between the cognitive behavioral therapy and
telephonic counseling group. Remarkably, most of the significant clusters that
emerged in our within-component connectivity analyses contained only one voxel,
and the maximum cluster size was three voxels. We performed permutation tests,
which have been demonstrated to be superior to parametric methods with respect to
the proportion of false positives (Eklund et al. 2016), and applied FWE-corrections
for multiple comparisons. However, it is still possible that our within-component
results are due to type I errors, considering that we did not correct for testing
multiple components and clinical measures. Lastly, it also has to be realized that
there is a possibility that longitudinal within-component connectivity changes reflect
epiphenomena associated with non-injury related factors or test-retest manifestations
without clinical significance (Skup 2010; Termenon et al. 2016).
To summarize, results from this resting-state fMRI study suggest that the
default mode network may serve as a biomarker for selecting patients who are
prone to develop persistent complaints. This finding, while preliminary, may hold
implications for future development of tailored psychological interventions for
patients with mTBI.
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Mild traumatic brain injury (mTBI) is often considered to be a relatively innocuous
condition; however, long-term findings suggest otherwise as a quarter of these
patients suffer from persistent post-traumatic complaints which interfere with daily
functioning (Cassidy et al. 2014). Thus, mTBI imposes a significant healthcare
problem and economic burden on society. The etiology of persistent complaints is
complex, and the exact contribution of neurobiological and psychological factors
is still poorly understood (Silverberg & Iverson 2011). More importantly, imaging
biomarkers are not available to accurately predict who will or will not develop
persistent complaints after mTBI. It is important to know whether certain patterns
of structural or functional brain network connectivity, as explored by imaging, are
associated with complaints, and to ascertain whether these patterns are related to
injury, or rather to premorbid characteristics. These biomarkers might also aid in
the development of targeted (psychological) treatments. In this dissertation, we
examined brain networks after mTBI from a structural and functional perspective
in the hopes of gaining new insight into the multifaceted nature of complications
resulting from mTBI.
The role of structural injury in mTBI
Currently, the clinical value of conventional imaging modalities mostly pertains to
ruling out gross pathology in the acute setting after mTBI, since no clear correlations
have been found between lesions and post-traumatic complaints or outcomes (Jacobs
et al. 2010; Lannsjö et al. 2013; Hughes et al. 2004; Hofman et al. 2001; Yuh et al.
2013). Although microhemorrhagic lesions on T2*-GRE and SWI were significantly
more frequent in patients than in healthy controls, we found no clear differences in
number of lesions between patients with and without complaints in the subacute
phase post-mTBI, which is in accordance with the current literature (Hughes et al.
2004; Hofman et al. 2001). In fact, three out of four patients with mTBI showed
no lesions. This could imply that microhemorrhaging in mTBI does not adequately
reflect axonal injury, rendering it clinically irrelevant. Alternatively, only a sufficient
burden of microhemorrhagic lesions and/or specific anatomical distribution may
cause complaints which interfere with daily activities (Yuh et al. 2013). Furthermore,
we have found that most lesions were located within the prefrontal cortex, but no
differences in anatomical localization of lesions were found between patients with
and without complaints, and depth was not related number of complaints.
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The availability of advanced neuroimaging techniques, such as functional
and diffusion MRI, have made it possible to examine candidate neural mechanisms
underpinning post-traumatic sequelae (Mayer et al. 2015). As alterations in functional
network connectivity can be present even in asymptomatic patients who sustained
sub-concussive head traumas, network dysfunction may be influenced by the injury
itself (Johnson et al. 2014), although it seems that the clinical consequences of such
a trauma are negligible (Belanger et al. 2016). Other studies have demonstrated that
mTBI and post-traumatic complaints are unrelated to diffusion MRI abnormalities,
which could indicate that it is not the injury itself which matters (Ilvesmaki et al.
2014; Wäljas et al. 2014; Lange et al. 2015). Excluding findings demonstrating
lower connectivity within the left temporal pole in patients with mTBI, our research
did not provide indisputable evidence that the structural connectome was different
from healthy controls in the subacute phase after sustaining an mTBI (Harm Jan van
der Horn et al. 2016). Nonetheless, interesting differences in the connectome were
found within the patient group, i.e. between patients with and without complaints.
