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CHAPTER 1

General Introduction

“In the face of pain there are no heroes”
George Orwell
“Mental pain is less dramatic than physical pain, but it is more common and also harder
to bear”
C.S. Lewis
Our modern society is facing alarming statistics related to depression and chronic
pain. The American Psychiatric Association estimated that 16.6% percent of the adult
population will experience depression at some point in their lifetime (American
Psychiatric Association, 2017), and according to the International Association for the
Study of Pain, 1 out of 5 people is now suffering because of persistent pain (The
International Association for the Study of Pain, 2005). To control this “epidemic”,
we need to understand the mechanisms of the development and maintenance of
persistent pain and depression. The work presented in this dissertation is an attempt
to elucidate the neuronal basis of one of the mechanisms that could predispose an
individual for developing depression or chronic pain.
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1.1 	Mutual biological and psychological mechanisms for depressive
disorder and chronic pain
Chronic pain and depression are both highly prevalent diseases that often co-occur, share
similar symptoms, and may exacerbate each other (Li, 2015). Due to their high comorbidity,
some researchers use terms such as depression-pain syndrome or depression-pain dyad
(Chopra & Arora, 2014). It was estimated that 52% of chronic pain patients fulfill the criteria
for depression (Bair, Robinson, Katon, & Kroenke, 2003) and even more reported a lower
mood which, however, could not be diagnosed as a depressive disorder (Blyth et al., 2001).
Chronic or persistent pain states were found to increase the risk of developing anxiety and
a depressive disorder. Conversely, 65% of depressed patients were found to suffer from
pain symptoms (Bair et al., 2003). These observations suggest that depression and chronic
pain may share some underlying biological mechanisms, contributing to their comorbid
incidence. Some of the overlapping biological and psychological basis of both depression
and chronic pain was already recognized and examined. For example, the disturbance of
serotonin and noradrenaline transmission is common to chronic pain as well as depression,
and antidepressants acting on these two systems are known to be an effective treatment
of chronic pain (Blier & Abbott, 2001). Both chronic pain and depression were found to be
associated with the dysregulation of stress response in hypothalamic-pituitary-adrenal
axis (HPA) (Blackburn-Munro, 2004) and with an autonomic system activation (Janssen,
2002). Moreover, the recent cytokine theory of depression emphasizes the role of the
immune system in a depressive disorder, and it is known that the immunological response
contributes to the development of chronic pain (Walker, Kavelaars, Heijnen, & Dantzer,
2014). Finally, neuroimaging studies revealed some similarities between chronic pain and
depression regarding abnormal brain structure and functioning of the structures involved
in emotional regulation.

1.1.1 Neuroimaging studies on depression and chronic pain
Depressed patients can be characterized by a reduced frontal cortex and hippocampus
volume and increased volume of the amygdala (Bremner, 2002). The most frequently
observed pattern of functional abnormalities in depression is associated with the
overactivity of the ventral emotion-sensitive network that consists of the ventromedial
prefrontal cortex (vmPFC), ventral anterior cingulate cortex (vACC), and amygdala; and
a decreased activity of the dorsal cognitive control network that is comprised of the
dorsomedial prefrontal cortex (dmPFC) and dorsal anterior cingulate cortex (dACC)
(Fitzgerald, Laird, Maller, & Daskalakis, 2008; Pandya, Altinay, Malone, & Anand, 2012).
Parietal cortex regions, which were shown to be involved in the control of attention to both
emotional and nonemotional stimuli (Banich et al., 2000; Compton et al., 2003) were also
found to show abnormal activations in this disorder (Heller & Nitschke, 1998). Moreover,
most current functional connectivity studies revealed global differences between
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depressed and healthy controls in measures of the communication within and between
multiple large-scale functional brain networks such as the Default Mode Network, Central
Executive Network, and Salience Network (Mulders, van Eijndhoven, Schene, Beckmann,
& Tendolkar, 2015). It seems that the abnormal brain function might be reversible, as
successful therapies normalize brain activations and connectivity patterns associated
with mood dysregulation (Messina, Sambin, Beschoner, & Viviani, 2016; Mulders et al.,
2015; Pandya et al., 2012). Interestingly, psychotherapy and pharmacotherapy were
found to regulate brain activations through different mechanisms. Pharmacotherapy
was shown to act through bottom-up mechanisms. Antidepressants such as monoamine
oxidase inhibitors (MAOIs), triacyclic antidepressants (TCAs), selective serotoninreuptake inhibitors (SSRIs), and serotonin/noradrenaline-reuptake inhibitors (SNRIs) were
suggested to directly influence subcortical limbic regions and decrease their overactivity.
Psychotherapy, on the other hand, initially modulates the prefrontal cortex activity and
most probably, improves the effectiveness of top-down emotional control (Derubeis,
Siegle, & Hollon, 2008; Schwartz & Santarsieri, 2016).
In chronic pain, structural changes can be found in various cortical areas such as
somatosensory cortex, insula, prefrontal cortex, and parietal cortices (Kairys et al., 2015;
Robinson, Craggs, Price, Perlstein, & Staud, 2011). Grey matter volume of subcortical
structures such as the thalamus, basal ganglia, hippocampus, and amygdala was also
found to be altered (Apkarian, 2004; Cauda et al., 2014; Mutso et al., 2012; Robinson
et al., 2011). Functional alterations can be divided into three classes, which relate to
different components of chronic pain: somatosensory, cognitive, and affective. The first
class, related to the functional changes in somatosensory cortex and insular cortex,
was typically studied in response to noxious stimuli (Moana-Filho, Tchivileva, & Gracely,
2012; Rodriguez-Raecke et al., 2014; Vartiainen, Kirveskari, Kallio-Laine, Kalso, & Forss,
2009). Functional changes in these areas might be associated with altered pain intensity
processing in chronic pain. The second class relates to impaired cognitive control in
chronic pain patients. Several researchers examined brain alterations during cognitive
tasks in these patients and found changes within the prefrontal cortex (PFC), including
the ventromedial PFC, dorsolateral PFC, and orbitofrontal PFC (Apkarian, Thomas, Krauss,
& Szeverenyi, 2001; Hiramatsu et al., 2014; Neugebauer, Galhardo, Maione, & Mackey,
2009; Weissman-Fogel et al., 2011), and parietal cortices (Coppieters et al., 2016). The last
class of functional alterations is associated with the affective aspect of pain and involves
changes in the amygdala (Simons et al., 2014) and hippocampus (Grilli, 2017). The
longitudinal study of Hashmi et al. revealed that as a consequence of pain chronification,
brain activations are shifting from pain-related regions to those which are more emotionrelated (Hashmi et al., 2013). The extent of the shift from pain-related to emotion-related
regions was found to be positively correlated with the medial prefrontal cortex – nucleus
accumbens (mPFC-Nac) functional connectivity strength. In the case of chronic pain, it
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must be taken into consideration that there are pains of different etiology, and they were
shown to be characterized by different structural changes (Gustin et al., 2012). Although
each chronic pain syndrome is associated with unique brain alterations, May identified
a specific “brain signature” in areas known to be involved in pain regulation, which was
mutual for many different types of chronic pain (May, 2008).
Some researchers suggest that structural and functional changes in chronic pain may be a
consequence of persistent nociceptive input and should, thus, be reversible when pain is
treated (May, 2008). Interestingly, this normalization has been found both after a successful
pharmacotherapy (Borsook, Moulton, Schmidt, & Becerra, 2007) and psychotherapy
(Jensen et al., 2012; May, 2008; Seminowicz et al., 2013). Cognitive-behavioral therapy
and body-mind techniques such as relaxation or mindfulness, which improve patient’s
cognitive and emotional control of pain, have been found successful in treating chronic
pain and in preventing chronic pain relapse (Cherkin & Herman, 2018; Ehde, Dillworth, &
Turner, 2014; Institute for Clinical and Economic Review (ICER), 2017).
As both therapy for depressive disorder and treatment for chronic pain lead to the
reorganization of the overlapping cognitive and emotional networks, a transdiagnostic
therapeutic approach targeting these links is likely to be the most effective in reversing
maladaptive neuroplasticity (Linton, 2013).

1.2 	Depressive rumination and pain catastrophizing as Repetitive
Negative Thinking
“Flood a pool of bloody thoughts with a pool of happy ones.”
Trevor Carss
1.2.1 Depressive rumination and its relationship with depressive disorder
The most prolific conceptualization of depressive rumination was proposed by NolenHoeksema (Nolen-Hoeksema & Morrow, 1991). In her theory, Ruminative Response Style
(RST) is a form of responding to distress which involves repetitively and passively focusing
on symptoms of distress and the possible causes and consequences of these symptoms
(Nolen-Hoeksema, Wisco, & Lyubomirsky, 2008). Responses to a low mood can be described
as self-focused (ex. “I think - Why do I react this way”), symptom-focused (ex. “I think about
how hard it is to concentrate?”), or consequences/causes focused (ex. “I think I won’t be
able to do my job if I don’t snap out of this”) (Johnson, Nolen-Hoeksema, Mitchell, & Levin,
2009; Nolen-Hoeksema & Morrow, 1991). It was shown that ruminators, in comparison
to non-ruminators, are more likely to develop depressive disorder episodes (Nolan,
Roberts, & Gotlib, 1998) which additionally are more frequent and severe (Lyubomirsky &
Nolen-Hoeksema, 1993). Ruminations can be treated as symptoms of clinical depression
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or dysphoria as well as a stable individual trait (Smith & Alloy, 2009). However, despite
its relative stability, the tendency to ruminate is still a sensible target in therapy and its
frequency can be lessened by a psychological intervention (Watkins et al., 2007).
Ruminative thoughts are negative in valence and self-related which makes them similar to
automatic thoughts, schema, and negative cognitive styles. Indeed, rumination correlates
with a variety of maladaptive cognitions such as pessimism, hopelessness, neuroticism,
self-criticism, and others (Flett, Madorsky, Hewitt, & Heisel, 2002; Nolen-Hoeksema, Parker,
& Larson, 1994; Spasojević & Alloy, 2001). However, the relationship between rumination
and depression is independent from the contributive effects of negative cognitive styles
(Matthews & Wells, 2008). This finding provides evidence for depressive rumination being
a distinct phenomenon from other negative cognitions (Nolen-Hoeksema et al., 2008).
It is additionally highlighted that in the Response Styles Theory framework, depressive
rumination is not defined by the content of thoughts but rather by the frequency and
persistence of the thinking processes (Blaut & Paulewicz, 2011; Nolen-Hoeksema et al., 2008).
A high tendency to ruminate is associated with several deleterious outcomes, such as
the following: intensified and prolonged negative emotional state or depressive episode,
impaired problem-solving skills, low motivation and inhibition of instrumental behavior,
negatively biased thinking, worsened concentration, and increased stress (Papageorgiou
& Wells, 2008).
Firstly, ruminations may influence the mood directly. Negative interpretations of life
circumstances and self-blaming exacerbate the depressive state. Secondly, the indirect
effect of ruminations might be related to the impediment of effective problem-solving
skills. It was found that when ruminating, dysphoric individuals are worse at generating
solutions to their interpersonal problems and have a tendency to appraise their problems
as overwhelming and unsolvable (Lyubomirsky, Tucker, Caldwell, & Berg, 1999). Thirdly,
focusing on one’s negative feelings might lead to a reduced motivation to engage in
instrumental behavior. Ruminators give up activities that could lift the mood and tend
to postpone important medical checkups (Lyubomirsky & Tkach, 2008). Moreover,
depressive rumination is associated with multiple negative biases (Joormann & Quinn,
2014; Peckham, McHugh, & Otto, 2010; Rude, Wenzlaff, Gibbs, Vane, & Whitney, 2002). For
example, rumination might lead to more pessimistic attributions for upsetting experiences
and interpersonal problems, more negative self-evaluations, and recall of more negative
memories from the past (Lyubomirsky, Caldwell, & Nolen-Hoeksema, 1998). Furthermore,
depressive rumination was shown to impair performance of cognitive tasks. In one of
the studies, ruminators exhibited reduced comprehension of academic material and
reported diminished concentration during this task (Lyubomirsky, Kasri, & Zehm, 2003).
Finally, rumination was shown to be associated with additional adverse effects such as
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an increased level of stress, health problems, and impaired interpersonal relationships
(Lyubomirsky & Tkach, 2008).
1.2.2 Pain catastrophizing and its relationship with chronic pain
Pain catastrophizing (PC) tendencies have been characterized as a negatively exaggerated
orientation towards actual or anticipated pain, comprising three components:
magnification (of the threat value or seriousness of pain sensations), rumination
(compulsively focused attention on the symptoms of one’s distress), and helplessness
(inability to suppress pain-related thoughts and behaviors or divert attention away from
the pain) (Sullivan, Bishop, & Pivik, 1995). The examples of the thoughts and believes may
include: “It is terrible!”, “It is never going to get better”, and “I can’t stand this pain anymore”.
The biopsychosocial model of pain, as well as ample evidence from experimental studies,
suggests that psychological factors are related to the development and maintenance of
persistent pain (Gatchel, Peng, Peters, Fuchs, & Turk, 2007; Moseley & Butler, 2015). Studies
aimed at finding crucial psychological mechanisms that could be targeted in psychological
treatments of chronic pain revealed a prominent role of pain catastrophizing tendencies.
Pain catastrophizing is one of the critical psychological predictors of poor pain outcomes.
Higher levels of PC are associated with a heightened pain intensity or a lowered pain
threshold (Beneciuk, Bishop, & George, 2010; Kjøgx et al., 2016), increased affective distress
in response to pain (Kjøgx et al., 2016), inefficient disengagement from pain (Van Damme,
Crombez, & Eccleston, 2004), and pain-related disability (e.g., pain interference and days
missed from usual activities due to pain) (Arnow et al., 2011; Severeijns, Vlaeyen, van den
Hout, & Weber, 2001). Pain patients who scored high on pain catastrophizing are less likely
to achieve positive results in various pain treatment modalities (Smeets, Vlaeyen, Kester,
& Knottnerus, 2006; Spinhoven et al., 2004) as well as surgery (Witvrouw et al., 2009), are
staying longer at hospitals (Witvrouw et al., 2009) and display a greater use and misuse of
opiates (Burns, Day, & Thorn, 2012; Jensen, Thomsen, & Højsted, 2006).
Importantly, pain catastrophizing was shown to preserve its unique variance to the
prediction of health outcomes when controlling for pain intensity (Vervoort, Goubert,
Eccleston, Bijttebier, & Crombez, 2006). Although pain catastrophizing overlaps with
broader concepts of negative affect such as anxiety and depression (Sullivan et al., 2001),
several studies provided evidence for the uniqueness of this construct. Sullivan and
colleagues (2004) found strong relationships between fear of pain, catastrophizing, state
anxiety, and trait anxiety in pain-free healthy subjects and patients with pain; however, only
pain catastrophizing predicted pain intensity. It was also found that at high levels of pain,
pain catastrophizing predicts pain intensity independently from anxiety and depressive
symptoms (Kjøgx et al., 2014). Finally, it must also be noted that pain catastrophizing
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shows a pattern of altered brain activation which is distinctive of anxiety and depressive
symptoms (Malfliet et al., 2017).
The fear-avoidance model of pain has been one of the leading theoretical frameworks
in pain research and management (Crombez, Eccleston, Van Damme, Vlaeyen, & Karoly,
2012; Vlaeyen, Crombez, & Linton, 2016), and pain catastrophizing was suggested to
be one of the precursors of fear-avoidance behaviors (Flink, Boersma, & Linton, 2013).
Although behavioral strategy to avoid situations associated with acute pain is in general
adaptive for healthy individuals, it becomes highly maladaptive in the context of chronic
pain. When patients linger on pain catastrophizing, imagining the worst possible outcome
in response to pain, they tend to avoid activities that would expose them to pain. This
avoidance leads to inactivity, physical deconditioning and, ultimately, to greater disability.
Greater disability magnifies catastrophic thinking, and the vicious cycle continues. As
pain catastrophizing is related to the magnification of painful experiences, individuals
scoring high on this tendency can become hypersensitive to pain, noticing and paying
full attention to even slight fluctuations in the intensity levels. This constant monitoring
of bodily sensations might induce a false belief of reinjury or progression of the disease
(Ginzburg, Tsur, Barak-Nahum, & Defrin, 2014).

1.2.3 Repetitive negative thinking
Certain maladaptive cognitive emotion regulation strategies, such as depressive
rumination, pain catastrophizing or worry, can be all referred to Repetitive Negative
Thinking (RNT) (McEvoy, Thibodeau, & Asmundson, 2014). RNT was proposed to be a
transdiagnostic process among many psychiatric disorders such as depression (Thomsen,
2006; Watkins, 2008), bipolar disease (Thomas & Bentall, 2002; Thomas, Knowles, Tai, &
Bentall, 2007), obsessive-compulsive disorder (Abramowitz, Whiteside, Kalsy, & Tolin, 2003;
Amir, Cashman, & Foa, 1997), phobia (Abbott & Rapee, 2004; Joormann, Dkane, & Gotlib,
2006), and many more (Harvey, Watkins, Mansell, & Shafran, 2004). Although initially RNT
was studied in psychiatric disorders only, researchers started to look at this phenomenon
also in the context of pain disorders (Eccleston, Crombez, Aldrich, & Stannard, 2001;
Flink et al., 2013; Malin & Littlejohn, 2015; Schütze, 2016). The conceptualization of pain
catastrophizing as RNT captures the cognitive, emotional, and behavioral aspects that
are involved in these tendencies. Repetitive negative thinking was described as “a style
of thinking about one’s problems (current, past, or future) or negative experiences (past
or anticipated) that is repetitive, at least partly intrusive, and is difficult to disengage from”
(Ehring & Watkins, 2008). While the content of the depressive ruminations relates to the
low mood, pain catastrophizing is focused on unpleasant pain experiences. It seems that
both phenomena share similar functions, although the content is different. They both are
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maladaptive emotional regulation strategies of coping with negative experiences and are
employed in response to persistent negative experiences (depressive mood or pain).