Patients with complaints showed higher global and local efficiency than patients
without complaints, which may be associated with an increased tendency to worry,
or with compensatorily increased mental effort to adequately perform daily activities.
Altogether, we have reasons to suspect that the influence of the brain injury itself on
the integrity of the structural connectome in patients with mTBI is minor. Instead,
inter-individual differences in structural network configuration among patients with
mTBI may be explained by pre-existent psychological factors, which determine the
likelihood of suffering from a large number of long-term complaints (Silverberg &
Iverson 2011).
Adaptation and post-traumatic complaints
Although it is likely that post-traumatic complaints in the acute post-injury stages are
related to the brain injury itself, the persistence of complaints over time is probably
determined by inadequate emotion or stress regulation capacities which prevent
the patient from adequately coping with the situation (Miller & Mittenberg 1998;
Silverberg & Iverson 2011; Anson & Ponsford 2006; Iverson 2005). Thus, it is not
the brain injury which explains the persistence of complaints, but rather pre-existent
psychological factors which determine individual adaptive abilities. This hypothesis
is strengthened by a significant recurrent finding throughout this dissertation, which
is that functional and diffusion MRI findings were similar for both patients with
post-traumatic complaints and healthy controls; although it must be noted that the
absence of evidence is not evidence of absence. Actually, patients with complaints
and healthy controls may not be so different, as post-traumatic complaints reported
by patients with mTBI are also found in the general population (Cassidy et al. 2014;
Wäljas et al. 2014). It could be hypothesized that individuals become more aware
150

Functional brain networks and adaptation after mTBI
Adaptive behavior relies on adequate functioning of the prefrontal cortex and
associated brain networks (Cole et al. 2014; Tops et al. 2014; Frank et al. 2014;
Ochsner et al. 2012; Ochsner & Gross 2005). An important aspect in this process
is the ability to effortlessly switch between the default mode network and executive
network(s), which are involved in internally and externally focused mental activity,
respectively (Cole et al. 2014; Tops et al. 2014; Menon & Uddin 2010; Greicius et
al. 2003). The default mode network is important for self-reflection and future eventplanning (Andrews-Hanna et al. 2014). However, for optimal cognitive performance
it is crucial that the engagement of executive networks during an externally-directed
task coincides with suppression of activity within the default mode network. In case
this mechanism is impaired, default mode interference might occur, which may
result in cognitive impairments and complaints (Sonuga-Barke & Castellanos 2007;
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of these complaints after stressful events, such as an mTBI. The good-old-days bias,
which indicates the overestimation of pre-injury level of functioning as being better
than after injury (Lange et al. 2010; Iverson et al. 2010), in addition to erroneous
expectations and beliefs about the injury and long-term consequences, may play
a role in further intensifying symptomatology after mTBI (Whittaker et al. 2007;
Edwards et al. 2012). Studies have succeeded in demonstrating neural substrates
for personality characteristics, such as neuroticism (Servaas et al. 2014; Servaas et
al. 2015; Deyoung et al. 2011). An interesting consideration is whether the same
personality characteristics and corresponding neural features of patients with
complaints in our study were also, to some extent, present in the healthy control
group, explaining the absence of brain network differences between these groups.
It has been shown that approximately 80% of patients with mTBI report at least
one post-traumatic complaint up to 12 months after injury, with a mean of seven
complaints overall (McMahon et al. 2014; Wäljas et al. 2014). Furthermore, over
50% of healthy controls report between one and five post-traumatic complaints
(Wäljas et al. 2014). Therefore, the group of patients without complaints (defined
as reporting less than three complaints two weeks post-injury) which was studied in
this dissertation is rather extraordinary, considering that ninety percent of this group
reported no complaints at all. From a psychological standpoint, it could be argued
that patients in this group are different from the average population, making them
less prone to developing problems after mTBI, perhaps due to a lower-than-average
tendency to worry and ruminate. Noteworthy is that the groups of patients with and
without complaints were similar regarding all injury severity measures (i.e. Glasgow
Coma Scale score, post-traumatic amnesia, and injury mechanism). Therefore,
studying patients without complaints may lead to a better understanding of the
causative mechanisms in those who do develop persistent complaints.
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Bonnelle et al. 2011). Located within the prefrontal midline and insulae, the salience
network modulates the interactions between the default mode- and executive
network in response to salient internal or external stimuli (Menon & Uddin 2010;
Seeley et al. 2007). Interestingly, a recent meta-analysis has shown that not only areas
of the default mode network, but also areas of the executive and salience networks
are involved in internally focused mental processes (Fox et al. 2016). This finding
accentuates the importance of the executive networks in regulation of internally
generated emotional stimuli (Cole et al. 2014). Therefore, it seems likely that the
interaction between networks within the prefrontal cortex plays a prominent role in
adaptation after mTBI.
To gain insight into brain network function and adaptation after mTBI, it
is possible to use fMRI to study patients during cognitive tasks or resting conditions.
A meta-analysis has shown increased activation of prefrontal executive network areas
during performance of working memory tasks in patients with mTBI compared
to healthy controls; this could be explained as either neural compensation or poor
regulation of cognitive resources (Bryer et al. 2013). In addition, higher functional
connectivity of the executive network after mTBI has been reported during resting
conditions (Shumskaya et al. 2012). Other resting-state fMRI studies have shown
lower connectivity within the default mode network, and higher connectivity
between the default mode and the executive and salience networks in patients with
mTBI compared to healthy controls; this was determined to be related to posttraumatic complaints (Mayer et al. 2011; Sours et al. 2013; Sours et al. 2015). It
has been suggested that these findings could be explained as compensatory network
reorganizations which function to achieve adequate deactivation of the default mode
network when in cognitively-challenging situations; this could eventually lead to
mental fatigue.
In addition to our structural diffusion MRI findings, our functional MRI
studies also showed few differences in brain network function between patients with
mTBI and healthy controls, which again indicates that it is highly likely that the
injury itself has no direct consequences in terms of network function. However,
we did identify clues which could help us understand the role of functional brain
networks in developing (persistent) post-traumatic complaints after mTBI. In our
working memory study, patients without complaints showed stronger deactivation
of the default mode network compared to patients with complaints and healthy
controls, especially during difficult conditions (van der Horn et al. 2015). Patients
who are more capable of suppressing the default mode network may require less
effort for performing cognitive tasks, which may lead to fewer cognitive complaints
and mental fatigue. Furthermore, patients without complaints exhibited lower
functional connectivity between the default mode network and a frontal executive
network compared to patients with complaints, which suggests that patients
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without complaints need less top-down control of the executive network to prevent
default mode interference (Sonuga-Barke & Castellanos 2007; Sours et al. 2013).
Remarkably, differences in executive network activation between patients with and
without complaints were absent, which may be consistent with the fact that cognitive
test scores in patients with mTBI are often found to be within normal range, which
we also found to be true for our working memory experiment (Carroll et al. 2004;
Carroll et al. 2014; Rohling et al. 2011; Dikmen et al. 2016). In contrast to our
working memory study, one of our resting-state fMRI studies showed no differences
between patients with and without complaints with regard to functional connectivity
of the default mode network (Harm J. van der Horn, Liemburg, Scheenen, et al.
2016). Interestingly, a study by Belleau and colleagues revealed higher default mode
network functional connectivity in patients with major depressive disorder during
externally- instead of internally-focused task conditions, as compared to healthy
controls (Belleau et al. 2015). Furthermore, almost two decades ago, Raichle and
colleagues already demonstrated in their hallmark paper A Default Mode of Brain
Function that areas which are deactivated during an attention-demanding non-selfreferential task are not activated during rest (Raichle 2015; Raichle et al. 2001).
Thus, our results could suggest that a cognitively-challenging circumstance — in
addition to, or instead of resting conditions — is required to detect subtle problems
with modulating default mode network activity and/or connectivity after mTBI.
The aforementioned dynamics of prefrontal networks during cognitive
performance are also related to regulation of emotion (Cole et al. 2014; Anticevic
et al. 2012). As such, disturbances in these dynamics are often found during
emotional distress and mental illness. For example, studies on patients with major
depressive disorder have shown increased activity and connectivity within the default
mode network, decreased connectivity between the default mode network and the
executive network, and increased connectivity between the default mode network
and the salience network (Hamilton et al. 2011; Manoliu et al. 2014; Belleau et al.