1.3 	Impaired emotional regulation as a transdiagnostic factor for
depression and chronic pain
1.3.1 Emotional regulation definition
According to the APA Dictionary of Psychology, emotional regulation is defined as “the
ability of an individual to modulate an emotion or set of emotion” (APA). Although this
definition seems very concise, there are many different conceptualizations and subtypes
of this concept.
One of the most current conceptualizations of emotional regulation was described by
Ochsner and Gross (2005) who distinguished between cognitive and behavioral control
of emotions. Behavioral regulatory processes, such as suppression of the emotional
expression, might control the activity of the sympathetic part of the central nervous
system. In contrast, cognitive control decreases physiological arousal. Cognitive top-down
processes involve directing one’s attention away from emotional stimuli or changing the
meaning of an event in a way that restricts emotional reaction (cognitive reappraisal)
(Gross, 2002; Ochsner & Gross, 2005). In his earlier publication, Gross used the term
response-focused emotional regulation for the behavioral one, and antecedent-focused for
the cognitive emotional regulation (Gross, 1998).
Recently, a complex, multi-level framework for emotional regulation was proposed
(Braunstein, Gross, & Ochsner, 2017). Emotional regulation was classified in terms of
two orthogonal dimensions that describe: 1 - the nature of the emotion regulation
goal (explicit versus implicit); 2 -the nature of the emotion change process (automatic
versus conscious). Explicit emotion regulation requires a conscious goal to change one’s
emotional state while implicit emotion regulation is activated outside of conscious
awareness. Automatic emotional regulation does not engage any top-down control
processes in contrast to conscious emotional regulation, and it is often related to affective
learning (updating affective value to a specific stimulus).
1.3.2 Emotional dysregulation in depression and chronic pain
Depressed patients have more difficulties with regulating their negative state and exhibit a
specific bias toward negative stimuli. They are characterized by enhanced responsiveness
to negative stimuli and more effective memory retrieval of depressive events in
comparison to positive and neutral ones (Fales et al., 2008). Emotional dysregulation was
found to predispose an individual to developing affective disorders (Hofmann, Sawyer,
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Fang, & Asnaani, 2012). Similarly, maladaptive response-focused emotional regulation was
found to be a significant risk factor in the development and maintenance of chronic pain
(Koechlin, Coakley, Schechter, Werner, & Kossowsky, 2018). Bushnell, Čeko, & Low (2013)
published an extensive review of disruptions in cognitive and emotional control of pain
in chronic pain syndromes. Many studies have found relationships between emotional
dysregulation and pain (Manne & Zautra, 1989, 1990; Smith & Christensen, 1996;
Weinberger, Hiner, & Tierney, 1987; Zautra, Burleson, Matt, Roth, & Burrows, 1994; Zautra
et al., 1997) and the link between pain and negative emotion is well acknowledged (Keefe
et al., 2001; Wiech & Tracey, 2009). Both pain and negative affect are threat alerting signals
that activate harm-avoidance behaviors and similar cognitive processes such as vigilance
and self-focused attention (Hamilton, Karoly, & Kitzman, 2004). Finally, it was found that
physical and emotional pain activates a similar set of brain regions (Eisenberger, 2012;
Eisenberger, Lieberman, & Williams, 2003; Kross, Berman, Mischel, Smith, & Wager, 2011;
MacDonald & Leary, 2005).
1.3.3 The Örebro Behavioral Emotion Regulation Model
Linton and Bergbom (2011) proposed that impaired emotional regulation is a
transdiagnostic process for both depression and pain and assumed that catastrophizing
is mediating this interrelation. They formulated the Örebro Behavioral Emotion
RegulationModel to explain the dynamics of the transdiagnostic processes. Figure 1.1
illustrates the model for chronic pain.

Figure 1.1 The Örebro Behavioral Emotion Regulation Model. From: Linton and Bergbom (2011).
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According to Linton and Bergbom (2011), both depression and chronic pain can be
characterized by their recurrent cyclic nature, being composed of relapses (episodes of
the lower mood or increased pain) as well as remissions. Flare-ups reactivate negative
thinking patterns which worsen the mood and intensify negative perceptions of pain.
The emotional regulation system is activated, and if the continuation of the goal-directed
behavior is unsuccessful, an individual becomes preoccupied with catastrophizing. The
mood worsens, disability is progressing, and the risk for relapse is increased. Authors
of the Örebro Behavioral Emotion Regulation Model underline that the relapse is not
a result of a single unsuccessful attempt to regulate emotions but rather of numerous
failed attempts. Individuals who are failing, exhibit a general deficiency in emotional
regulation and tendencies to choose maladaptive emotion regulation behaviors. After so
many unsuccessful emotional regulation attempts, they might give up more quickly in
the future. This “vicious cycle” is resulting also from learning associations between pain
or mood and using catastrophizing as a coping strategy. It was indeed found that in the
case of depression, the higher the number of episodes in the patient’s history, the higher
the chances for another relapse (American Psychiatric Association, 2000). When it comes
to chronic pain, interdisciplinary treatments that are additionally offering coping and
emotional regulation skills are more effective in preventing relapse than conventional
interventions (Flor, Fydrich, & Turk, 1992).
1.3.4 	Our framework – the modified Örebro Behavioral Emotion Regulation Model
This thesis is referring to the slightly modified Örebro Behavioral Emotion Regulation
Model. In the original model, impaired cognitive control over negative emotional states
(depressed mood or pain) is suggested to be a transdiagnostic factor in both depression
and chronic pain. The manifestation of the impaired emotion regulation is the tendency
to catastrophize.
In contrast to the original model, we propose that Repetitive Negative Thinking, not
catastrophizing, is a manifestation of impaired emotional regulation in both depression and
chronic pain. It is now known that depressed patients are biased towards depressive, selfrelated material (Feng et al., 2015), while chronic pain patients have specific biases for painrelated, self-related stimuli (Pincus & Morley, 2001). Because of these specific biases, impaired
emotional regulation might manifest in various forms of Repetitive Negative Thinking.
1.3.5 Cortical structures involved in emotional control
It is now well established that the frontal cortex plays a crucial role in the emotional
regulation processes. The dorsolateral prefrontal cortex (DLPFC) is associated with
higher executive functions and is involved in top-down processes related to cognitive
control of emotional states (Ochsner & Gross, 2005). For example, in the context of
cognitive reappraisal, it relates to the processes of changing and maintaining alternative
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interpretations of emotional events (Ray et al., 2005). An fMRI study conducted by Goldin
et al. (2008) explored brain activation related to emotion regulation while watching a
negative-emotion-eliciting film. Participants were instructed to reappraise or suppress
negative emotions. Reappraisal-related DLPFC activation was registered at the early stages
of the emotion-generative process. Expressive-suppression strategy, on the other hand,
was found to be associated with DLPFC activation at the later stages of the emotional
experience (Goldin et al., 2008).
The medial and orbitofrontal parts of the prefrontal cortex are also a part of the brain
circuit involved in emotion regulation. Orbitofrontal cortex (OFC) activity was shown to
correlate with the intensiveness of subjective emotional states (Garrett & Maddock, 2006)
and to be involved in the processes of affective evaluation (Kringelbach, 2005). Moreover,
the OFC and mPFC regions are considered to link cognitive control and emotion. Evidence
indicates that the OFC is involved in inhibitory control over neural activity associated with
an uncomfortable emotion or sensation (such as pain) (Hooker & Knight, 2010; Shimamura,
2000). Interestingly, while the DLPFC was found to be activated during reappraisal of both
neutral and negative stimuli, the OFC activated only when reappraisal was applied to
negative ones (Giuliani, Drabant, & Gross, 2011). This finding reveals a special role of OFC
in the regulation of negative emotional states. The mPFC has also been repetitively found
to be involved in emotional regulation (Banks, Eddy, Angstadt, Nathan, & Luan Phan,
2007; Hänsel & von Känel, 2008; Ochsner, Bunge, Gross, & Gabrieli, 2013) and, apart from
that, it is an essential part of the network activated during self-reflection (Davey, Pujol, &
Harrison, 2016).
The structural and functional alterations of the aforementioned prefrontal regions might
be an important correlate of ineffective regulation of self-related emotional/pain-related
stimuli.
The temporal lobe structures are part of the emotional memory system (LaBar & Cabeza,
2006) and activation of the amygdala is related to the initial response to emotionally
salient stimuli (Phillips, Drevets, Rauch, & Lane, 2003). Numerous studies have shown that
neuronal mechanisms of emotional regulation are related to the modulation of amygdala
activity by the prefrontal cortex. For example, successful reappraisal was found to be
related to a decreased activation of the amygdalae and insula (Ochsner, Bunge, Gross, &
Gabrieli, 2002), and to depend on the strength of amygdala coupling with the OFC and
dorsal medial prefrontal cortex (Banks, Eddy, Angstadt, Nathan, & Phan, 2007). A diffusion
tensor imaging study revealed the existence of anatomical connections between frontal
cortices (the PFC and the OFC) and the amygdala. Ventral frontal regions were found to
be connected with the amygdala via a direct ventral pathway following the uncinate
fascicle, while dorsal frontal regions revealed a connection via the cingulum (Eden et al.,
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2015). Interestingly, reappraisal was positively correlated with frontal-amygdala structural
connectivity in the left hemisphere, while trait anxiety was negatively correlated with
frontal-amygdala connections in the right hemisphere.
When studying the emotional regulation brain networks, one may additionally consider
examining parietal cortex ‘s interactions with other brain areas. According to the valencearousal theory of emotional states (Heller & Nitschke, 1997), there are two cortical
emotional systems: frontal and temporoparietal. While the frontal region is related to the
attribution of motivational and affective value, the latter is involved in the regulation of
behavioral, autonomic, and subjective aspects of nonspecific emotional arousal (Heller &
Nitschke, 1997, 1998; Wyczesany et al., 2011). Moreover, recent advances in understanding
brain networks revealed an essential role of the frontoparietal Central Executive
Network in emotion regulation (Beaty, Benedek, Barry Kaufman, & Silvia, 2015; Buhle et
al., 2014; Ochsner, Silvers, & Buhle, 2012), self-regulation (Hare, Camerer, & Rangel, 2009),
and emotional memory suppression (Depue, Curran, & Banich, 2007).
When studying the intricacies of emotional regulation in pain, it is necessary to
involve somatosensory cortices in the regulatory network. Pain is a multidimensional
phenomenon, which involves sensory, cognitive, and emotional aspects (Bushnell et al.,
2013). As research has shown, somatosensory cortex is involved not only in the sensory
coding of pain intensity, but also makes numerous contributions to emotional regulation
(Bushnell et al., 2013; Kropf, Syan, Minuzzi, & Frey, 2018). The most notable roles of the
somatosensory cortices (Ss) in this context involve emotion generation (Adolphs, Damasio,
Tranel, Cooper, & Damasio, 2000), re-evaluation of stimuli to establish emotional salience
(Cunningham & Zelazo, 2007), and attentional deployment (Kropf et al., 2018). Influential
theories of emotion underlie the role of interoception, which involves reading the internal
bodily signals in generating emotional states. Since the primary somatosensory cortex
(SI) and secondary somatosensory cortex (SII) contain somatotopic representations of the
body and are involved in interoceptive attention (Critchley, Wiens, Rotshtein, Öhman, &
Dolan, 2004), they might indeed contribute to the generation of subjective emotional
states (Kropf et al., 2018). Importantly, it was repeatedly shown that Ss activation could be
modulated by top-down factors such as focus of attention and expectation (Braun et al.,
2002; Mima, Nagamine, Nakamura, & Shibasaki, 1998). It might be then suggested that the
Ss contributes to attentional-related emotional regulation strategies (Kropf et al., 2018).
1.3.6 One or more emotional regulation networks?
Researchers have tried to differentiate between neuronal correlates of top-down versus
bottom-up emotional regulation. Although literature on this issue is still scarce, some
distinguishing patterns were already proposed. Top-down cognitive reappraisal seems to
be more dependent on the orbitofrontal cortex (OFC) activity, while habitual bottom-up
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use of expressive suppression relies on the anterior insula (Giuliani et al., 2011), ACC, and
medial PFC (Hermann, Bieber, Keck, Vaitl, & Stark, 2013).
1.3.7 Repetitive Negative Thinking and emotional regulation
Although negative thinking is stimulus-driven, it can be moderated by top-down control
performed by prefrontal brain regions, for example in the form of reappraisal (Ray et al.,
2005). It has been suggested that ineffective top-down emotional regulation might lead
to repetitive and intrusive rumination or catastrophizing (Ferdek, van Rijn, & Wyczesany,
2016; Ferdek et. al. 2019a). On the other hand, bottom-up regulation strategies such as
thought suppression were also found to be positively related to pain catastrophizing
(Gilliam et al., 2010) and depressive rumination (Wenzlaff & Luxton, 2003). It is, thus,
possible that Repetitive Negative Thinking results from a failure to use adaptive emotional
regulation strategies such as cognitive reappraisal and overuse of less adaptive emotional
regulation strategies such as thought suppression.

1.4

A method to induce Repetitive Negative Thinking in the laboratory

The first procedure to invoke depressive rumination was developed by Nolen-Hoeksema
and Morrow (1993). It consisted of rumination and distraction conditions and was applied
to mildly-to-moderately depressed and nondepressed participants. In the rumination
condition, participants were instructed to focus their thoughts on the symptoms and
consequences of their emotional state, for example: “Think about what your feelings might
mean” or “Think about the possible consequences of what you feel”. In contrast, subjects
in the distraction condition were asked to focus their attention externally and think for
example about “the size of the Golden Bridge” or “the layout of the local shopping center”.
Participants were left alone in the room for eight minutes and instructed to focus their
attention on the task. It was found that both rumination and distraction did not affect
the mood of nondepressed participants. On the other hand, the mood of depressed
participants was found to be significantly decreased after the rumination and significantly
increased after distraction.
Cooney et al. (2010) conducted the first fMRI study that was aimed at exploring neuronal
correlates of depressive rumination. The experimental procedure needed to be adapted
for the use in the functional MRI. Therefore, Cooney et al. (2010) used the rumination
induction (RUM IND) experimental design, which added some modifications to the
original Morrow’s and Nolen-Hoeksema’s procedure (Nolen-Hoeksema & Morrow, 1993).
There were three experimental conditions; RUM aimed at inducing depressive states and
two control conditions: ABS (abstract distraction) and CON (concrete distraction). CON
condition was related to imagining visuals scenes, while ABS was aimed at inducing
abstract thinking. For the RUM and CON conditions, statements from the old experimental
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procedure were used. An example of the ABS statement is “Think about what contributes
to the team spirit”. The sentences were presented on a screen for 30 seconds and
participants were instructed to focus their attention on the described idea/scene. Trials
were aggregated into two blocks with fifteen sentences each. The block consisted of 5
sentences from each condition that were interspersed with each other. Between every
two trials, the fixation cross was presented for 10 seconds.
In the present thesis, a modified version of the Cooney’s (2010) experimental procedure
was used.

1.5 	Effective connectivity of beta oscillations measured by Directed
Transfer Function
1.5.1 Effective connectivity
The neural basis of complex mental states involves activation of a set of brain regions,
but also a very specific pattern of communication between them. Up until 15-20 years
ago, neuroscientists were concentrating on analyzing the function of discrete brain
regions. However, the focus of modern neuroscientific research moved from localization
to connectivity studies, the latter examining communication between neural populations
and more extensive networks. Thanks to the advances in neuroimaging technics and
development of data science, neuroscientists can collect and analyze large amounts of
fMRI and EEG data. These developments stimulated discoveries regarding the role of brain
networks in health and disease (Barch, 2013; Fox et al., 2005; Raichle et al., 2001; Raichle,
2015; Raichle & Snyder, 2007; Van den Heuvel & Hulshoff Pol, 2010).
Among the different analytic approaches to studying dynamic interactions between
brain networks, one can distinguish between functional and effective connectivity. While
functional connectivity is based on the statistical dependence of the signal on different
brain areas or networks, effective connectivity provides additional information regarding
the direction of the influences (Friston, 2011).
Connectivity is most often measured using technics such as functional magnetic resonance
imaging (fMRI) and electroencephalography (EEG) or magnetoencephalography (MEG).
Although fMRI offers a better spatial resolution than EEG and MEG, it is limited to measuring
a blood-oxygen-level-dependent (BOLD) signal which is a slow and indirect way of
inferring on neural activity. EEG offers a direct way to infer about brain neurophysiology,
one that is cheaper than MEG (Bandettini, 2009). Moreover, it provides an outstanding
time-resolution and enables to track the dynamics of the brain in short durations and in
real-time (Hassan et al., 2015; Van de Steen, Almgren, Razi, Friston, & Marinazzo, 2018).
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Research towards the complex interplay between brain regions with the use of EEG has
gained a significant recognition in the field (Gómez, Stam, Hornero, Fernández, & Maestú,
2009; Koelewijn et al., 2017; Leung, Ye, Wong, Taylor, & Doesburg, 2014; Y. Li et al., 2017).
When comparing the potential for usage in clinical practice, the EEG apparatus has some
advantages above MRI. Apart from having an excellent temporal resolution, it is less
expensive and better tolerated by patients than MRI.
1.5.2 Directed Transfer Function
The Directed Transfer Function (DTF) is one of the EEG-based methods used for assessing
effective connectivity (Kaminski & Blinowska, 2017; Kamiński, Zygierewicz, Kuś, & Crone,
2005). It is based on Granger causality testing, which can indicate whether one time
series is useful in forecasting another (Granger, 1969). Among the effective connectivity
measures, we can differentiate between bivariate and multivariate methods. Bivariate
measures assume that the dependence between two channels’ signals does not come from
another source or sources. DTF is a multivariate method of connectivity estimation, which
means that it takes into account the full set of sources that could influence a particular
channel’s signal. In comparison to bivariate methods for measuring connectivity, it is less
likely to produce spurious connections (Blinowska, 2011). When used on the scalp sensor,
the DTF method is practically insensitive to the volume conduction phenomenon, which
is related to decaying of the electromagnetic field with the distance from the sources
to the recording channels. Authors of the DTF method advise avoiding any inexpedient
preprocessing of the DTF signals, such as source localization, as it may destroy the original
correlation structure of the data (Kaminski & Blinowska, 2017; Wyczesany, Ligeza, &
Grzybowski, 2015). The topography of the DTF results has been validated against outcomes
of previous anatomical, physiological, and imaging studies (Ginter, Blinowska, Kamiński, &
Durka, 2001; Kaminski & Blinowska, 2014; Kuś, Ginter, & Blinowska, 2006). DTF has already
many applications such as estimation of the cortical connectivity (Wyczesany, Ferdek, &
Grzybowski 2014), examining the propagation of epilepsy (Ge et al., 2007), or examining
the hippocampus connectivity patterns related to different rat’s behaviors (Korzeniewska,
Kasicki, Kamiński, & Blinowska, 1997). The DTF’s multivariate autoregressive (MVAR) model
can be transformed into the frequency domain. Thanks to this, the strength and direction
of the information flow of specific EEG bands can be determined.
1.5.3 Beta oscillations
This thesis is particularly focused on effective connectivity within the beta band. There are
a couple of reasons why the beta oscillations are analyzed. Firstly, it has been shown that
beta oscillations cover an important part of the middle and long-range communication
(Kuś, Blinowska, Kamiński, & Basińska-Starzycka, 2008; Wyczesany et al., 2015) between
different brain structures. Although evidence shows that gamma oscillations might
contribute to the local BOLD signal, lower frequencies such as beta, alpha, and theta were
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shown to be predominantly involved in inter-areal BOLD correlations (Wang, Saalmann,
Pinsk, Arcaro, & Kastner, 2012). Gamma band was instead found to be related to local,
short-ranged communication which is less useful when it comes to studying brain
networks that consist of distanced brain structures.
Secondly, it was shown that beta oscillations could be dynamically modulated in a
content-specific manner (Kim, Kim, & Chung, 2017). As our experimental design involved
switching between three or four types of trials during the experiment, beta oscillations
characteristics (short-lived, dynamic) seemed the best candidate for our analysis. In this
context, they are more appropriate for revealing between-condition differences than
slower frequencies, such as alpha and theta oscillations. However, in the studies examining
chronic pain and pain catastrophizing, alpha band connectivity was additionally explored,
as alpha frequencies anomalies were reported in many chronic pain studies (Pinheiro et
al., 2016).
There is a growing body of evidence that beta oscillations promote the maintenance of
the cognitive state and its power is increased in situations when the brain’s “status quo”
is given priority over external stimuli (Engel & Fries, 2010; Spitzer & Haegens, 2017). It
is especially interesting to study this rhythm in the context of non-adaptable repetitive
thinking patterns such as pain catastrophizing or depressive rumination, as this state is
related to the focus on one’s self.
Finally, in the first preliminary experiment (described in Chapter 6), the main experimental
procedure was used without any additional manipulations. Connectivity patterns in theta,
alpha, and beta band were explored but the vast majority of the effects were related to
the beta information flow. This was one of the reasons why the beta band connectivity
remained the main focus of the following studies.