2015; Mulders et al. 2015). Anxiety disorders are proposedly characterized, among
other things, by increased functioning of the salience network and diminished
functioning of the default mode and executive network (Sylvester et al. 2012).
In patients with mTBI, higher activity and functional connectivity of the default
mode network were found to be related to higher anxiety and depression scores
(Nathan et al. 2015; Chen et al. 2008). Other research has shown that higher
functional connectivity within the anterior default mode network was correlated
with fewer feelings of anxiety and depression after mTBI, although the authors have
suggested that increased usage of the medial prefrontal cortex may, in time, lead to
persistent emotional distress (Zhou et al. 2012). Our results demonstrate that posttraumatic complaints, anxiety, and depression after mTBI were related to higher
functional connectivity in the posterior midline of the default mode network, and
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lower functional connectivity within medial and lateral prefrontal and parietal areas
of the executive networks. These findings were accompanied by lower functional
connectivity between the lateral prefrontal and salience networks. Also, higher default
mode network connectivity one month following injury predicted a higher number
of complaints three months after injury. It can be assumed that an imbalance in the
intrinsic connectivity between the default mode, executive, and salience networks
leads to impaired network switching involved in cognitive performance and emotion
regulation, resulting in the persistence of complaints. These network dynamics may
be related to specific pre-injury personality characteristics which become apparent
after a traumatic brain injury.
Future perspectives
A difficult but challenging aspect of mTBI research is the heterogeneity or ‘chaos’
in clinical, pathophysiological and pre-injury characteristics (Rosenbaum & Lipton
2012). The mTBI spectrum comprises patients who sustained their injuries by various
mechanisms: civilian-, sports- and blast-related injuries, for example; patients with
single or multiple head injuries; and patients with uncomplicated or complicated
mTBI. These factors may explain part of the diversity in results of neuroimaging
studies on mTBI (Mayer et al. 2015; Harm J. van der Horn, Liemburg, Aleman,
et al. 2016). To develop a more thorough view of the mechanisms underlying longterm complications of mTBI, it is of paramount importance for future studies to
focus on inter-individual differences in adaptive capacities, despite the fact that
patients report similar complaints. For example, studies must take into account interindividual differences in emotion regulation strategies and associated coping styles
(Ochsner & Gross 2005). Furthermore, fMRI paradigms consisting of emotion
regulation (e.g. reappraisal or suppression of emotional content) and non-regulation
conditions (e.g. passive viewing of emotional content) can be used to discern brain
network dysfunction related to anxiety and depression after mTBI (Frank et al.
2014). In addition to patients with (persistent) complaints, we recommend further
investigation of patients without any complaints, because they may be one of the
“missing links” in the mechanisms underlying (persistent) post-traumatic complaints.
It may be informative to investigate whether emotion regulation strategies and
associated brain network function in these patients are different from patients with
lasting complaints and/or healthy controls.
Another interesting topic for future research on mTBI is mindfulness
meditation (Link et al. 2016). The practice of mindfulness meditation is derived
from Buddhism and involves focusing one’s attention to the present moment,
maintaining awareness and control of present thoughts, feelings and sensations, and
observing them without judgment. A commonly-used 10-week training program is
Mindfulness-Based Stress Reduction (MBSR), initially developed by John Kabat154
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Zinn to treat patients with chronic pain (Kabat-Zinn et al. 1985; Kabat-Zinn 1982).
Reviews have demonstrated that MBSR has several beneficial effects on mental health
(Gu et al. 2015; Khoury et al. 2015). In a pilot study, MBSR also improved quality
of life and perceived self-efficacy in patients with mTBI in the chronic phase after
injury (Azulay et al. 2013). It would be worthwhile to study this method in an early
phase after mTBI, and to perform pre- and post-treatment scans to measure effects
on neural networks. Mindfulness meditation has been shown to reduce default mode
network activity, which may explain the positive effects of meditation on excessive
negative self-referential processes (Simon & Engström 2015). In addition, there are
some indications that mindfulness meditation alters the balance between the default
mode, executive, and salience networks; this could possibly explain the mindfulnessinduced improvements of attentional control (King et al. 2016; Tops et al. 2014;
Simon & Engström 2015). MBSR has also been shown to improve symptoms in
veterans with post-traumatic stress disorder (Polusny et al. 2015). Considering that
post-traumatic complaints after mTBI are related to post-traumatic stress symptoms,
it could be hypothesized that mindfulness may also be beneficial for patients with
mTBI (Lagarde et al. 2014). Future work is required to examine whether practicing
mindfulness prevents the persistence of complaints after mTBI, and whether this
will be accompanied by reductions in default mode network activity/connectivity
and changes in the interactions with the executive and salience networks.
A body of literature shows that women report post-traumatic complaints,
anxiety and depression more often than men after mTBI (Bazarian et al. 2010;
Cassidy et al. 2014; Dischinger et al. 2009; van der Horn et al. 2013). Specific (preinjury) neural organizations underlying emotional processing could make women
more prone to reporting complaints or developing affective problems than men
(Tunç et al. 2016; Ingalhalikar et al. 2014; Whittle et al. 2011). Although the role of
structural injury in mTBI can be considered minor, it could be questioned whether
the female brain is more susceptible to injury and/or post-injury pathological
processes leading to more complaints (Bazarian et al. 2010). Our study was not
designed to find explanations for sex differences in mTBI, and more research is
undeniably needed to clarify this topic.
Advanced neuroimaging is only in its infancy, and therefore many caveats
are involved in the interpretation of current results. Direct comparison of network
results with those of other studies may, at times, be difficult due to differences in
analysis techniques (D. M. Cole et al. 2010). Studies using independent component
analysis (ICA) cannot be directly compared with studies using other techniques,
such as seed-based analysis; however, comparisons strictly between ICA studies
may also be challenging. Large-scale brain networks, such as the default mode
network, may be found divided into one or more components, depending on the
dataset and the model order that is either estimated in a data-driven manner, or
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manually selected. Another issue is the nomenclature of networks. For example, the
frontoparietal network (Corbetta 1998) described in our study has also been referred
to as the central executive network (Sridharan et al. 2008), executive control network
(Seeley et al. 2007), frontoparietal attention system (Ptak 2012), frontoparietal control
network (Spreng et al. 2010), and the frontoparietal control system (Cole et al. 2014).
We realize that functional brain networks are, to some extent, specific for a single
study; nevertheless, future neuroimaging studies may benefit from more consistent
nomenclature for describing network results and theories about network interactions.
Abovementioned topics form a major challenge in the search for clearly delineated
and uniform imaging biomarkers in neurologic and psychiatric diseases, including
mTBI.
Conclusion
In this dissertation, we used structural and functional MRI to investigate the
underlying mechanisms of post-traumatic complaints and emotional distress after
mTBI. Structural and functional brain networks were different between patients with
and without complaints, while networks in patients and healthy controls appeared
strikingly similar. Our findings indicate that the influence of emotion regulation and
adaptation is likely to outweigh that of structural injury in the development and
persistence of post-traumatic complaints. Our work offers a starting point for new
research that focuses on brain network function regarding non-injury related factors
in patients with mTBI.
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Nederlandse samenvatting
(Summary in Dutch)

Per jaar presenteren zich in Nederland naar schatting zo’n 85.000 patiënten met een
licht traumatisch hersenletsel (LTH) op de spoedeisende hulp van een ziekenhuis. Licht
traumatisch hersenletsel wordt gedefinieerd door een periode van bewustzijnsverlies
die maximaal 30 minuten duurt en/of een periode van geheugenstoornissen die
maximaal 24 uur duurt. Posttraumatische klachten die vaak worden gerapporteerd
na een LTH zijn: hoofdpijn, duizeligheid, vermoeidheid, moeite met concentreren
en vergeetachtigheid. De meeste patiënten herstellen hiervan in de eerste dagen tot
weken na het ongeval, echter ongeveer 25% van de patiënten heeft maanden of zelfs
jaren na het ongeval nog last van posttraumatische klachten. Het is helaas nog niet
duidelijk waarom deze klachten soms zo lang voortduren. Hersenscans die worden
gemaakt op de spoedeisende hulp (computed tomography (CT) scan) of later in
een poliklinische setting (magnetic resonance imaging (MRI) scan) bieden meestal
geen verklaring. Ook worden er bij neuropsychologisch onderzoek meestal geen
afwijkende testresultaten gevonden. Het is wijd geaccepteerd dat het hersenletsel
zelf de veroorzaker is van posttraumatische klachten in de acute fase na een LTH.