1.6

The main aims of the thesis

Subjective emotional suffering and physical pain activate overlapping brain areas
(Eisenberger et al., 2003; Kross et al., 2011) and often co-occur. Persistent pain increases
the risk of developing anxiety and a depressive disorder (Holmes, Christelis, & Arnold,
2013). Conversely, depression is very often associated with somatic symptoms such as
pain (Kleiber, Jain, Kleiber, & Trivedi, 2005). To understand this high comorbidity, it is
crucial to explore transdiagnostic factors shared between depression and chronic pain.
There is growing evidence suggesting that chronic pain may lead to anatomical and
functional alterations within regions involved in cognitive and emotional modulation of
pain (Malfliet et al., 2017). Those changes contribute to the maintenance of pain, which
creates a vicious cycle leading to an intensified pain experience (Bushnell et al., 2013).
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Attenuated cognitive emotional control is also characteristic of patients suffering from a
major depressive disorder (Visted, Vøllestad, Nielsen, & Schanche, 2018) and leads to the
inability to suppress negative thinking and to frequent rumination. In both depression
and chronic pain, impaired emotional regulation of negative stimuli might manifest in
the form of Repetitive Negative Thinking (Drost, van der Does, van Hemert, Penninx, &
Spinhoven, 2014). While a depressed individual has a tendency for depressive rumination,
chronic pain patients tend to catastrophize about pain. Although the content of depressive
rumination and pain catastrophizing differ, their function might be shared (Flink, Boersma,
& Linton, 2013). The neuronal basis of Repetitive Thinking in chronic pain and depression
might also overlap, revealing similar functional brain changes in both diseases.
In this dissertation, the neuronal basis of Repetitive Negative Thinking was analysed in
groups of depressed, chronic pain, and non-clinical participants. Negative thinking was
experimentally induced in the laboratory, and EEG was used to measure brain activity.
Experimental hypotheses were mostly related to the cortical effective connectivity patterns
that are mutual for the emotional control of pain as well as of the depressive, self-relevant
stimuli. Connectivity was studied between brain structures such as dorsolateral prefrontal
cortices, orbitofrontal cortex, medial frontal cortex, temporal cortex, and parietal regions.
Similarities and differences in connectivity patterns between non-clinical, depressed, and
chronic pain participants are discussed. Application of the collected results will increase
the effectiveness of chronic pain and depression treatments and may stimulate new ideas
for the prevention of these disorders.
Experiment 1 (Chapter 2) titled Depressive rumination and the emotional control
circuit: An EEG localization and effective connectivity study
The aim of this EEG study was to explore the neuronal basis of depressive rumination
in a non-clinical population. Participants with a high tendency to ruminate (called
RUMINATORS) were compared to those who are very low on the rumination scale
(called NONRUMINATORS). The experimental procedure involved the induction of a
depressive rumination state as well as positive and neutral emotional mental imagery.
It was hypothesized that both groups would differ according to the level of activation
and effective connectivity among the structures involved in emotional control. In
particular, it was expected that RUMINATORS in comparison to NONRUMINATORS would
be characterized by decreased activation of the dorsolateral prefrontal cortex and that
the information flow from this structure to other regions of the emotional control circuit
would be decreased. These neuronal correlates might be related to the impaired topdown cognitive control in RUMINATORS. It was also hypothesized that individuals with
high tendencies to ruminate would have an increased activation of temporal cortices and
orbitofrontal cortex compared to individuals with low tendencies to ruminate and that
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this effect would be most pronounced during the depressive rumination condition. These
patterns might reflect a specific negative bias when retrieving emotional memories or
increased emotional reactivity when processing negative self-referential material.
Experiment 2 (Chapter 3) titled Pain catastrophizing is associated with altered EEG
effective connectivity during pain-related mental imagery
This EEG study aimed at exploring the relationship between pain catastrophizing tendencies
and effective connectivity patterns of the pain systems (somatosensory, cognitive, and
affective) in healthy participants. EEG data were collected during the induced pain-related
negative, depressive, positive, and neutral mental imagery conditions. It was expected
that catastrophizing tendencies would be negatively related to the information flow
between frontal and temporal cortices and positively related to the connectivity from the
somatosensory cortices to the temporal and orbitofrontal cortices. The first effect could
be related to the ineffective prefrontal modulation of heightened emotional responses in
healthy catastrophizing individuals and the latter one could imply stronger connections
between the regions processing the sensory and attentional aspects of pain and those
involved in affective responses to pain.
In this study, the manipulation check of our experimental procedure is described in
more detail. An additional study in healthy subjects was conducted to reveal whether
experimental conditions effectively induce desired ruminative states. It was verified
whether our experimental conditions (positive, depressive, neutral, and pain-related)
differed in subjective mood ratings.
Experiment 3 (Chapter 4) titled Decreased beta oscillations connectivity among the
emotional control circuit during depressive rumination in clinically depressed patients
The aim of this EEG study was to explore the cortical connectivity of the depressive
rumination state in clinically depressed patients. Depressed patients were induced to
ruminate and compared to healthy controls in terms of connectivity patterns within the
emotional regulation brain circuit. It was hypothesized that during depressive rumination,
depressed patients would be characterized by a decreased information flow from frontal
regions which could imply top-down emotional control deficits. Additionally, group effects
independent from the experimental condition were explored and it was expected that
depressed patients would be characterized by an increased beta information outflow from
the right parietal cortices, which might be related to the non-specific emotional arousal.
Experiment 4 (Chapter 5) titled Effective connectivity of beta oscillations in
endometriosis-related chronic pain during rest and pain-related mental imagery
This EEG study examined effective connectivity within the cortical pain systems in the
sample of women suffering from endometriosis-related chronic pelvic pain. Endometriosis
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patients were compared to the healthy controls in terms of effective connectivity during
resting-state and pain-related negative mental imagery. During rest, endometriosis
patients that are suffering from ongoing pain were expected to be characterized by
an increased information flow between somatosensory cortex and regions involved in
emotional and cognitive control of pain (medial frontal cortex, orbitofrontal cortex,
dorsolateral prefrontal cortex, and temporal cortices). When ruminating about pain, it
was hypothesized that endometriosis chronic pain would be related to the differences
in the dorsolateral prefrontal cortex and temporal cortex connectivity, implying impaired
emotional regulation when processing negative, pain-related stimuli.
Experiment 5 (Chapter 6) titled Cortical functional connectivity is associated with the
valence of affective states
This was the first experiment to be conducted as a part of this dissertation. It is described
as the last one, as it should be treated as a supplement to all the previously described
studies. It serves as an additional manipulation check for the experimental procedure and
shows how each experimental condition differs with regards to connectivity and spectral
power in theta, alpha, and beta. The main aim of this study was to explore EEG cortical
connectivity patterns associated with the specific valence of an affective state (negative,
neutral, or positive). Connectivity was studied between the cortical areas that are known to
be involved in emotional experiences, such as orbitofrontal cortex, dorsolateral prefrontal
cortex, parietal cortex, and temporal areas.
Our experimental design was based on a previous experimental procedure designed
to invoke depressive rumination procedures (Cooney, Joormann, Eugène, Dennis, &
Gotlib, 2010; Nolen-Hoeksema, Morrow, & Fredrickson, 1993); however, some significant
modifications were applied. In the experiments on the neuronal basis of depressive
rumination, three experimental conditions were used: positive, neutral, and depressive.
Instead of an abstract condition, a positive mental imagery task was developed. It consisted
of sentences that were self-relevant, abstract, and of a positive emotional value. Because
of this contrast, it was possible to differentiate between emotional and non-emotional
imagery and find activations specific to negative emotional value. To induce depressive
rumination in clinically depressed participants, the set of sentences developed by Morrow
and Nolen-Hoeksema (1993) was used. However, the groups of nonclinical participants
required stronger negative connotations to invoke depressive rumination. Therefore, a
list of negative sentences was designed, and these new sentences were used in the rest
of the studies. An example of a negative sentence is: “Think about what makes you worse
than other people”.
In the studies that were related to pain-catastrophizing and chronic pain, a fourth
condition was used to induce pain-related mental imagery and to differentiate between
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pain and depressive rumination in these groups of participants. Our experimental
procedure consisting of four experimental conditions was validated to make sure that it is
effective in inducing each type of emotional mental imagery. Our validation is described
in Chapter 3 of this thesis.
In all experiments that are part of this thesis, participants were performing mental imagery
(neutral, positive, depressive, or pain-related) for around 30 seconds with their eyes closed.
They were given auditory instructions about the topic of each thinking period. After each
task, they were asked to open their eyes and evaluate their performance on a scale from 0
(“failure”) to 2 (“success”). Participants were instructed to choose the “failure” option in the
following scenarios: 1) they did not succeed in the mental imagery task because of poor
concentration; 2) they did not understand the sentence; 3) the sentence did not apply to
their life. In the first study on healthy ruminators, participants were asked to evaluate their
performance after the EEG experiment was finished. However, in the following studies,
it was decided to measure this variable during the experimental procedure, to eliminate
disturbances related to differences in memorization between the tasks. Thanks to this
improvement, more reliable results could be obtained. Attempts with a performance
score equal to 0 (“failure”) were not taken into consideration in the following analyses.
The general experimental design scheme with the main elements of the experimental
procedure is presented in Figure 1.2. More detailed descriptions of the experimental
procedure in each experiment can be found in the corresponding Chapters (2,3,4,5,6).
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Figure 1.2 Experimental scheme. Experiment consisted of a repeated sequence: 1 – mental
imagery induction, trials are presented in a random order and are intermingled across conditions,
participants are listening to the audio instructions with their eyes closed; 2 – 30-second of mental
imagery, participants are imagining each topic with their eyes closed; 3 – beep sound that ends
the mental imagery period and is a cue to open the eyes; 4 – performance self-assessment –
participants are evaluating themselves on a 0-2 scale using button-box and are asked to close their
eyes afterwards.
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Ruminations are repetitive thoughts associated with symptoms, causes, and
consequences of one’s negative feelings. The objective of this study was to explore the
neuronal basis of depressive rumination in a non-clinical population within the context
of emotional control. Participants scoring high or low on the tendency to ruminate
scale took part in the EEG experiment. Their EEG data were collected during a state of
induced depressive ruminations and compared with positive and neutral conditions.
We hypothesized that both groups would differ according to the level of activation and
effective connectivity among the structures involved in the emotional control circuit.
Clustering of independent components, together with effective connectivity (Directed
Transfer Function), was performed using the EEG signal. The main findings involved

Abstract

decreased activation of the left dorsolateral prefrontal cortex (DLPFC) and increased
activation of the left temporal lobe structures in the highly ruminating group. The latter
result was most pronounced during the ruminative condition. Decreased information
from the left DLPFC to the left temporal lobe structures was also found, leading to
the conclusion that hypoactivation of the left DLPFC and its inability to modulate the
activation of the left temporal lobe structures is crucial for the ruminative tendencies.
Keywords: depressive ruminations, emotional control, DIPFIT, independent
component clustering, DTF
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2.1

Introduction

Self-reflection can have both light and dark sides. The ability to analyze one’s own mental
states is unique to humans and seems to be highly adaptive for functioning in a complex
world. Nonetheless, there is a form of self-reflection that has harmful consequences
and can lead to the magnification and prolongation of depressive moods. Ruminative
response style, according to Nolen-Hoeksema, Wisco, & Lyubomirsky (2008), is a form of
responding to distress, which “involves repetitively and passively focusing on symptoms
of distress and on the possible causes and consequences of these symptoms.” It is
suggested that ineffective cognitive control over emotional information, accompanied
by increased emotional reactivity to negative self-referential stimuli, underlie depressive
ruminations (Kühn, Vanderhasselt, De Raedt, & Gallinat, 2012; Mandell, Siegle, Shutt,
Feldmiller, & Thase, 2014). Indeed, ruminators are characterized by increased self-focus
(Nejad, Fossati, & Lemogne, 2013) and memory/attentional biases towards negative
stimuli. Highly ruminating individuals experience difficulties with diverting attention
away from the negative material (Joormann & D’Avanzato, 2010) and recall more
negative autobiographical memories than positive ones (Lyubomirsky, Caldwell, & NolenHoeksema, 1998). As we assume that extensive rumination arises due to ineffective
cognitive emotional control, in the present study we investigate the brain’s emotional
control circuit and its relationships to ruminative tendencies in a non-clinical population.
Studying the tendency to ruminate is important in the context of susceptibility for
developing depressive disorder, as it has been shown that ruminative style is a predictor
of the onset of this condition (Nolen-Hoeksema, Roberts, & Gotlib, 1998; Nolen-Hoeksema,
2000; Roberts, Gilboa, & Gotlib, 1998; Spasojević & Alloy, 2001). The maladaptiveness of
a tendency to ruminate begins with the prolonged and unproductive analysis of one’s
negative emotional state, which additionally intensifies the lowered mood. Finally, it creates
a self-perpetuating, vicious cycle of a depressive state and ruminations. Furthermore,
depressive ruminations do not give rise to active problem solving. People with a high
tendency to ruminate remain fixated on negative emotions, usually without taking
the necessary actions to solve the underlying problems. Women characterized by the
ruminative response style procrastinate on seeing a specialist in spite of noticing evident
symptoms of breast cancer (Lyubomirsky, Kasri, Chang, & Chung, 2006). The tendency to
ruminate is defined quantitatively, mostly by the frequency of ruminations during the
lowered mood state (Blaut & Paulewicz, 2011). As this tendency is relatively stable during
the lifespan, (Nolen-Hoeksema & Davis, 1999) it can be studied as an individual trait. In
spite of its relative stability, it is still a sensible target in therapy, as its frequency can be
lessened by psychological interventions. Taking these facts into consideration, it is crucial
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to study the tendency to ruminate as a factor that predisposes individuals to depressive
disorder.
Emotional control relates to processes of creating a new or changing an ongoing
emotional response (Ochsner & Gross, 2005). Despite the fact that many diverse strategies
of emotional control exist, all of them seem to depend on a similar emotional control
circuit, which comprises the regulatory loop between the prefrontal cortex, limbic cortex,
and other limbic regions such as the amygdala and hippocampus (Ochsner, Bunge,
Gross, & Gabrieli, 2002). Within this circuit, effective emotional control (down-regulation
of negative emotional states) is manifested by higher activation of the prefrontal cortex
and decreased activation of the limbic structures (Taylor & Liberzon, 2007), as well as
increased connectivity of the prefrontal cortex, which possibly initiates the modulating
actions (Wyczesany, Ferdek & Grzybowski, 2014; Wyczesany, Ligeza & Grzybowski, 2014).
Supporting this assertion, it was found by Banks et al. (2007) that the fronto-limbic
coupling may be a predictor of the successful top-down cognitive modulation of the
negative affect. Unsuccessful top-down modulation of negative emotional state seems
to be a key characteristic that underlies mood disorders such as a depression (Joormann
& Gotlib, 2008). Indeed, several fMRI studies revealed changes in the emotional control
circuit in depressed patients. It was found that depressed participants had increased
activity in the amygdala while they were trying to down-regulate their negative affect,
which may indicate that the prefrontal cortex modulatory actions on the limbic regions
were rather ineffective (Beauregard, Paquette, & Lévesque, 2006; Johnstone, van Reekum,
Urry, Kalin, & Davidson, 2007). Depressed individuals are also characterized by decreased
reactivity of the dorsolateral prefrontal cortex (DLPFC) in response to emotional stimuli
(Hooley et al., 2009; Schaefer, Putnam, Benca, & Davidson, 2006), and they have abnormal
resting-state functional connectivity within neural circuits that mediate emotional
processing (Cullen et al., 2009). Based on all of this data, we conclude that impaired
emotional regulation is the main factor triggering extensive depressive rumination.
Thus, in the present study, we examine the characteristics of the fronto-limbic circuit in
ruminating subjects and compare them with non-ruminating individuals. We predict that
a crucial difference between ruminators and nonruminators lies in the effectiveness of
the cognitive emotional control – the top-down modulation of the subcortical structures’
activation by the prefrontal cortex.
Neural correlates of ruminations have been studied using neuroimaging methods. The
prefrontal cortex, anterior cingulate cortex, and temporal lobe structures (amygdala,
hippocampus) were shown to be related to depressive ruminations but the exact model
of the tendency to ruminate requires further investigation (Cooney, Joormann, Eugène,
Dennis, & Gotlib, 2010; Johnson, Nolen-Hoeksema, Mitchell, & Levin, 2009; Kühn et al.,
2012; Mandell et al., 2014; Ray et al., 2005). Functional differences between ruminators
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and nonruminators in the activity of the DLPFC and the ACC regions are still unclear, with
some of the studies showing an increase, while others show a decrease in their activation.
These discrepancies can be partly attributed to differences in conceptualizations of
depressive ruminations across the research. Depressive ruminations were studied both as
a phenomenon induced in laboratory conditions (Cooney et al., 2010) or as a personality
trait (Kühn et al., 2012; Ray et al., 2005); in healthy individuals (Kühn et al., 2012) or in
depressed patients (Cooney et al., 2010; Mandell et al., 2014; Ray et al., 2005). Ruminators’
and nonruminators’ brain measurements were recorded at rest (Kühn et al., 2012) or during
a specific cognitive task (Johnson et al., 2009; Mandell et al., 2014). It is crucial to take
into consideration these different approaches when forming a clear model of neuronal
correlates of depressive rumination.
Activity of the DLPFC was found to be inversely correlated with depressive ruminations
(Kühn et al., 2012). The role of the DLPFC has been associated with suppressing unwanted
thoughts (Kühn et al 2012) or effective disengagement from the negative material
(Vanderhasselt, Kühn, & De Raedt, 2011). The fMRI experiment of Cooney et al. (2010)
involved a rumination induction task and two control conditions: concrete and abstract
distractions. Each condition included ten statements. For example, “Think about what
people notice about your personality” – for rumination; “Think about what contributes
to team spirit” – for abstract distraction; and “Think about a row of shampoo bottles on
display” – for concrete distraction. Depressed patients had increased activation of the left
middle frontal gyrus region (LMFG) compared with healthy controls during rumination
versus concrete distraction condition. In rumination versus abstract distraction condition,
depressed patients showed different activation patterns of DLPFC subregions than the
healthy controls. Healthy subjects exhibited increased activation of the right inferior
frontal gyrus (IFG) of the DLPFC, while depressed patients displayed increased activation
of the bilateral MFG. Another study, which was conducted only on non-clinical subjects,
involved voxel-based morphometry (VBM) and resting state fMRI (Kühn et al., 2012). It
used the Ruminative Response Scale (RRS) questionnaire to measure if individuals were
prone to depressive ruminations. The RRS scores were found to be negatively correlated
with both gray matter volume in the bilateral IFG and resting state activation of this region.
Another study conducted using the regional homogeneity (ReHo) method showed that
tendency to ruminate is negatively correlated with the functional homogeneity of DLPFC
(Wang et al., 2015). Decreased DLPFC activation is in line with most of the neuroimaging
studies on brain functional abnormalities in depressive disorder (Fitzgerald, Laird, Maller,
& Daskalakis, 2008; Kross, Davidson, Weber, & Ochsner, 2009). De Raedt and Koster (2010)
proposed a framework on cognitive vulnerability for depression, which begins with HPA
(hypothalamic–pituitary–adrenal) axis hyperactivation, leading to a decrease in PFC
activity. This results in attenuated inhibition of subcortical regions, like the amygdala,
and a sustained negative affect. The exact ruminative activity pattern in this region is still
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ambiguous, as a study by Cooney et al. (2010) has revealed hyperactivation of the DLPFC,
which would seem to contradict this model. Discrepancies in the obtained results may be
related to the functional differences between subregions of the DLPFC. The IFG activation
and size were found to be decreased in ruminating individuals (Kühn et al., 2012), while
the MFG activation was increased in depressed individuals when ruminating (Cooney et
al., 2010).
Activity in the anterior cingulate cortex (ACC) has also been indicated as a depressive
rumination correlate. The anterior cingulate is specialized in the regulation of autonomic
structures during emotional arousal. It also “inspects” if it is necessary to increase cognitive
control and sends this information to the DLPFC (Cohen, Botvinick, & Carter, 2000). The
ACC was shown to be more activated in depressed patients during rumination versus both
concrete and abstract conditions (Cooney et al., 2010). In the experiment by Kühn (2012),
the tendency to ruminate in healthy subjects was negatively correlated with the resting
state activation and gray matter volume of ACC as measured by the VBM. Discrepancies of
the studies regarding the ACC may be related to the heterogeneity of the ACC subregions.
The ventral part of the ACC (vACC) has numerous connections with the amygdala and is
sensitive to emotional stimuli, while the dorsal ACC, which controls the activation of the
vACC, is more related to cognitive and regulatory processes (Bush, Luu, & Posner, 2000).
Further research is required to determine the role of the ACC in depressive ruminations.
Studies regarding the temporal cortex, amygdala, and hippocampus are more consistent.
Cooney et al. (2010) found enhanced amygdala, parahippocampal, and temporal gyri
(middle temporal gyrus and superior temporal gyrus) activation in depressed patients
compared to healthy controls during the ruminative versus abstract condition. Increased
or sustained activation of the amygdala during ruminations was repeatedly observed. The
fMRI study of passive viewing of negative and neutral images by Ray et al. (2005) revealed
a positive correlation between left amygdala activation and the tendency to ruminate.
It was also shown that depressed patients can be characterized by sustained amygdala
activity after negative emotional processing in comparison to never-depressed controls.
This difference was moderately related to the tendency to ruminate (Siegle, Steinhauer,
Thase, Stenger, & Carter, 2002). Similar result was found in another fMRI study by Mandell
et al. (2014). Trait rumination co-varied with increased amygdala activity. Additionally, after
controlling for the amygdala, bilateral hippocampus activation was found to be associated
with ruminative tendencies. Increased amygdala activation may be related to heightened
emotional reactivity in the face of the negative, self-referential stimuli. The amygdala can
also facilitate the retrieval of the emotional memory by modulating the activity in the
hippocampus (Disner, Beevers, Haigh, & Beck, 2011). Orbitofrontal cortex (OFC) activation
may also be related to emotional reactivity, as it was found that its activation correlates
with the subjective estimation of aversive affective state (Garrett & Maddock, 2006) and
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it has robust connections with the amygdala (Barbas, 2007). While ruminating versus
thinking about concrete images, depressed patients were shown to exhibit increased
activation of the OFC in comparison to healthy controls (Cooney et al., 2010). Ray et al.
(2005) compared brain activities of two non-clinical groups – individuals with a high vs.
low tendency to ruminate during the presentation of the IAPS (International Affective
Picture System) pictures. Their fMRI study revealed that ruminators were characterized by
increased activation of Brodmann area 47, a subregion of the orbitofrontal cortex, when
instructed to increase their negative affect and during passive viewing of the negative
pictures (Ray et al., 2005). Individuals with high tendency to ruminate may perceive the
same stimuli as subjectively more negative than those who do not ruminate.
To conclude the primary objective of this study, we aimed at identifying neuronal
correlates of the rumination trait, by examining the postulated emotional control
network. We compared the brain activity of people scoring high (RUMINATORS) and
low (NONRUMINATORS) on the Ruminative Response Scale Revised (RRS-R) during
ruminations induced in a laboratory. Apart from the ruminative condition, we used two
control conditions (positive and neutral reflection). The existing literature supports the
idea that ruminations may be related to the abnormal functioning of the brain’s emotional
regulation network. However, the exact model of the neural basis of depressive ruminations
and their detailed functional significance is still unknown. Tendency to ruminate is
associated with inability to control intrusive, repetitive thoughts of negative value. Thus,
we predicted that the impaired top-down cognitive control in RUMINATORS is a key factor
resulting in maladaptive ruminations. We hypothesized that RUMINATORS in comparison
to NONRUMINATORS would be characterized by decreased activation of the DLPFC and
that information flow from this structure to other regions of the emotional control circuit
will be decreased. As a result, attenuated modulatory influences will be associated with
increased temporal activation, which is densely interconnected and functionally linked
with the limbic structures such as the amygdala and hippocampus. We expect that they
will be mostly pronounced in the depressive rumination condition, which may reflect
a specific negative bias when retrieving emotional memories or increased emotional
reactivity when processing negative self-referential material. We also speculated that
RUMINATORS in comparison to NONRUMINATORS will exhibit increased activation of the
OFC, especially in the depressive rumination condition. Increased activation in this region
may reflect heightened encoding of the affective relevance or arousing properties of a
negative stimuli by RUMINATORS (Ray et al., 2005). EEG spatial resolution is insufficient to
differentiate between dorsal/ventral ACC, which serve different processes (Cai & PadoaSchioppa, 2012), and that is why no directional hypothesis related to the ACC was
proposed.
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In order to test our hypotheses, we applied two separate analytic methods based on the
EEG recording. Firstly, in order to identify and trace the activity of functionally independent
brain sources, we applied the Independent Components Analysis (ICA) together with
DIPFIT, as a source localization method. Most of the previous rumination research was
conducted using the fMRI, so this approach has not been used before. The important
advantage of the EEG recording is that it is a more natural environment for the individual
than a measurement in the fMRI scanner. The fMRI scanner noise and general physical
discomfort related to being confined in a small space may influence the emotional state
of the subjects. Secondly, the EEG method provides a unique opportunity to calculate the
effective brain connectivity. Hence, the direction and intensity of the information flow
within the emotional regulation circuit were also examined.
Two questionnaires were used in our study. The first was the Ruminative Response Scale
Revised (RRS-R), used to measure the tendency to ruminate and to divide participants
into RUMINATORS and NONRUMINATORS. This scale, contrary to the original Ruminative
Response Scale (RRS) includes only items that are not confounded with the depressive
content. This approach enabled us to minimize possible influences of general depressive
symptoms. The second questionnaire was the Difficulties in Emotional Regulation Scale
(DERS), used to measure diversified aspects of the emotional regulation like: acceptance of
one’s emotions, awareness and understanding of emotional responses, access to effective
emotional regulation strategies and ability to control impulsive behavior and to engage
in the goal directed behavior when feeling depressed (Gratz & Roemer, 2004). As this
scale is based on multifaceted and comprehensive conceptualization of the emotional
regulation, we were able to further determine behavioral specificity of our findings. We
did that by testing the relationship of DERS subscales and effective connectivity values
when controlling for RRS-R. We expected that our results would be driven specifically
by the depressive rumination construct rather than other general cognitive processes
involved in the emotional regulation.

2.2

Materials and Methods

2.2.1 Questionnaires
The Ruminative Response Scale (Nolen-Hoeksema & Morrow, 1991) is a questionnaire
used to measure the tendency to ruminate. It consists of 22 items that describe individual
responses to depressed mood, which can be divided into: self-focused (e.g., I think: ‘Why
do I react this way?’); symptom-focused (I think about how hard it is to concentrate), and
consequences/causes focused (I think ‘I won’t be able to do my job if I don’t snap out of
this’). The Ruminative Response Scale Revised (RRS-R) is a modified, 10-item version of the
RRS scale (Treynor, Gonzalez, & Nolen-Hoeksema, 2003), which incorporates only those
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questions which do not overlap with 13-item BDI (Beck Depression Index). Participants
decide, on a 1-4 Likert scale, how often they experience each type of thoughts (1 – almost
never; 4 – almost always). Highest possible score is 40.
The Difficulties in Emotional Regulation Scale (Gratz & Roemer, 2004) is a psychometric
tool used for complex measurements of emotional regulation disabilities. It includes
36 items assigned to one of six dimensions/subscales (Non-acceptance of Emotional
Responses; Difficulties Engaging in Goal-Directed Behavior; Impulse Control Difficulties;
Lack of Emotional Awareness; Limited Access to Emotion Regulation Strategies, Lack of
Emotional Clarity). For detailed description of each subscale see Gratz and Roemer (2004).
Participants choose answer on a 1-5 Likert scale (1 – almost never; 5 – almost always).
Highest possible score is 180.
2.2.2 Participants
Participants were recruited based on the Ruminative Response Scale Revised (RRS-R)
questionnaire measuring the tendency to ruminate unconfounded with general
depression symptoms. 243 students from the Jagiellonian University completed the RRS-R.
Only 26 of them, scoring low or high on a scale, took part in the main EEG experiment (22
females and 4 males; MEAN RRS-R total = 25.42, SD RRS-R = 5.85). In order to enhance
possible group differences, we focused on those participants who had more than one
standard deviation above the average score (RUMINATORS; high tendency to ruminate; N
= 11; MEAN RRS-R = 34.36; SD RRS-R = 2.06) or one standard deviation below the average
score (NONRUMINATORS; low tendency to ruminate; N = 15, MEAN RRS-R = 17.33; SD
RRS-R = 3.52).
2.2.3 EEG equipment
Experimental data were collected using a 64-channel EEG BioSemi Active Two acquisition
system, sampled with 256Hz frequency. We used the International 10-20 System of
Electrode Placement with the adjustment to the nasion and inion. Two additional leads
were present on the left and right mastoids (for off-line re-referencing). All electrodes’
impedance was kept in the recommended range during the entire recording.
2.2.4 Experimental procedure
Experimental procedure was compliant with the directives of the Helsinki Declaration
and approved by the ethics committee at the Jagiellonian University’s Institute of
Psychology. Subjects signed written consent forms. The EEG measurement took place in
an air-conditioned and soundproof room. The experimental task was based on emotional
mental imagery. There were three within-subject’s’’ conditions: (1) negative (depressive),
(2) positive, and (3) neutral. Voice instructions played by a computer were used to induce
each type of mental imagery. For example, “Think about a mistake you have recently made”

2

56 | Chapter 2

to evoke the depressive ruminative state, “Think about an old wooden door” for the neutral
condition, and “Think about one of the happiest moments in your life” for the positive one.
There were 22 statements all together, and they were mixed in a random order with the
exception that the last two statements were always positive. Participants were instructed
to close their eyes at the beginning of the procedure and listen to the commands; each
one was followed by 30 seconds of silence intended for a particular imagery task. After
the main procedure, subjects were asked to evaluate on a three-point scale 0-2 (0 – failure;
1 – completed task, but experienced problems with concentration; 2 – success) whether
they managed to complete each imagery task. Tasks rated as 0 were not included in the
following analysis. Finally, subjects completed the DERS questionnaire.
2.2.5 Data analysis
2.2.5.1 	EEG data: 1) Spectral and source localization analyses of independent EEG components.
Preprocessing of the EEG data was performed in the EEGLAB Matlab toolbox (Delorme
& Makeig, 2004). The signal was referenced off-line to the linked mastoids and filtered
(1-46 Hz, zero-phase). Single data channels with severe technical failures (excessive
noise, prolonged loss of skin connection) were then rejected based on visual inspection.
No participant had more than two data channels rejected. Each 30-second fragment
associated with the imagery task was divided into 2-second epochs with a 0.5-second
overlap. Epochs which involved apparent artifacts (muscles, technical problems, eye
movements) were rejected on the basis of the semi-automatic procedure. First, an
automatic algorithm was applied, which involved both threshold level (below −80 μV
and over +150 μV) and abnormal spectra (excessive power in beta/gamma frequencies
with threshold set to 30 dB above the electrode average in the 25–45 Hz range on scalp
electrodes). Then, the final visual inspection was performed to confirm the rejection. As
a result, the average number of epochs taken for analysis in a single subject was 331 and
the minimum number was 158.
A blind source separation algorithm, Independent Component Analysis (ICA), was
carried out on the remaining EEG signal in order to identify independent brain sources
contributing to the scalp electrical signal. The independent components (IC) originating
in oculomotor activity and eye-blinks were rejected from further analysis on the basis of
typical artifactual parameters (spatial distribution, time characteristics relative to stimuli
onset and spectral power; Jung et al., 2000).
The equivalent source dipoles of the identified independent components were localized
using the DIPFIT2 method based on a standardized boundary element head model (BEM).
This procedure uses an averaged, re-referenced EEG signal and consists of an initial coarse
model grid search, followed by non-linear fine fitting, with an option to search for either
single or bilateral dipoles (Kybic, Clerc, & Faugeras, 2004; Niedermeyer, 1996). Those dipole

Depressive rumination and the emotional control circuit | 57

localizations that best fit the signal distribution on the scalp surface were chosen. Only
those ICs whose residual variance (RV) of dipole location was less than 15% were taken
into consideration during the following analysis (Wyczesany, Grzybowski, & Kaiser, 2015).
For each remaining independent component, spectral analysis was performed. Absolute
spectral power density (expressed in µV2/Hz) was computed using FFT algorithm, with
10% Hanning window applied to each 2-second epoch and then averaged. In order to
identify functionally corresponding ICs in all the subjects, the K-means clustering method
was performed. The clusters were computed on the basis of spatial location (weight:
2/3) and power spectrum similarity (weight: 1/3) using least-squares Euclidian distances
(MATLAB k-means method) and reduction of the resulting vector to 10 dimensions using
principal component analysis (PCA). The initial number of searched clusters was set for
k=20 and the threshold level for outliers remained at 2.5 SD of the estimated distance.
The clustering procedure was iteratively repeated with k decreasing by one in each run,
until they were judged to remain functionally and anatomically distinct with regard to
functional plausibility determined by correspondence with anatomical structures (Jung
et al., 2007; Wyczesany et al., 2015).
The obtained power spectra density values were aggregated into the following bands:
alpha (8-15 Hz); beta1 (13-15 Hz); beta2 (16-24 Hz); beta3 (25-30 Hz). All spectral values
were averaged within the specific condition (negative/depressive, positive, and neutral).
As beta oscillations are the ones that are most functionally heterogeneous (Rangaswamy
et al., 2002), the frequency range was divided into three smaller subunits. The resulting
data (alpha, beta1, beta2, and beta3 power spectra density values) were compared
between groups (RUMINATORS / NONRUMINATORS) with a within-subject valence
conditions factor (neutral, positive, depressive; mixed-design ANOVA).
2.2.5.2 EEG data: 2) Effective connectivity.
The Directed Transfer Function (DTF; Korzeniewska, Mańczak, Kamiński, Blinowska,
& Kasicki, 2003) is a multivariate autoregressive modeling (MVAR) method for assessing
effective connectivity, using Granger causality principles. It provides a multivariate, causal
estimation of the information flow rate and direction while controlling the family-wise
alpha level. According to the MVAR model, each data sample in k channels at a time t can
be expressed as a weighted sum of p previous samples with a random component added:
p