Echter, het persisteren van posttraumatische klachten lijkt meer te worden bepaald
door psychologische adaptatie, en dan in het bijzonder de capaciteit om emoties te
reguleren.
Met geavanceerde beeldvorming is het mogelijk om het neurale substraat
van het aanwezig zijn en persisteren van klachten na een LTH beter in kaart te
brengen. Twee veelgebruikte technieken zijn: functionele MRI (fMRI) en diffusie
gewogen MRI (DWI). Functionele MRI is een techniek waarmee met behulp van
de magnetische eigenschappen van geoxygeneerd en gedeoxygeneerd hemoglobine
de doorbloeding van de hersenen wordt gemeten tijdens rust condities (rustfMRI) of tijdens het uitvoeren van een bepaalde taak. Aan de hand van de mate
van doorbloeding wordt berekend hoe actief bepaalde hersengebieden en netwerken
zijn, en hoe sterk gebieden binnen hersennetwerken met elkaar zijn verbonden (i.e.
functionele connectiviteit). Met DWI wordt diffusie van watermoleculen in de
hersenen gemeten. Met tractografie kunnen vervolgens de witte stof banen worden
gereconstrueerd. Er kan dan worden onderzocht of eigenschappen van deze banen, of
van netwerken van deze banen, zijn veranderd bij een bepaalde ziekte of aandoening.
In dit proefschrift is gebruik gemaakt van fMRI en DWI om onderzoek te doen naar
de relatie tussen hersennetwerken, klachten en emotie regulatie in patiënten na een
LTH.
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Hoofdstuk 2 is een overzichtsartikel over de huidige stand van zaken met
betrekking tot hersennetwerken en LTH. De rol van belangrijke hersennetwerken
voor adaptieve cognitieve en emotionele mentale processen, zoals het default mode
netwerk (DMN), de executieve netwerken (EN) en het salience netwerk (SN), worden
besproken. De DMN is vooral betrokken bij naar binnen gerichte mentale processen,
zoals nadenken over het verleden of de toekomst en dagdromen. Kerngebieden van
de DMN zijn de mediale prefrontale cortex, de cortex cingularis posterior en de
precuneus. De EN zijn belangrijk voor naar buiten gerichte mentale processen, zoals
het uitvoeren van een werkgeheugentaak. Belangrijke gebieden van de EN zijn de
laterale prefrontale cortex en de posterieure pariëtale cortex. De SN bestaat uit de
insula en de cortex cingularis anterior en reguleert de balans tussen de DMN en EN.
De vragen die aan bod komen in dit hoofdstuk: Wat is er tot nu toe bekend over
deze netwerken bij patiënten met een LTH? En welke rol spelen deze netwerken in
relatie tot emotie regulatie en aanhoudende klachten? Door parallellen te zoeken
met resultaten van emotie regulatie studies in gezonde vrijwilligers en studies over
psychiatrische aandoeningen, ontstond uiteindelijk een framewerk dat heeft gediend
als een leidraad voor de experimentele hoofdstukken in dit proefschrift.
In hoofdstuk 3 werden microbloedingen (1-10 mm) onderzocht met
susceptibiliteit gewogen en T2*-gradiënt echo gewogen MRI sequenties in patiënten
met LTH vier weken na het trauma en in gezonde controles. Deze scans worden ook
in de kliniek gemaakt tijdens de follow-up van patiënten die aanhoudende klachten
hebben. Het is echter nog onduidelijk wat de waarde is van deze aanvullende
diagnostiek, en in het bijzonder hoe men microbloedingen moet interpreteren in
relatie tot posttraumatische klachten. De patiëntengroep die werd onderzocht (en
die ook voor alle andere studies in dit proefschrift is gebruikt) had geen traumatische
afwijkingen op de CT scan die op de spoedeisende hulp was gemaakt. Van de 54
patiënten hadden er 15 (28%) microbloedingen op de MRI scan, die zich vooral
in de frontale cortex bevonden. Van de 20 gezonde controles had niemand een
microbloeding. De hoeveelheid, diepte (oppervlakkig vs. diep), en anatomische
locatie van de microbloedingen was niet gerelateerd aan het wel of niet rapporteren
van posttraumatische klachten. Binnen de groep patiënten met klachten, waren
de hoeveelheid microbloedingen niet gecorreleerd met de hoeveelheid klachten.
Deze bevindingen plaatsen het routinematig verrichten van deze MRI scans bij het
vervolgen van patiënten met LTH en de klinische betekenis van microbloedingen in
een ander daglicht.
In hoofdstuk 4 zijn DWI, tractografie en graafanalyse gebruikt om
structurele netwerken van witte stof banen te onderzoeken in patiënten met een
LTH. Graafanalyse is een wiskundige methode die kan worden gebruikt om
connectiviteit binnen hersennetwerken te bestuderen. Lokale graafmaten zeggen iets
over de eigenschappen van afzonderlijke gebieden in een hersennetwerk. Globale
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maten zeggen iets over de eigenschappen van het totale netwerk. Dit hoofdstuk
laat zien dat de structurele verbindingen in de linker temporaal pool minder sterk
waren in patiënten dan in gezonde controles. Globale netwerk maten daarentegen,
verschilden niet tussen patiënten en controles. Wanneer er naar subgroepen werd
gekeken, bleken patiënten zonder klachten lagere globale netwerk maten te hebben
dan patiënten met klachten. Binnen de totale groep patiënten met LTH werden
correlaties gevonden tussen netwerk maten en scores op neuropsychologische tests
voor mentale snelheid en verbaal geheugen. Deze bevindingen hangen mogelijk
samen met compensatoire veranderingen om cognitief goed te kunnen blijven
functioneren na een LTH. Samenvattend laat deze studie zien dat de gevoeligheid
om klachten te ontwikkelen na een LTH gerelateerd is aan globale structurele
netwerk connectiviteit. Gezien de geringe verschillen tussen patiënten en controles,
lijkt structurele schade in hersennetwerken door het ongeval niet betrokken bij het
ervaren van posttraumatische klachten.
In hoofdstuk 5 werd fMRI gebruikt om functionele hersennetwerken te
onderzoeken tijdens het uitvoeren van een werkgeheugentaak door patiënten en
gezonde controles. Activatie en deactivatie van deze netwerken tijdens de verschillende
taak condities werd onderzocht met independent component analysis (ICA), wat
een data gedreven methode is die kan worden gebruikt om neurale netwerken te
identificeren. De taakprestatie, in termen van accuraatheid en snelheid van de
responsen, was voor patiënten en controles gelijk. Echter, patiënten zonder klachten
lieten sterkere deactivatie van de DMN zien dan patiënten met klachten en gezonde
controles, vooral tijdens de moeilijke werkgeheugencondities. Netwerkactiviteit
in patiënten met klachten verschilde niet van die in de gezonde controles. Deze
resultaten zouden kunnen betekenen dat factoren die niet gerelateerd zijn aan het
ongeval, zoals emotie regulatie en persoonlijkheidsfactoren, bepalend zijn voor het
optreden of uitblijven van herstel na een LTH.
In hoofdstuk 6 werden de patiënten en controles onderzocht in een rustfMRI experiment, waarbij ze gedurende tien minuten hun ogen dicht moesten
houden in de scanner zonder daarbij in slaap te vallen. Met behulp van ICA werd
vervolgens de functionele connectiviteit van de DMN, EN en SN bestudeerd. Er
werden geen verschillen in netwerk connectiviteit gevonden tussen de totale groep
LTH patiënten en gezonde controles. Wel was de functionele connectiviteit van de
EN en SN gerelateerd aan het wel of niet rapporteren van klachten twee weken na
het ongeval. Binnen de totale groep LTH patiënten werden er correlaties gevonden
tussen hogere scores op angst en depressie vragenlijsten en lagere connectiviteit
van de EN, en van de EN met de SN. Resultaten van deze studie wijzen uit dat
– via interacties met de SN – de EN belangrijk zijn voor emotie regulatie en het
voorkomen van persisterende klachten na een LTH.