X(t ) = å A( j ) X(t - j ) + E(t )
j =1

where X(t) is the data values vector and E(t) is the random component values vector at
the time t. The A(j) is the MVAR model coefficients matrix and p is the model order, which
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is equal to the number of past samples used to model the signal. The MVAR model can
be transformed into the frequency domain:

X(f) = A$1 (f)E(f) = H(f)E(f)
p

H(f) = (% A(m)exp(−2πimfΔt))$1
m'0

where X(f ), A(f ) and E(f ) are the Fourier transform of X(t), A(j) and E(t) matrices, respectively,
and the matrix H(f ) = A−1(f ) is known as the transfer matrix. The DTF function can be
expressed as:

γ2ij (f) = |Hij (f)|2

where γij(f ) describes the causal influence of channel j on channel i at frequency f. More
details on the method can be found in Kaminski & Blinowska (1991) and Ligeza, Wyczesany,
Tymorek, & Kamiński (2015).
DTF calculations were made using Multar software (Department of Biomedical Physics,
University of Warsaw). The method can only be used on original electrodes’ signal (and not
on linear combinations of signals like independent components). However, as it is based on
autoregressive modeling, it is insensitive to the volume conduction phenomenon, which
provides increased spatial resolution (Kaminski & Blinowska, 2014). Therefore, instead of
using independent sources, we examined effective connectivity between electrodes over
the regions of interest mentioned in the hypotheses. Based on EEG montage brain atlases
(Kaiser 2007; Okamoto et al. 2004), electrodes corresponding to our regions of interest
were selected as follows: left DLPFC (LDLPFC: F3); right DLPFC (RDLPFC: F4), ACC (Fz); left
temporal area (LTmp: T7, TP7); and right temporal area (RTmp: T8, TP8). The DTF values
were calculated for the whole beta band, as this frequency window covers an important
part of middle- and long-range cortical communication (Kuś, Blinowska, Kamiński, &
Basińska-Starzycka, 2008; Wyczesany et al., 2014). Group and valence differences in
effective connectivity were examined for the following ROIs in both directions separately:
LDLPFC↔LTmp; RDLPFCR↔RTmp; LDLPFC↔RTmp; RDLPFC↔LTmp; LDLPFC↔ACC;
RDLPFC↔ACC; (repeated-measures MANOVA).
2.2.6 Questionnaires.
The total scores of the RRS-R questionnaires were correlated with the DERS questionnaire
subscales using the Spearman correlation coefficient (as the scale distribution shifted
towards bimodal distribution due to participant enrolment procedure to the final group).
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Spearman partial correlations of DERS subscales and effective connectivity values were
also tested when controlling for RRS-R.

2.3

Results

2.3.1 EEG data
0.10.1.1 Spectral and source localization analyses of independent EEG components.
As a result of the independent component clustering, 16 clusters of independent sources
were identified. Their exact localizations are shown in Table 2.1.
Table 2.1 Parameters of independent components clusters with their localization (referring to
cluster centroid) in Talairach coordinates; RV – random variation
Cluster
Brodmann mean
X
Y
Z Area
no
area
RV [%]
1
-39 -45 -11 Left Fusiform Gyrus (lTmp) left posterior temporal
37
6, 49
2

-5

-96

3

45

5

4

-5

35

1

Left Cuneus

17

9,25

-37 Right Middle Temporal Gyrus

38

5,46

39 Cingulate Gyrus (ACC)

8

5,83

5

-53 -35

16 Left Insula

13

6,50

6

-17

10

-13 Left Inferior Frontal Gyrus

47

9,94

7

-22

-5

10 Left Putamen

8

12

-19

6

9

-60 -12 -11 Left Middle Temporal Gyrus

10

16

16

16 Right Caudate

11

1

-42

43 Left Precuneus

9,01

Right Thalamus

9,99
21

7,31

7

4,87

9,00

12

-27 -10

40 Left Middle Frontal Gyrus

6

7,63

13

-42

20

14 Left Inferior Frontal Gyrus (lDLPFC)

45

7,25

14

-53

24

-3

Left Inferior Frontal Gyrus (OFC)

47

6,20

15

-16

55

-3

Left Superior Frontal Gyrus

10

7,14

16

-56

-5

11 Left Precentral Gyrus

43

7,05

Group effects of spectral power were revealed in three clusters of sources, localized in
LTmp, ACC and LDLPFC (localizations of each cluster’s sources are presented in Figure 2.1).
An additional group*valence interactive effect was found in the LTmp region.
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Figure 2.1 Localization of the four clusters of equivalent source dipoles (blue points denote dipoles
of constitutive independent components as localized in each subject, while the red one denotes the
cluster centroid); (a) the left temporal cortex (LTmp) cluster, top and sagittal view; (b) the anterior
cingulate cortex (ACC) cluster, top and sagittal view; (c) the left dorsolateral prefrontal cortex
(LDLPFC) cluster, top and sagittal view. Clusters were modelled with the use of the MNI standard
brain template.

In the left temporal cortex (LTmp) cluster, for the beta1 power, a significant main group
effect (RUMINATORS / NONRUMINATORS) was found. RUMINATORS, in comparison to
NONRUMINATORS, were characterized by higher overall beta1 power (F(1,54) = 11.79;
p = .001). Moreover, a group*valence interactive effects were observed: F(1.725, 93.143) =
5.41; p = .008; Greenhouse-Geisser correction applied; Figure 2.2).
Simple effect analysis revealed a significantly higher beta1 power in RUMINATORS (than
in NONRUMINATORS) for depressive rumination compared to the positive condition
(p = .026) and for depressive rumination compared to the neutral condition (p = .004).
In the anterior cingulate cortex (ACC) cluster, a main group effect was found in the alpha
frequency range. RUMINATORS, in comparison to NONRUMINATORS, were characterized
by a lower spectral power value in the alpha band in all experimental conditions (F(1,26)
= 14.28; p =.001; Figure 2.2).
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2

Figure 2.2 Group effects for RUMINATORS / NONRUMINATORS comparisons. The bars represent
spectral power values for the considered IC clusters. Error bars represent ±1 SE. (a) The group
effect for the beta1 power (***) and the group*valence interaction effect (**) for the beta1 power
in the left temporal cortex and the (LTmp) cluster. (b) The group effect for the alpha power in the
anterior cingulate cortex (ACC) cluster (*). (c) The group effect for the beta3 power in the left dorsolateral
prefrontal cortex (LDLPFC) cluster (*). *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05

62 | Chapter 2

In the left dorsolateral prefrontal cortex (LDLPFC) cluster, statistical analysis revealed a
main group effect in beta3 power. RUMINATORS, in comparison to NON-RUMINATORS,
were characterized by lower beta3 power in all experimental conditions (F(1,12) = 5.44; p
= .038; Figure 2.2).
Contrary to our hypotheses, no group differences (RUMINATORS / NONRUMINATORS)
were found in the OFC area.
Apart from our clusters of interest (those related to the hypotheses), three other clusters
revealed by the ICA, DIPFIT, and cluster analyses were characterized by the particularly low
residual variance. These were located in the right middle temporal gyrus, left precuneus,
and left insula. They were additionally checked for any group differences, but this check
gave negative results. No differences between RUMINATORS and NONRUMINATORS were
found (for detailed statistics please see the Supplemental Material 2.1). Some valence
effects were only identified, differentiating between neutral and emotional conditions or
only between neutral and ruminative conditions. In the left precuneus cluster, a valence
effect was found in beta1 power (F(2,54) = 6.23; p =.004). In the left insula cluster, valence
effects were present in the alpha (F(1.646, 62.535) = 4.67; p = .018), beta1 (F(2, 76) = 11.28;
p < .001) and beta2 (F(2, 76) = 5.08; p = .009) power.
2.3.1.2 EEG data: Effective connectivity.
DTF analysis revealed decreased beta information flow from the RDLPFC to the LTmp in
RUMINATORS compared to NONRUMINATORS (F(1,23) = 4.73; p = .040). LDLPFC to the LTmp
beta information flow differences between RUMINATORS and NONRUMINATORS were
not significant (F(1,21) = 1.19; p = .288), but as the channel*group interactive effect was
statistically significant (F(1,42) = 4.32; p = .050), we have checked the simple effects for each
temporal channel (T7 and TP7). These analyses revealed that the group effect was loaded
by the LDLPFC (F3) to the posterior LTmp (TP7) [F3→TP7] flow (F(2,21) = 6.44; p = .019),
while the LDLPFC (F3) to the anterior LTmp (T7) flow did not differ according to the group
(F(2,21) = 0.23; p = .636). This was the only direction with the significant channel*group
interactive effect (statistics for other directions can be found in Supplemental Materials
2.2).
Interestingly, we did not find group differences in the opposite directions – from temporal
regions to dorsolateral prefrontal cortex (LTmp → RDLPFC and LTmp → LDLPFC). No
significant between-group differences in beta information flow were found in the
following directions either: RDLPFC → RTmp; LDLPFC → ACC; RDLPFC → ACC; ACC →
LDLPFC; ACC → RDLPFC; RDLPFC; RTmp → RDLPFC; RTmp → LDLPFC. All connectivity
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values and significance levels are given in Table 2.2 and a topographic view of the flows
that differentiate between RUMINATORS / NONRUMINATORS is shown in Figure 2.3.
Table 2.2 The connectivity values between the areas of interest; RUM – RUMINATORS; NONRUM –
NONRUMINATORS; DTF – Directed Transfer Function value; * p ≤ 0.05
Direction

DTF RUM

DTF NONRUM

p value

RDLPFC → RTmp

22,859

27,708

p = .932

RDLPFC → LTmp

5,420

10,117

p = .040*

LDLPFC → LTmp

10,559

16,593

LDLPFC → RTmp

6,480

10,115

RDLPFC → ACC

29,963

25,722

p = .288 (F3 → TP7;p = .019)*

LDPFC → ACC

43,389

37,656

p = .639

RTmp → RDLPFC

22,859

27,708

p = .598

LTmp → RDLPFC

23,000

15,816

p = .408

LTmp → LDLPFC

24,803

23,524

p = .903

RTmp → LDLPFC

30,760

25,419

p = .623

ACC → RDLPFC

28,413

31,579

p = .801

ACC → LDLPFC

12,181

20,699

p = .116

p = .146

p = .716

Figure 2.3. The flows between brain regions are represented by the arrows. Group effects which
were significant in RUMINATORS / NONRUMINATORS comparisons are represented by the black
arrows (p < .05). The arrow with the gradient filling represents the flow where electrode*group
interaction and simple effect for F3→TP7 electrodes (LDLPFC to posterior LTmp) was significant.
LDLPFC = left dorsolateral prefrontal cortex; RDLPFC = right dorsolateral prefrontal cortex; LTmp =
left temporal cortex; RTmp = right temporal cortex; ACC – anterior cingulate cortex.
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Table 2.2 The connectivity values between the areas of interest; RUM – RUMINATORS; NONRUM –
NONRUMINATORS; DTF – Directed Transfer Function value; * p ≤ 0.05
Direction

DTF RUM

DTF NONRUM

p value

RDLPFC → RTmp

22,859

27,708

p = .932

RDLPFC → LTmp

5,420

10,117

p = .040*

LDLPFC → LTmp

10,559

16,593

LDLPFC → RTmp

6,480

10,115

RDLPFC → ACC

29,963

25,722

p = .288 (F3 → TP7;p = .019)*

LDPFC → ACC

43,389

37,656

p = .639

RTmp → RDLPFC

22,859

27,708

p = .598

LTmp → RDLPFC

23,000

15,816

p = .408

LTmp → LDLPFC

24,803

23,524

p = .903

RTmp → LDLPFC

30,760

25,419

p = .623

ACC → RDLPFC

28,413

31,579

p = .801

ACC → LDLPFC

12,181

20,699

p = .116

p = .146

p = .716

Figure 2.3. The flows between brain regions are represented by the arrows. Group effects which
were significant in RUMINATORS / NONRUMINATORS comparisons are represented by the black
arrows (p < .05). The arrow with the gradient filling represents the flow where electrode*group
interaction and simple effect for F3→TP7 electrodes (LDLPFC to posterior LTmp) was significant.
LDLPFC = left dorsolateral prefrontal cortex; RDLPFC = right dorsolateral prefrontal cortex; LTmp =
left temporal cortex; RTmp = right temporal cortex; ACC – anterior cingulate cortex.
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2.3.2 Questionnaires
Since the Shapiro-Wilk tests revealed that normality distribution assumption was not
achieved, Spearman correlations were performed. Statistically significant positive or
negative correlations were found between RRS-R and all DERS subscales. Detailed statistics
are given in Table 2.3.
Table 2.3 Spearman’s correlations of DERS questionnaire subscales scores and the RRS-R
questionnaire scores
* p ≤ 0.05; **p ≤ 0.01;***p ≤ 0.001
RRS-R

DERS
NONACCEPT

rs(24) = 0.52; p = .004 **

GOALS

rs(24) = 0.49; p = .006 **

IMPULSE

rs(24) = 0.61; p = .001 ***

AWARENESS

rs(24) = -0.57; p = .001 ***

STRATEGIES

rs(24) = 0.66; p < .001 ***
rs(24) = .37; p = .032 *

CLARITY

Additionally, partial correlations of the effective connectivity measures and DERS
subscales were examined, while controlling for the RRS-R score. Most of the correlations
were not significant, with the exception of the correlation of the Difficulties Engaging in
Goal-Directed Behavior DERS subscale and the effective connectivity measures from the
RDLPFC to the LTmp (averaged beta information flow from F4 to T7 and from F4 to TP7
electrodes). The effective connectivity from the LDLPFC to the LTmp did not correlate with
any of the DERS subscales. Detailed statistics are reported in Table 2.4.
Table 2.4 Partial correlations of DERS questionnaire (total and the subscales) and effective
connectivity measures with the RRS-R a controlling variable; GOALS - Difficulties Engaging in
Goal-Directed Behavior; IMPULSE - Impulse Control Difficulties; AWARENESS - Lack of Emotional
Awareness; STRATEGIES - Limited Access to Emotion Regulation Strategies, CLARITY - Lack of
Emotional Clarity); * p ≤ 0.05
Partial correlations
(controlled for RRS-R variable)
DERS

LDLPFC → j LTmp (
F3àTP7)

rs (20) = -1.18; p = .416

RDLPFC → LTmp

rs (20) = - .24; p = .284

NONACCEPT

rs (20) = -.28; p = .212

rs (20) = .04; p = .854

GOALS

rs (20) = -.09; p = .682

rs (20) = -.43; p = .048*

IMPULSE

rs (20) = .01; p = .973

rs (20) = -.34; p = .072

AWARENESS

rs (20) = .21; p = .360

rs (20) = .2; p = .660

STRATEGIES

rs (20) = .-.30; p = .175

rs (20) = -.30; p = .176

CLARITY

rs (20) = .09; p = .708

rs (20) = -.14; p = .533

2

66 | Chapter 2

2.4

Discussion

Our research was aimed at identifying neuronal correlates of depressive rumination in the
context of the brain’s emotional control network. Our experimental design enabled us to
study the neuronal correlates of both the trait of rumination as well as the ruminative state
induced in the laboratory. We have divided our healthy participants into two groups on
the basis of the Ruminative Response Scale Revised (RRS-R). As there is an ongoing debate
that a strong relationship between depression and rumination results from the overlap of
the items between RRS and BDI, Teynor et al. (2003) constructed a revised version of the
original RRS, reduced by the 12 items that overlapped with the 13-item BDI. Thanks to
using this revised version of the RRS, we were able to prove that our results are related to
the depressive rumination construct rather than to the general depressive symptoms. To
our knowledge, the EEG independent component method with DIPFIT source localization
has been used to study the neurobiological basis of depressive rumination for the first
time. Compared to the fMRI study, EEG allows for much more natural experimental settings
than the uncomfortable scanner conditions. What is even more important, EEG is also
suitable to directly assess effective connectivity, so we were able to verify the direction
of information flow between the postulated nodes of the control network and infer
about the causality of these influences. This would uniquely contribute to our knowledge
of affective modulation and go beyond the typical fMRI correlational data. Using such
novel methodology, we were able to confirm that left dorsolateral hypoactivation and
decreased information flow from this structure to temporal regions is a crucial neuronal
correlate of a tendency to ruminate.
2.4.1 EEG spectral power and effective connectivity
RUMINATORS, in comparison to NONRUMINATORS, were characterized by increased
activation in the left temporal cortex region. Additionally, the activation of this region
was higher for the depressive rumination condition than for the positive and neutral
conditions in RUMINATORS compared to NONRUMINATORS, as evidenced by a higher
beta1 power. This interactive effect indicates a negative content hyperreactivity, which
characterizes ruminating individuals. The left temporal structures are considered to be
a part of the emotional memory system (LaBar & Cabeza, 2006). Increased activity in this
region in the depressive rumination condition may indicate a more effective retrieval
of negatively-valenced memories or higher emotional value attributed to the recalled
memories. As the temporal cortex is densely interconnected and functionally linked with
the amygdala and hippocampus, the increased activation of this region might have been
influenced by those limbic subcortical structures (Wilson et al., 1991). A previous fMRI
experiment revealed the rumination-related increase in the amygdala, hippocampus, and
parahippocampal areas (Cooney et al., 2010; Mandell et al., 2014; Ray et al., 2005; Siegle
et al., 2002).
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Increased alpha power in the ACC was also found in RUMINATORS compared to
NONRUMINATORS. As the alpha power is an inverse indicator of activation, collected data
reveal increased activity in the ACC area in the RUMINATORS group when compared to the
NON-RUMINATORS. ACC integrates different aspects of the emotional experience involving
autonomic arousal. Increased activation in this region may imply that RUMINATORS
experience a greater degree of emotions. Unfortunately, the EEG spatial resolution is not
precise enough to examine the activity of functionally distinct subregions of the ACC. The
dorsal part of the ACC is involved in regulatory processes, while the ventral part activates
automatically when emotional stimuli are presented (Bush et al., 2000). Because of this
heterogeneity, our results are difficult to interpret. However, Cooney et al. (2010) found
in their fMRI study that depressed patients are characterized by increased activation of
the ACC while ruminating, compared to healthy controls. They suggest that this result
may be related to the increased self-focus in highly ruminating individuals, as it was
previously found that the activity of the rostral part of ACC was increased when healthy
subjects were attending to subjective feeling states (Lane, Fink, Chau, & Dolan, 1997). No
effect in information flow from the DLPFC to the ACC was found in our study. The lack of
significant differences between groups may be due to the fact that the ACC is a relatively
deep structure, which is difficult to access with surface EEG recording. It is more accurate
to quantify its activity based on the source reconstruction methods than on the direct
channel measures used by the DTF method.
The hypothesis regarding group differences in the OFC activity was not confirmed.
Possibly, this null result may indicate that the OFC is less related to emotional control,
which apparently differs in both groups. However, depressed patients in the Cooney et al.
(2010) study were found to exhibit increased activation in OFC regions in the ruminative
versus concrete condition in comparison to the control. Therefore, it is also plausible
that the effect that is not observed in a non-clinical population in this study will be more
pronounced in the clinical group. No group effects were identified in three clusters (right
middle temporal gyrus, left precuneus, and left insula clusters), which did not relate
to our hypotheses but had low residual variance (below 6.5). Valence effects that were
identified in left precuneus and left insula clusters (neutral vs. emotional or neutral vs.
ruminative) may indicate that these clusters were only sensitive to the affective aspects of
the processed material.
Finally, RUMINATORS were found to be characterized by decreased activation of the left
DLPFC when compared to NON-RUMINATORS. Interestingly, no group*valence interactive
effect was found, as RUMINATORS showed lower activation in all three conditions.
Decreased activation in the group with a high tendency to ruminate was found in the
same subregion of the DLPFC (inferior frontal gyrus) as in the Kühn et al. study. The IFG
was previously shown to activate when inhibiting unwanted behaviors (Aron, Fletcher,
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Bullmore, Sahakian, & Robbins, 2003) and during reappraisal of the negative affect
(Ochsner et al., 2002). This implies that activation in this region is important for emotional
control. The obtained result suggests tonic, relatively stable group characteristics in left
DLPFC activations related to the tendency to ruminate. At the level of the disorder’s
symptom, prefrontal hypoactivation may be associated with the inability to suppress
perseverative tendencies in depressed individuals. This can result in repetitive, negative
ruminations. The analysis of the strength of effective connectivity between the DLPFC
and the temporal cortices brought more support to our findings. Decreased information
flow from the bilateral DLPFC to the temporal cortex was found between RUMINATORS
and NONRUMINATORS. These results reinforce the claim about decreased modulatory
influence from the DLPFC area in RUMINATORS. The top-down influence of the prefrontal
cortex might not be sufficient to modulate temporal cortex activation effectively. As a
result of the decreased information flow from the DLPFC to the left temporal cortex,
RUMINATORS are not able to down-regulate their negative affect and are more reactive in
the face of the negative emotional stimuli. No group differences in information flow from
the DLPFC to the ACC were found in our experiment. This may imply that the emotional
regulation impairments of RUMINATORS are much more related to the disrupted
communication between the DLPFC and temporal cortices, more distant regions involved
in emotional control.
2.4.2 Questionnaires
A high positive correlation between DERS and RRS-R questionnaires indicates a positive
relationship between the tendency to ruminate and impaired emotional regulation.
A closer look at the correspondence between RRS-R and DERS subscales suggests that
RUMINATORS have difficulties with impulse control and with engaging in goal-directed
behavior when being depressed. As the main coping strategy of ruminators is to dwell on
the negative thoughts in response to the depressed mood, they may not have enough
working memory resources to perform different actions effectively. The tendency to
ruminate is also associated with lack of emotional clarity, non-acceptance of emotional
responses to distress and limited access to emotional regulation strategies. Ruminators
neither understand nor accept their emotional states and they use ineffective, maladaptive
strategies to regulate their mood. Interestingly however, a negative relationship between
Lack of Emotional Awareness DERS subscale and RRS-R can suggest that RUMINATORS
are very attentive to their negative feelings. As Bardeen, Fergus, & Orcutt (2012) propose,
the Lack of Emotional Awareness DERS subscale may not represent the same emotional
regulation mechanism as other DERS subscales do.
We have found a negative relationship between the information flow from the right
dorsolateral prefrontal cortex to the left temporal cortex, and difficulties engaging in the
goal directed behavior which were not explained by tendency to ruminate. Indeed, the
right dorsolateral prefrontal cortex was previously shown to be involved in goal-directed
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behaviours (Morris, Dezfouli, Griffiths, & Balleine, 2014). Importantly, the effective
connectivity between the left dorsolateral prefrontal cortex and the left temporal cortex
did not correlate with any of the DERS subscales when controlled for the RRS-R scores.
This suggests that circuit localized in the left hemisphere has a specificity for depressive
ruminations. This is supported by our spectral power analyses results; differences
between RUMINATORS and NONRUMINATORS were left-lateralized and found in the left
dorsolateral prefrontal cortex and left temporal cortex.
2.4.3 Summary
We were able to confirm the role of the emotional control circuit in rumination phenomena.
Significant differences were found in the left temporal cortex, anterior cingulate cortex,
and left dorsolateral prefrontal cortex – structures that are part of the emotional control
brain circuit. An interactive effect found in the left temporal cortex may indicate that
RUMINATORS attribute higher emotional value to negative memories and are generally
more emotionally reactive in the face of negatively valenced, self-referential stimuli. In
the ACC region, increased activation was observed in the RUMINATORS group. It can be
linked to elevated autonomic arousal or intensified self-focus. Finally, RUMINATORS were
characterized by decreased activation of the LDLPFC. This might be a manifestation of
the attenuated top-down modulatory influences associated with impaired cognitive
emotional control. The DTF analysis confirmed this interpretation by revealing decreased
information flow from the bilateral DLPFC to the left temporal cortices in RUMINATORS,
compared to NON-RUMINATORS. No differences in information flow from the DLPFC to the
ACC were found. Thus, emotional regulation difficulties observed in ruminating individuals
might be much more related to the disrupted communication between dorsolateral
cortex regions and temporal cortices. Questionnaire results confirm the existence of the
relationship between emotional regulation deficits and the tendency to ruminate. Finally,
we have also shown that beta information flow from the left dorsolateral prefrontal cortex
to the left temporal cortex has a specificity for the depressive rumination. We argue that
the dysfunction of the top-down emotional control performed by the left DLPFC on the
left temporal cortices is crucial in the context of depressive rumination.
2.4.4 Relevance of this study
Our experiment was an attempt to find neuronal correlates of the tendency to ruminate.
Thanks to our approach, we can conclude that there is a crucial neuronal correlate of
the depressive rumination. As we predicted, hyperactivation of the left temporal cortex,
hypoactivation of the DLPFC and its ineffective modulatory actions on temporal areas are
the main neuronal basis for the tendency to ruminate. Further investigation is required to
describe the exact characteristics of the ruminators’ brain activity patterns. As ruminative
tendency is a predictor for developing depressive disorder, identification of these markers
may be used as an objective method to measure the risk for this disease. Successive brain
measurements during ongoing psychological therapy could also serve as a control of the
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treatment’s effectiveness. Our study emphasizes the relationship between the tendency
to ruminate and emotional control abilities. Applying cognitive control training may result
in a decreased frequency of ruminations and protect patients from developing depressive
disorder (Cohen, Mor, & Henik, 2014). Mindfulness-based cognitive therapy was also
shown to be a successful intervention in depressive disorder prevention and in treatmentresistant depressed patients (Kenny & Williams, 2007). During mindfulness meditation,
patients are taught to simply observe their thoughts without any emotional judgment.
Acceptance and less attachment to one’s thoughts lead to increased control over
automatically appearing ruminative thoughts’ patterns (Eisendrath, Chartier, & McLane,
2011). Another effective method for dealing with excessive rumination was studied by
Bratman et al. (2015) on healthy participants. Their experiment revealed that 90-min
walk in the nature can reduce rumination as measured by the Reflection Rumination
Questionnaire.
2.4.5 Limitations and Directions for Future Research
The general limitation of the EEG method is its relatively low spatial resolution. Thus, it is
important to note that EEG signal sources are only approximately localized. Nevertheless,
it was shown that low noise active electrodes can limit the localization shift 1–1.5 cm when
using 64 derivations, as in our case (Lelic, Gratkowski, Valeriani, Arendt-Nielsen, & Drewes,
2009). The majority of our participants were females, which could have influenced our
results. Nevertheless, according to the meta-analysis by Johnson and Whisman (2013),
gender differences in rumination are relatively weak. Another limitation of our research
was lack of measurement of depressive symptoms using the BDI (Beck Depression
Inventory) questionnaire. Notwithstanding, we have used the revised version of the RRS
scale which is not confounded with the depressive content (Lee & Kim, 2014; Treynor et
al., 2003) and this enabled us to verify the neuronal correlates of the rumination as a selfstanding construct.
In the future, experiments examining the neuronal correlates of depressive ruminations
in the clinical population are planned. An opportunity to compare neuronal correlates
of depressed ruminators and highly ruminating individuals without the depressive
disorder diagnosis would provide an insight into the mechanism of depressive disorder
development. It is highly probable that the effects observed in this study would be more
pronounced in the clinical population.
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Pain catastrophizing—defined as a tendency to exaggerate the threat value or seriousness
of experienced pain—has been shown to be a risk factor for pain chronification. However,
the neural basis of pain catastrophizing remains unclear and requires thorough
investigation. This study aimed to explore the relationship between pain catastrophizing
and effective connectivity of the pain systems in healthy participants. EEG data were
collected during an induced state of pain-related negative, depressive, positive and
neutral mental imagery conditions, and pain catastrophizing tendencies were measured
by the Pain Catastrophizing Scale. The Directed Transfer Function—a method based on
Granger causality principles—was used to assess the effective connectivity. Linear mixed
effects analyses revealed a negative relationship between pain catastrophizing and beta
information flow from the right temporal cortex to the frontal regions and a positive
relationship between pain catastrophizing and increased beta information flow from

Abstract

the right somatosensory cortices to the right temporal cortices when thinking about
pain. These patterns were not found in other imagery conditions. Taken together, this
study suggests that individual differences in pain catastrophizing might be related to an
altered frontotemporal regulatory loop and increased connectivity between pain and
affective systems. Our study reveals connectivity patterns related to pain catastrophizing
tendencies that are detectable even in pain-free, healthy individuals.
Keywords: pain catastrophizing; EEG effective connectivity; pain modulation;
Directed Transfer Function; emotional mental imagery
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3.1

Introduction

The subjective experience of pain depends on various biopsychological factors,
including pain catastrophizing (Melzack & Wall, 1965; Turk & Rudy, 1992). The tendency
to catastrophize about pain was found to be one of the strongest predictors of negative
pain-related outcomes leading to heightened pain intensity or lowered pain threshold
(Beneciuk et al., 2010; Kjøgx et al., 2016), increased psychological distress in response to
pain (Kjogx, 2016), inefficient disengagement from pain (Van Damme et al., 2004) and
pain-related disability (e.g., pain interference and days missed from usual activities due to
pain) (Arnow et al., 2011; Severeijns et al., 2001). Although pain catastrophizing overlaps
with other psychological constructs such as anxiety or depression (Granot & Ferber,
2005; Rosenstiel & Keefe, 1983), it was found to be the only psychological factor that is
related to the distinctive pattern of altered brain activation in chronic pain (Malfliet et
al., 2017). It has been characterized as a maladaptive response to pain, comprising three
components: magnification (of the threat value or seriousness of experienced pain),
rumination (compulsively focused attention on the symptoms of one’s distress) and
helplessness (inability to suppress pain-related thoughts and behaviors) (Sullivan et al.,
1995). To date, the great majority of studies have focused on identifying brain changes
related to pain-catastrophizing in clinical populations (especially individuals with chronic
pain), suggesting deficient recruitment of the pain-inhibitory brain structures (e.g.,
the dorsolateral prefrontal cortex; Lorenz et al., 2003) as well as elevated activity in the
emotional brain circuitry when experiencing (Gracely et al., 2004; Lloyd et al., 2008, 2014)
or anticipating pain (Burgmer et al., 2011; Loggia et al., 2015). Moreover, connectivity
analysis has revealed attenuated coupling between both of these systems during restingstate conditions (Jiang et al., 2016; Kucyi et al., 2014). However, as it has been suggested
repeatedly that pain catastrophizing is a crucial risk factor for the development of chronic
pain (Borkum, 2010; Edwards et al., 2006; Keefe et al., 2004; Sullivan et al., 2001), the
examination of neural alterations associated with pain catastrophizing in a healthy yet
predisposed population is a matter of great clinical importance.
To our knowledge, there are only a few studies addressing this issue in healthy individuals.
Jensen et al., (2015) revealed that pain catastrophizing is related to greater activity in the
right anterior brain regions as measured by alpha band power. This finding is consistent
with the Anterior Asymmetry and Emotion model (Davidson, 1992), which associates
this activity pattern with the tendency to engage in more withdrawal responses.
Seminowicz and Davis (2006) showed that during mildly intense electrical stimulation,
pain catastrophizing was positively correlated with activity in regions associated with
affective, attentional and behavioral aspects of pain, such as the insula, the anterior
cingulate cortex, the prefrontal cortex and the premotor cortex. However, during more
intense pain, correlation with the prefrontal cortical regions, which are typically involved
in pain inhibition (e.g. the dorsolateral PFC; Lorenz et al., 2003), reversed, thus implying
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that highly catastrophizing individuals could have difficulty disengaging from intense
pain due to impaired top-down control. The results from Seminowicz and Davis (2006)
are in line with results from individuals with chronic pain that exhibit pain catastrophizing
tendencies (Loggia et al., 2015) or pain-related illness behavior (Lloyd et al., 2008; Lloyd
et al., 2014), indicating that similar neural changes may already be present in healthy
subjects. Although the study by Seminowicz and Davis (2006) identified changes in
brain activation that are associated with pain catastrophizing tendencies, some relevant
questions regarding the nature of this relationship remain to be answered. For instance,
crucial questions include: At what stage of processing does this abnormal pattern of
brain activity occur? What is the direction of information flow that becomes altered (e.g.,
information flow from or to the prefrontal cortical regions)?
In the present study, we aimed to extend the existing findings by examining the
information flow between brain regions and its relationship with pain catastrophizing
tendencies. Although most of the previous studies explored fMRI-based connectivity, we
chose to study EEG effective connectivity patterns. Methods for investigating complex
interplay between brain regions using EEG have been carefully developed and have
already begun to gain significant recognition in the field (Gómez et al., 2009; Koelewijn
et al., 2017; Leung et al., 2014; Li et al., 2017). This progress may be related to several
advantages of the technique. Firstly, EEG offers a noninvasive and easy-to-use method for
measuring connectivity. For this reason, it has the potential to provide an objective tool for
assessing pathophysiology as well as therapeutic outcomes in a clinical setting (Prichep
et al., 2011). Another advantage of EEG is its high temporal resolution, which offers a
unique opportunity to track brain networks over a very short duration. In comparison
to BOLD, which is a slow measure of neural activity, EEG provides the possibility to track
more dynamic changes during cognitive tasks or a resting-state (Hassan et al., 2015; Van
de Steen et al., 2018). Finally, EEG-based connectivity measures represent a more direct
way to make inferences regarding brain neurophysiology (Bandettini, 2009). Undeniably,
connectivity research would benefit from the exploration of more EEG-based connectivity
parameters.
Another novelty of this study is related to the use of pain-related mental imagery instead
of physical pain stimuli. Mental imagery has been found to change neurophysiological
responses to pain and, depending on the content of the imagery, provide hyperalgesic or
hypoalgesic effects (Fardo et al., 2015). What is more, this relatively new line of research
has demonstrated that pain can be induced not only physically, by applying painful
stimuli, but also psychologically, when a nociceptive input is lacking. Specifically, it has
been shown that pain-related mental imagery (Cheng et al., 2010; Derbyshire et al., 2004;
Krämer et al., 2008; Ushida et al., 2008), recollection of pain-related memories (Fairhurst et
al., 2012; Ushida et al., 2008) and hypnotic suggestion (Derbyshire et al., 2004; Raij et al.,
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2005) evoke patterns of brain activation similar to that of a real pain experience. Therefore,
instead of administering painful stimulation, we introduced a pain-related mental imagery
task, asking participants to imagine different situations associated with experiencing pain.
This form of cognition in a healthy population may prove to be particularly interesting, as it
was shown that individuals with chronic pain often experience spontaneously generated
negative and intrusive mental images of their pain (Berna et al., 2011; Berna et al., 2012;
Gosden et al., 2014). Furthermore, the frequency of such occurrences appears to depend
on pain-catastrophizing tendencies (Berna et al., 2011). Thus, the instructions that we
used during the experiment were aimed at evoking ruminative-like thought patterns and
highlighted pain-related unpleasantness (e.g., “Imagine having such a strong stomachache
that you start wondering whether something really serious might happen to your health”). We
expected that this task would provide a more sensitive way of revealing brain connectivity
changes that depend on the pain catastrophizing tendency, rather than applying less
ecologically valid experimental pain.
Pain catastrophizing is associated with exaggerated affective responses to pain and
ineffective cognitive modulation of a pain experience. Thus, we hypothesized that pain
catastrophizing would be related to altered connectivity patterns between the affective
and inhibitory pain networks during pain-related mental imagery. The amygdala and
insula, which are located in the medial temporal lobe, have been associated with affective
responses to pain (Knudsen et al., 2011; Moayedi et al., 2011), while it has been proposed
that the prefrontal cortices are involved in active control and top-down modulation of
pain experience (Bushnell et al., 2013; Lorenz et al., 2003). Abnormal frontotemporal
connectivity patterns that are related to pain catastrophizing tendencies were found in
clinical studies on individuals with chronic pain (Jiang et al., 2016; Kucyi et al., 2014) and
were identified as a risk factor for chronic pain development (Vachon-Presseau et al., 2016).
We, therefore, expected decreased communication between the prefrontal cortices (left
dorsolateral prefrontal cortex, right dorsolateral prefrontal cortex and medial prefrontal
cortex) and the temporal regions. This would suggest ineffective prefrontal modulation
of heightened emotional responses in healthy catastrophizing individuals, as has been
previously put forward by Seminowicz and Davis (2006) in the context of physical pain.
Furthermore, we assumed that pain catastrophizing would be associated with altered
connectivity patterns within the pain processing circuitry. In particular, we assumed that
pain catastrophizing would be linked to the altered connectivity of the somatosensory
cortex, as increased activity of this region has been reported in both healthy (Seminowicz
& Davis, 2006) and clinical (Gracely et al., 2004; Lloyd et al., 2008, 2014; Loggia et al.,
2015; Vase et al., 2012) populations exhibiting catastrophizing tendencies. It has been
speculated that the somatosensory cortex is involved in the attentional processing of
pain and pain anticipation (Carlsson et al., 2000; Hauck et al., 2007; Worthen et al., 2011)
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and it was found to be activated when healthy subjects were imagining/recalling pain
(Fairhurst et al., 2012). Interestingly, it was shown that the secondary somatosensory
cortex was activated during imaginary pain induced by hypnotic suggestion, when no
noxious stimulus was applied (Derbyshire et al., 2004). We expected the catastrophizing
tendency to correlate with increased communication between the somatosensory cortex
and the orbitofrontal cortex (OFC) and between the somatosensory cortex and temporal
cortices. OFC cortical thickness was shown to be negatively correlated with perceived
pain unpleasantness (Moayedi et al., 2011). Thus, along with the temporal lobe structures,
the OFC may be responsible for processing emotional aspects of the pain experience. The
increased outflow of the somatosensory cortex to these structures would imply stronger
connections between the regions processing the sensory and attentional aspects of pain
and those involved in affective responses to pain.
In summary, our study aimed to examine brain connectivity during pain-related imagery
and its relationship with pain catastrophizing tendencies. Our primary hypotheses were:
1) there is a negative relationship between catastrophizing tendencies and information
flow between frontal and temporal cortices, and 2) there is a positive relationship between
catastrophizing and connectivity from the somatosensory cortices to the temporal and
orbitofrontal cortices.