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In hoofdstuk 7 werd de in hoofdstuk 6 beschreven rust-fMRI dataset verder
onderzocht met behulp van ICA en graafanalyse. Ook werd berekend hoe sterk
afzonderlijke functionele hersengebieden (i.e. componenten) clusteren en grotere
subnetwerken vormen, genaamd modules. Wederom werden er geen verschillen
gevonden tussen patiënten en gezonde controles. Vergeleken met patiënten zonder
klachten hadden patiënten met klachten hogere waarden op lokale graafmaten van
de cortex cingularis posterior en gyrus parahippocampalis, en lagere waarden voor de
frontale pool en gyrus frontalis superior en medius. Patiënten zonder klachten hadden
één module meer dan patiënten met klachten en gezonde controles, bestaande (met
name) uit gebieden in de cortex cingularis. Binnen de totale groep patiënten werden
er correlaties gevonden tussen hogere waarden op lokale maten van gebieden in de
EN en lagere depressie scores. Daarnaast waren hogere waarden voor hersengebieden
van de DMN gecorreleerd met hogere depressie scores. Deze studie bevestigt de
rol van executieve hersengebieden en netwerken in psychologische adaptatie na een
LTH.
Hoofstuk 8 beschrijft een rust-fMRI studie naar veranderingen in
hersennetwerk connectiviteit over de tijd in patiënten met klachten, patiënten zonder
klachten en gezonde controles. De patiënten met klachten maakten deel uit van een
grotere studie naar de effecten van een vroege psychologische interventie, waarbij
ze werden gerandomiseerd voor cognitieve gedragstherapie (CGT) of telefonische
coaching (TC). Na identificatie van functionele hersennetwerken met ICA, werd
de functionele connectiviteit binnen en tussen netwerken, of delen van netwerken
berekend. Binnen de groepen veranderde de functionele connectiviteit nauwelijks
over de tijd, en er werden weinig tot geen verschillen gevonden tussen patiënten met
en zonder klachten, en tussen de patiënten in de CBT en TC groep. In de groep
patiënten met klachten was hogere functionele connectiviteit tussen het voorste en
achterste deel van de DMN op één maand na het ongeval geassocieerd met een grotere
hoeveelheid klachten op drie maanden na het ongeval (vlak na de behandeling). Deze
bevinding suggereert dat de DMN als voorspeller (‘biomarker’) zou kunnen dienen
om patiënten te selecteren die persisterende klachten zullen gaan ontwikkelen en/of
niet zullen reageren op een psychologische interventie. Uiteindelijk zou dit kunnen
leiden tot de ontwikkeling van meer op maat gemaakte interventies (‘personalized
medicine’).
Samenvattend verschaft dit proefschrift nieuwe inzichten in de
pathofysiologische mechanismen onderliggend aan de gevolgen van een LTH. Een
terugkerende bevinding was dat waar hersennetwerken van patiënten en gezonde
controles weinig van elkaar verschilden, er binnen de patiëntengroep diverse verschillen
waren in structurele en functionele connectiviteit tussen patiënten met en zonder
klachten. Er werden correlaties gevonden tussen netwerk connectiviteit enerzijds en
angst en depressie anderzijds, wat de rol van emotie regulatie onderstreept. Voor
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toekomstig onderzoek naar LTH ligt er een uitdaging om het verband tussen neurale
processen en factoren die niet aan het traumatisch hersenletsel zelf gerelateerd zijn,
zoals persoonlijkheidsfactoren, verder in kaart te brengen.
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vier jaar met veel plezier samen aan de UPFRONT-studie. Als twee westerlingen
waren we al snel gewend aan deze rasechte Groninger en zijn uitstekende gevoel voor
humor. Sinds oktober 2016 is Hans in opleiding tot neuroloog in het Universitair
Medisch Centrum Groningen, waar hij ook actief zal blijven binnen het onderzoek.
Er valt dan in onze ogen ook nog veel te verwachten van deze neuroloog in spe.
Myrthe de Koning en Myrthe Scheenen
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