3.2

Materials and Methods

3.2.1 Participants
First-year student volunteers from Radboud University (Nijmegen, the Netherlands)
took part in the experiment. The prerequisites were right-handedness, no history of
neurological or psychiatric conditions, no chronic pain, no hearing dysfunction and
advanced English language skills. Thirty students participated in the EEG measurement
(24F, 6M; average age = 20.66), but the results from two students were not included in
the analysis due to their high scores (>9) on The Patient Health Questionnaire (PHQ-4)
(see description below). A high score on the PHQ-4 may indicate an ongoing depressive
or anxiety disorder that could distort the results. In total, data from 28 individuals were
analyzed (22F, 6M; average age = 20.74).
3.2.2 The Patient Health Questionnaire (PHQ-4)
The Patient Health Questionnaire is an ultra-brief, self-administered screening tool for
depression and anxiety disorders. Obtained scores are rated as normal (0–2), mild (3–5),
moderate (6–8) or severe (9–12) and can be an indicator of the presence of psychological
distress (Löwe et al., 2010).
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3.2.3 Pain Catastrophizing Scale (PCS)
The Pain Catastrophizing Scale was developed by Sullivan and colleagues (Sullivan et
al., 1995). It measures a multidimensional construct of pain catastrophizing comprised
of rumination (e.g., “I can’t stop thinking about how much it hurts”), magnification (e.g., “I
worry that something serious may happen”) and helplessness (e.g., “There is nothing I can do
to reduce the intensity of the pain”). It consists of 13 items describing pain-related thoughts
and feelings. Participants reflect on past pain experiences and decide on a 5-point scale
how often they experience each kind of thought/feeling (end points: (0) – not at all and
(4) – all the time). Scores can range from 0 to 52. The PCS has high internal consistency
with Cronbach’s alpha for the whole PCS of 0.87.
3.2.4 EEG equipment and procedure software
Experimental data were collected with the use of a 64-channel BrainProducts EEG (DCCcustomized 64-channel ActiCap; International extended 10-20 System; the BrainAmp DC
amplifier) acquisition system, sampled at a frequency of 1000 Hz. The reference electrode
was placed on the left mastoid. Four electrodes (Fp1, Fp2, FT9, FT10) were used to measure
horizontal and vertical eye movements and one electrode was placed on the right mastoid
(TP10) for offline re-referencing. The online filters were set for 0.016 Hz (high-pass filter)
and 150 Hz (low-pass filter). All electrode impedances were kept in the recommended
range during the recording (below 10 kΩ). The experimental procedure was programmed
in PsychoPy version 1.82.01.
3.2.5 Experimental procedure
The procedure was compliant with the directives of the Helsinki Declaration and approved
by the Ethics Committee Faculty of Social Sciences of Radboud University in Nijmegen,
the Netherlands (ECG 2012-1301-005). Participants signed written informed consents and
were informed that they could quit the experiment at any time. They were then asked to
complete the PCS and PHQ-4. The EEG measurement took place in an air-conditioned and
soundproof room. The experimental task was based on emotional mental imagery. There
were four within-subject conditions in the main experimental procedure: (1) negative
(depressive), (2) positive, (3) neutral and (4) pain-related. For each condition, 10 trials were
implemented. The instructions used to induce each type of mental imagery were played
by a synthesized English-speaking voice (IVONA program). For example, “Think about a
mistake you have recently made” for the depressive ruminative state, “Think about an old
wooden door” for the neutral, “Think about one of the happiest moments in your life” for the
positive and “Imagine having such a terrible sore throat that it is too painful for you to speak”
for the pain-related one. In total there were 40 statements, administered in a random
order and intermingled across conditions. Participants listened to the instructions, which
were followed by 40 seconds of silence during which the particular imagery task had to
be performed. Each imagery task was ended with a beep sound. Participants were then
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asked to press a specific button to evaluate their performance on a three-point scale
that ranged from 0–2 (0 – failure; 1 – completed task, but experienced problems with
concentration; 2 – success) Trials rated as “failure” were not included in the subsequent
analysis. Participants were instructed to keep their eyes closed during the imagery task
and to open their eyes when asked to evaluate their performance. The scheme of the
experimental procedure is presented in Figure 3.1.

Figure 3.1 Experimental scheme. Experiment consistent of a sequence that was repeated 40 times:
1 – mental imagery induction, trials are presented in a random order and are intermingled across
conditions, participants are listening to the audio instructions with their eyes closed; 2 – 40-second
of mental imagery, participants are imagining each topic with their eyes closed; 3 – beep sound that
ends the mental imagery period and is a cue to open the eyes; 4 – performance self-assessment –
participants are evaluating themselves on a 0-2 scale using buttonbox and are asked to close their
eyes afterwards

The effectiveness of our procedure to induce mental imagery was tested to ensure that
the desired ruminative states were evoked in individuals. As mood changes might be an
indicator of ongoing emotional mental imagery (Holmes & Mathews, 2005; Holmes et
al., 2006; O’Donnell et al., 2017), we decided to verify that our experimental conditions
(positive, depressive, neutral and pain-related) differed in subjective mood ratings. The
verification of the procedure’s effectiveness was performed in another sample of firstyear student volunteers from Radboud University (18F, 3M; N =21; mean age = 20.70).
Participants evaluated their mood after each trial using the 10-point VAS scale (0 –
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extremely sad, depressed; 5 – neutral; 10 – extremely happy). They also evaluated their
performance on 0–2 scale, as described previously.
3.2.6 Data analysis
3.2.6.1 manipulation check - mood induction procedure effectiveness
Ratings from each participant were averaged across different conditions. Out of 22
participants, 1 was rejected because more than 50% of the trials were rated as failures
in the mental imagery task. Each dependent variable fulfilled normality assumptions as
indicated by Shapiro-Wilk Tests (P > .05), thus repeated measures ANOVA analysis was
performed to verify that conditions differed in subjective mood evaluations. Trials with
score 0 (“failure”) in the performance rating were rejected from further analysis.
3.2.6.2 Behavioral analysis – performance measures and pcs relationship
Correlation analyses were performed on the PCS scores and the summed performance
ratings in all conditions. As the normality assumption examined by Shapiro-Wilk tests (P >
.05) was fulfilled, the Pearson coefficient and 1-tailed significance were calculated.
3.2.6.3 EEG STUDY: Preprocessing of EEG data
EEGLab toolbox version 14 (Delorme & Makeig, 2004) was used for preprocessing of
the EEG signal. The signal was first re-referenced to the linked mastoids, downsampled
to 128 Hz, and then zero-phase filtered in the 2–40 Hz range. Since the signal subjected
to the DTF analysis should not be excessively modified in order to preserve the original
correlation data structure, we did not apply an artifact correction method. Instead,
artifactual electrodes and signal fragments contaminated with artifacts were rejected.
First, artifactual electrodes were rejected based on a visual inspection, and for three
subjects several electrodes were qualified for removal (participant 1: AF7 AF8 FT8; subject
2: T7 TP7 and subjects 14: T8). To reject artifactual fragments of the signal, the 40-secondlong recordings from each condition were divided into 2-second-long epochs. First,
trials for which the subjects reported failure in completing the task were dropped, with
the average number of “failure” trials being 3 out of 40 per person. Then, the automatic
threshold for signal rejection was set to reject any epoch, where amplitude on any
electrode exceeded 70µV. Finally, in order to exclude remaining apparent artifacts related
to the muscle activity, or undetected technical problems, visual inspection of the signal
was applied. The average number of rejected epochs was 166 out of 1,000 per subject.
3.2.6.4 EEG STUDY: Effective connectivity analysis
To assess the effective connectivity, the Directed Transfer Function (DTF) method
was used (Kamiński & Blinowska, 2017; Kamiński et al., 2005). DTF is based on Granger
causality principles and provides a multivariate estimation of the information flow rate
and direction while controlling the familywise alpha level. The method is recommended
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for use on sensor space signals and not on reconstructed sources. Moreover, as DTF is
based on autoregressive modelling, it is relatively insensitive to the volume conduction
phenomenon (Kaminski & Blinowska, 2017; Wyczesany et al., 2015). In the multivariate
autoregressive (MVAR) model, each data sample in k channels and at time t can be
represented as a weighted sum of p previous samples with a random component added:
p

X(t ) = å A( j ) X(t - j ) + E(t )
j =1

where X(t) is the data values vector and E(t) is the random component values vector at
time t. A(j) is the MVAR model coefficients matrix and p is the model order which is equal
to the number of past samples used to model the signal. We fitted the MVAR model to the
EEG data. The MVAR model can be transformed into the frequency domain:

𝑋𝑋(𝑓𝑓) = 𝐴𝐴'( (𝑓𝑓)𝐸𝐸(𝑓𝑓) = 𝐻𝐻(𝑓𝑓)𝐸𝐸(𝑓𝑓)
2

𝐻𝐻(𝑓𝑓) = ( + 𝐴𝐴(𝑚𝑚)exp(−2𝜋𝜋imf𝛥𝛥𝛥𝛥))'(
345

where X(f), A(f) and E(f) are the Fourier transforms of X(t), A(j) and E(t) matrices, respectively.
The matrix H(f) = A−1(f) is called the transfer matrix. The DTF function can be expressed as:

𝛾𝛾ij" (𝑓𝑓) = |𝐻𝐻ij (𝑓𝑓)|"

where γij(f) describes the causal influence of channel j on channel i at frequency f. For
a more detailed description of the DTF method, see Kaminski & Blinowska, (1991) and
Ligeza et al., (2016).
In our experiment, effective connectivity was measured between electrodes over the regions
of interest as described in the hypotheses. Calculations were carried out using Multar software
(Department of Biomedical Physics, University of Warsaw). Electrodes corresponding to the
regions of interest were selected as follows: left DLPFC (lDLPFC: F3, F1), right DLPFC (rDLPFC:
F4, F2), medial PFC (mPFC: Fz, FCz), left temporal area (lTmp: T7, TP7, FT7) and right temporal
area (rTmp: T8, FT8, TP8), orbitofrontal cortex (OFC: AF7, AF8), left somatosensory cortex (lSi:
C3, CP3, CP1) and right somatosensory cortex (rSi: C4, CP2, CP4). These were chosen on the
basis of the EEG montage brain atlases (Okamoto et al., 2004).
Non-normalized DTF values were calculated for the beta band (14–25 Hz). As the original
DTF estimates are in most cases lower than 0.1, we scaled them by a factor of 1,000 to
increase their readability. The distributions of the DTF values were checked to identify and
reject possible extremes, defined using boxplot 1.5 IQR (interquartile range).
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Our choice of beta band was based on several factors. Most importantly, this frequency
window covers an important part of middle and long-range cortical communication (Kuś
et al., 2008; Wyczesany et al., 2015). Although it was suggested that gamma oscillations
contribute to the local BOLD signal, alpha and beta were found to be involved in interareal BOLD correlations and were thus considered the most suitable for studying
connectivity between distant brain structures (Wang et al., 2012; Weinrich et al., 2017).
Moreover, beta oscillations were shown to be related to executive functioning and topdown cortical signaling (Spitzer & Haegens, 2017; Wang, 2010). As our theory linked pain
catastrophizing to specific attentional biases towards pain-related stimuli and impaired
cognitive-emotional control, this band appeared to fit our hypotheses. Beta oscillations
were also shown to be dynamically modulated in a content-specific manner (Spitzer &
Haegens, 2017). As we were looking for pain-related specificity and were switching
between four types of trials during the experiment, the beta oscillations’ characteristics
(short-lived, dynamic) made them the best candidate for our analysis. In this context, they
appeared more appropriate than alpha oscillations. To confirm our choice, additional
analysis for the alpha band was performed. As expected, there were fewer effects and
these were less specific to the pain-related condition. Considering that this analysis did
not add any meaningful insight to the discussion, we decided to present these results in
Supplemental Material 3.1 only.
3.2.6.5 EEG STUDY: Statistical analyses of dtf data
Linear mixed models analyses were conducted in R (R Development Core Team, 2015) with
the lme4 library (Bates et al., 2015). We calculated separate models for all of the directions
mentioned in the hypotheses (lTmp ↔ lDLPFC; lTmp ↔ rDLPFC; lTmp ↔ mPFC; rTmp ↔
lDLPFC; rTmp ↔ rDLPFC; rTmp ↔ mPFC; lSi ↔ OFC; rSi ↔ OFC; lSi ↔ lTmp; lSi ↔ rTmp; rSi
↔ lTmp; rSi ↔ rTmp).
Linear mixed effects models are comprised of both fixed and random effects. As fixed
effects, we entered the interaction term of the PCS and valence, which are both independent
factors; as random effects, we used individual subjects’ intercepts and channels. By
adding random effects we assumed that there were some baseline differences between
participants and between channels (as there was more than one electrode assigned to
each brain region). The R formula was as follows: DTF ~ PCS*val + 1|part + 1|chann; val
– valence; part- participant; chann – channel. All of the values from each direction were
pooled together as a factor in the mixed model analysis. Visual inspection of residual plots
did not reveal any obvious deviations from normality. As the homoscedascity assumption
was not fulfilled in all models, we applied a log transformation. P-values were obtained
by comparing the full model with the effect in question against the model without the
effect in question with the use of ANOVA. In our case, we compared the full model, which
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consisted of fixed effect interaction and random effects, with the null model containing
the random effects only.

3.3

Results

3.3.1 manipulation check - mood induction procedure effectiveness
Repeated-measures analysis of variance revealed a significant condition effect (F1.232,
25.868 = 71.122; P < .001, Greenhouse-Geisser correction applied) in subjective mood
ratings across the four experimental conditions. As shown by post-hoc pairwise
comparisons with FDR correction, all conditions differed from each other at P < .001 with
the exception of the pain-related / depressive comparison at P = .014. This manipulation
check was carried out in a separate group of participants and their mood ratings in each
experimental condition were assessed (Table 3.1).

Table 3.1 Descriptive statistics of subjective mood ratings in each condition
Condition

Mean

Std. Deviation

N

Depressive

3.59

1.00

21

Neutral

5.40

0.58

21

Pain-related

3.90

0.86

21

Positive

7.31

1.16

21

3.3.2 Behavioral analysis – performance measures and pcs relationship
The Pearson’s correlation revealed a moderate negative relationship between the PCS
score and summed performance ratings in the pain-related mental imagery condition
(r26 = -.32, P = .050). Additional analyses of the relationship between the PCS and DTF in
other conditions were performed. No significant relationship between the PSC score and
the DTF in the depressive relationship was found (r26 = -.11; P = .293). Moderate, negative
relationships were found between the PCS score and DTF both in the positive (r26 = -.48;
P = .005) and in the neutral (r26 = -.45; P = .008) conditions. Scatterplots visualizing these
relationships can be found in Supplemental Material 3.2.
3.3.3 EEG study: pain catastrophizing
There were 28 participants and their mean PCS score was equal to 18.79; standard
deviation of the PCS score – 9.35; and variance – 87.43. The distribution of scores for the
experimental group was similar to what has been reported in other samples of healthy,
pain-free individuals (Seminowicz and Davis 2006; Sullivan et al., 1995; Van Damme et
al., 2004). Pain catastrophizing can be treated as a personality trait and, despite the fact
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that individuals with chronic pain usually score higher in pain catastrophizing, there is
an overlap in the scores of healthy individuals and those suffering from chronic pain
(Seminowicz and Davis 2016).

3.3.4 Effective connectivity analysis
The interactive effects of the PCS and valence on information flow DTF values were
significant in the following directions: rTmp → rDLPFC (P = .007); rTmp → lDLPFC (P = .018);
rTmp → mPFC (P = .001); rSi → rTmp (P = .012); rSi → lTmp (P = .026); rTmp → rSi (P = .030).
In four directions, the PCS was also found to be a significant predictor of the DTF value in
the pain-related condition: rTmp → rDLPFC (P = .007); rTmp → lDLPFC (P = .009); rTmp →
mPFC (P = .003); rSi → rTmp (P = .006). For a visual depiction of these directions see Figure
3.2. Scatterplots of the PCS and DTF in the pain-related mental imagery conditions in these
directions are presented in Supplemental Material 3.3. Detailed statistics of mixed effects
models with reference to the pain-related condition are presented in Table 3.2. Statistics
of mixed effects models with reference to all conditions are presented in Supplemental
Material 3.4. Descriptive statistics of DTF values averaged for each condition in the rTmp →
rDLPFC, rTmp → lDLPFC, rTmp → mPFC, rSi → rTmp directions are shown in Supplemental
Material 3.5. Statistics for the remaining directions are in Supplemental Material 3.6.

Figure 3.2 The directions which show the correlation of pain catastrophizing scores on information
flow rate (DTF) in the pain-related condition
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Table 3.2 Mixed levels analyses detailed statistics for the rTemp → mPFC, rTmp → rDLPFC, rSi →
rTmp and rTmp → lDLPFC directions with reference to the pain-related condition: standardized Beta
and p-value. Column ANOVA contains p-values of the null model / M model(log) comparison.
ANOVA: M(log) vs null
p-value

Fixed effects

Ref = pain-related

rTmp → mPFC

.001

rTmp → rDLPFC

.007

rSi → rTmp

.012

rTmp → lDLPFC

.018

PCS
PCS*neu
PCS*pos
PCS*dep
PCS
PCS*neu
PCS*pos
PCS*dep
PCS
PCS*neu
PCS*pos
PCS*dep
PCS
PCS*neu
PCS*pos
PCS*dep

std. Beta
-.27
.14
.25
.23
-.25
.18
.28
.22
.22
-.21
-.21
-.14
-.24
.16
.20
.21

Direction

p-value
.003
.067
<.001
.003
.007
.030
<.001
.011
.006
.006
.006
.068
.009
.037
.009
.005

3.3.5 	Effective connectivity from rTmp to rDLPFC; rTmp to lDLPFC and from rTmp
to mPFC
The right temporal cortex outflow to the bilateral dorsolateral prefrontal cortex and to
the medial prefrontal cortex revealed similar effects. The PCS was found to be a significant
predictor of the DTF value in the pain-related condition in all three directions; this
relationship was negative (Table 3.2). The PCS did not predict the connectivity DTF values
in the positive, neutral and depressive conditions (Supplemental Material 3.4).
Moreover, relationships between the PCS score and rTmp → rDLPFC and rTmp → lDLPFC
DTFs in the pain-related condition were significantly different from those in the positive,
neutral and depressive conditions. For the rTmp → mPFC direction, the relationship betwe
en the PCS score and DTF in the pain-related condition was significantly different from the
relationship of the PCS and DTF in the positive and depressive conditions. The difference
between the neutral and pain-related conditions was not significant (although close to
the significance level. The detailed statistics are shown in Table 3.2 and the interactive
effects found in these 3 directions are presented in Figure 3.3 (a, b, c).
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Figure 3.3 PCS*valence interactive effects for rTmp → rDLPFC (a), rTmp → lDLPFC (b) and rTmp →
mPFC (c) and rSi → rTmp (d) directions; significant relationship between PCS and DTF in the pain
condition are indicated by the P values next to the regression lines; Asterisks indicate significance
level of differences between pain and other conditions : * P ≤ .05, ** P ≤ .01, *** P ≤ .001.

3.3.6 Effective connectivity from rSi to rTmp
The PCS was found to be a significant predictor of the DTF value only in the pain-related
condition; the relationship between the PCS score and DTF in the pain-related condition
was positive. The PCS did not predict DTF value in the positive, neutral and depressive
conditions.
The relationship between the PCS score and DTF in the pain-related condition was
significantly different from the relationship between the PCS and DTF in the positive and
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neutral conditions. The difference between PCS*DTF in the pain-related condition and
PCS*DTF in the depressive condition was close to significance.
The detailed statistics are shown in Table 3.2 and the interactive effects found in this
direction are presented in Figure 3.3 (d).
3.3.7 Effective connectivity of OFC
We hypothesized that pain catastrophizing tendencies would be related to increased flow
between the temporal and orbitofrontal cortex in the pain-related condition. However,
we did not find any significant relationship between the DTF in the pain-related condition
and OFC connectivity. Interactive effects related to the information flow to the OFC were
not significant (for more detailed statistics see Supplemental Material 3.6).

3.4

Discussion

The goal of the present study was to identify the neuronal correlates of pain catastrophizing
during a pain-related mental imagery task. Our study revealed the important role of the
network consisting of the prefrontal cortex, the right somatosensory cortex and the
right temporal cortex in pain catastrophizing tendencies. The effective connectivity of
these regions was clearly and distinctively related to pain catastrophizing. As we found
previously, the information flow of the right temporal and parietal cortices changes
specifically with the emotional valence (Wyczesany et al., 2014). Thus, pain catastrophizing
tendencies might be related to the altered emotional processing of pain-related stimuli.
A manipulation check was run in order to examine the effectiveness of our main
experimental procedure. It revealed that each experimental condition induced a different
subjectively perceived mood. As it was previously found that mental imagery can act as
a mood amplifier (Burnett Heyes et al., 2017; Holmes & Mathews, 2005; O’Donnell et al.,
2017), significant changes in mood report may be an indirect indicator of successfully
performed mental imagery. Our decision to verify the mood induction procedure in a
different sample was to prevent the possibility of interference from self-assessment of the
emotional state with the main mental imagery task. We also wanted to avoid a demand
characteristics artifact, which could be induced by repetitive questions regarding the
present emotional state.
Our behavioral analysis revealed a negative relationship between the PCS scores and
summed performance scores for the pain-related, positive and neutral mental imagery
conditions. Previous research has found a link between pain catastrophizing and executive
function (Bell et al., 2018a; Bell et al., 2018b). In particular, a high tendency to catastrophize
was found to be related to impaired shifting and inhibition processes. Moreover, rumination
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was shown to be associated with worse inhibition of neutral memories (Fawcett et al.,
2015). Thus, due to the nature of the repetitive thinking tendencies, catastrophizers might
have been less effective in changing the topic of the mental imagery. This might have
resulted in a general effect of worse self-evaluation of their performance.
Neural data showed that pain catastrophizing is related to decreased information flow
from the right temporal regions to the frontal regions (bilateral dorsolateral prefrontal
cortex, medial prefrontal cortex). An fMRI study by Jiang et al., (2016) also revealed
abnormal fronto-temporal connectivity patterns related to pain catastrophizing, showing
perturbed amygdala connectivity to the Central Executive Network (which included the
lateral prefrontal cortices). However, our experiment was the first attempt to demonstrate
the direction of the disturbed connections with regard to pain catastrophizing. Anatomical
studies indeed show that the temporal and frontal cortices are reciprocally connected
(Banks et al., 2007; Lee et al., 2012). One of the functions of this communication is
effective emotion regulation. It was shown that amygdala–prefrontal coupling underlies
individual differences in emotion regulation (Lee et al., 2012) and that the strength of
the connectivity of the amygdala and frontal cortices (OFC and dorsal medial dorsolateral
cortex) can predict successful emotion regulation (Banks et al., 2007). It is possible that
the regulatory loop between executive frontal regions and temporal structures does
not function efficiently when individuals high on catastrophizing are processing painrelated stimuli. This may be related to repetitive rumination about pain, helplessness and
exaggeration of the pain experience. Interestingly, decreased connectivity of prefrontal
dorsolateral cortices was found to be related to tendencies which involve ruminating,
such as depressive rumination (Brzezicka, 2013).
Moreover, frontotemporal alterations in connectivity might also be related to pain-related
autobiographical memory retrieval. In order to become immersed in the pain-related
experience, subjects might have referred to their own memories of specific situations
when they felt pain. It was previously found that this process is associated with greater
connectivity between the right inferior frontal and temporal lobe structures, such as the
amygdala and hippocampus (Greenberg et al., 2005). The negative relationship between
pain catastrophizing and connectivity between these regions might be explained by
enhanced aversiveness of pain memories. However, as this interpretation is speculative,
more detailed research is needed to explain these findings.
We did not find alternations in the top-down pain modulation system manifested by the
altered information flow from the dorsolateral to the temporal cortices. It is possible that
the top-down pain modulation function of the dorsolateral prefrontal cortex is not altered
in healthy catastrophizing individuals or that the mental imagery was not strong enough
for such changes to be observed. A reduction of grey matter in the frontal regions, as well
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as decreased activation of frontal regions and its decreased outflow, have been repeatedly
observed in individuals with chronic pain (Blankstein et al., 2010; Seminowicz et al., 2013).
A similar experiment in a clinical group would be needed to determine whether these
mechanisms become disrupted in clinical pain states.
The relationship between the PCS and information flow from the right somatosensory
cortex to the right temporal cortex was positive in the pain imagery condition. A role
for the somatosensory cortices in pain catastrophizing was shown by Vase et al., (2012),
who found that catastrophizing was positively correlated with activation of this region in
phantom limb patients when non-painful stimuli were applied. The authors associated this
pattern with increased anticipation, arousal and expectation resulting from an increase in
catastrophizing. Additionally, the somatosensory cortex was found to be involved when
healthy participants were recalling and imagining pain (Fairhurst et al., 2012). Our results
suggest that the somatosensory pain system (through the somatosensory cortex) is more
strongly connected to the affective pain modulatory system in the temporal cortex in
highly catastrophizing individuals.
Contrary to our hypotheses, we did not find any effect of our manipulation for the OFC
information flow. It is possible that this structure’s effective connectivity patterns are
not related to pain catastrophizing in a healthy population. Many studies have shown
abnormalities in the frontal regions in individuals with chronic pain (May, 2008; RodriguezRaecke et al., 2009; Valet et al., 2009). Thus, alterations in OFC effective connectivity might
be associated with clinical pain states, rather than pain catastrophizing itself, or they
could be a consequence of pain chronification. It is also possible that our method was not
sensitive enough to detect OFC connectivity patterns. The OFC is a structure located at
the bottom of the frontal lobes; therefore, it is difficult to track its activity using the signal
from EEG electrodes. Additional fMRI studies that would examine the connectivity of this
structure with a better spatial resolution are needed.
3.4.1 Summary
Our study revealed that catastrophizing tendencies are related to increased beta
information flow from the right somatosensory cortices to the right temporal cortices
during pain-related imagery. This result might suggest that the somatosensory pain
system is more strongly connected to the affective pain modulatory system in individuals
with high catastrophizing tendencies. Moreover, a negative relationship between pain
catastrophizing and beta information flow from the right temporal cortex to the frontal
regions was also found when imagining the pain. It is possible that catastrophizing is
related to the ineffective regulatory loop between executive frontal regions and temporal
structures when processing pain-related stimuli. Most importantly, our study revealed
that there are detectable differences in EEG effective connectivity patterns that are related
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to pain catastrophizing even in a non-clinical, pain-free sample. These differences might
precede symptoms observed by clinicians and, in some cases, may be a prelude to the
development of chronic pain syndromes.
3.4.2 Relevance of this study
This study aimed to identify potentially altered directional connectivity patterns between
brain regions involved in pain processing as a function of catastrophizing. The results
clearly show distinct connectivity patterns among the pain modulatory systems that are
related to catastrophizing behavior in healthy individuals. As pain catastrophizing is a
strong predictor for the development of chronic pain, identification of markers such as
altered connectivity patterns may be useful as an objective method to measure the risk of
future chronic pain. Additional studies are needed to identify brain-based indicators for
elevated risk of chronic pain development (for example after serious injury) that can then
be applied in preventive interventions.
Moreover, the clinical relevance of this study is high as it was found that pain catastrophizing
is an important mediator in the outcome of pain therapy; it mediates cognitive-behavioral
changes in pain intensity, as well as changes due to pain education therapy (Burns et al., 2012;
Turner et al., 2007). Pain catastrophizing has been acknowledged as an important variable in
the cognitive and emotional aspects that are involved in the maintenance of chronic pain.
This important role of catastrophizing has been widely acknowledged and is currently being
incorporated into interventions, such as mindfulness-based treatment. This intervention,
which is intended to increase, for example, the wellbeing of individuals with chronic pain,
has been shown to reduce pain catastrophizing tendencies (Garland et al., 2012).
3.4.3 Limitations and Directions for Future Research
Several studies have shown that females score higher on the pain catastrophizing
questionnaire (Sullivan et al., 2000; Sullivan, Bishop & Pivik, 1995). Most of our participants
were females, therefore our result may particularly apply to women. To what extent that
this is the case remains unclear, as possible differences in effective brain connectivity
between sexes with the same level of pain catastrophizing tendencies have not been
studied. Future studies are needed to address this possible effect of gender.
Also, the DTF method is not influenced by the volume conduction phenomenon and
the topography of the DTF results were shown to concur with previous anatomical,
physiological and imaging studies (Ginter et al., 2001; Kaminski & Blinowska, 2014; Kuś
et al., 2006). However, the EEG method itself has limited spatial accuracy, which should
be taken into account when interpreting the results. Thus, the proposed correspondence
between electrodes and cortical areas should be treated as approximations (for example
in the case of the OFC). The amygdala and hippocampus have dense connections with
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temporal cortex (Bickart et al., 2014). However, the signal collected on the scalp might not
contain direct influences from the subcortical structures, but rather from the surrounding
cortical areas.
Although our choice to focus on beta band connectivity was well documented, it should
be noted that our connectivity findings were most strongly related to these particular
frequencies.
Using correction for multiple comparisons decreases the risk of type I errors. Therefore,
in our DTF analyses, we included all electrodes in each single MVAR model to control for
multiple connections at the level of the DTF estimation. However, we decided not to use
another correction for multiple mixed models in order to avoid compromising the power
of the statistical testing. This was also justified by the fact that specific hypotheses were
formulated on the basis of previous research on catastrophizing individuals. We believe
that the conclusions would benefit from replication using a similar set of variables and
larger experimental groups.
In future studies, it would be interesting to administer the same experimental procedure
to individuals suffering from chronic pain. A comparison with the results of the current
study would shed more light on the role of pain catastrophizing in the development of
chronic pain states, for example with regard to potential differences in catastrophizingassociated prefrontal, top-down driven processes.

3.5

Acknowledgements

All authors declare that they have no conflicts of interest.
This work was supported by internal grants from Radboud University and Jagiellonian
University.

Pain catastrophizing is associated with altered EEG effective connectivity | 97

3.6

References

Arnow, B. A., Blasey, C. M., Constantino, M. J., Robinson, R., Hunkeler, E., Lee, J., … Hayward, C. (2011).
Catastrophizing, depression and pain-related disability. General Hospital Psychiatry, 33(2), 150–
156.
Bandettini, P. A. (2009). What’s new in neuroimaging methods? Annals of the New York Academy of
Sciences, 1156, 260-93.
Banks, S. J., Eddy, K. T., Angstadt, M., Nathan, P. J., & Phan, K. L. (2007). Amygdala-frontal connectivity
during emotion regulation. Social Cognitive and Affective Neuroscience, 2(4), 303–12.
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using lme4.
Journal of Statistical Software, 67(1), 1–48.
Bell, T., Mirman, J.H., Stavrinos, D. (2018). Pain, Pain Catastrophizing, and Individual Differences in
Executive Function in Adolescence. Children’s Health Care, 1–20.
Bell, T., Pope, C., Stavrinos, D. (2018). Executive function mediates the relation between emotional
regulation and pain catastrophizing in older adults. Journal of Pain, 19, 102.
Beneciuk, J. M., Bishop, M. D., & George, S. Z. (2010). Pain catastrophizing predicts pain intensity
during a neurodynamic test for the median nerve in healthy participants. Manual Therapy,
15(4), 370–375.
Berna, C., Tracey, I., & Holmes, E. (2012). How a Better Understanding of Spontaneous Mental Imagery
Linked to Pain Could Enhance Imagery-Based Therapy in Chronic Pain. Journal of Experimental
Psychopathology, 3(2), 258–273.
Berna, C., Vincent, K., Moore, J., Tracey, I., & Goodwin, G. M. (2011). Presence of Mental Imagery
Associated with Chronic Pelvic Pain: A Pilot Study. Pain Medicine, 12(7), 1086–1093.
Bickart, K.C., Dickerson, B.C., Barrett, L.F. (2014). The amygdala as a hub in brain networks that
support social life. Neuropsychologia, 63, 235–248.
Blankstein, U., Chen, J., Diamant, N. E., & Davis, K. D. (2010). Altered brain structure in irritable bowel
syndrome: potential contributions of pre-existing and disease-driven factors. Gastroenterology,
138(5), 1783–9.
Borkum, J. M. (2010). Maladaptive cognitions and chronic Pain: Epidemiology, neurobiology, and
treatment. Journal of Rational - Emotive and Cognitive - Behavior Therapy, 28(1), 4–24.
Brzezicka, A. (2013). Integrative deficits in depression and in negative mood states as a result of
fronto-parietal network dysfunctions. Acta Neurobiologiae Experimentalis, 73, 313–325.
Burgmer, M., Petzke, F., Giesecke, T., Gaubitz, M., Heuft, G., & Pfleiderer, B. (2011). Cerebral Activation
and Catastrophizing During Pain Anticipation in Patients With Fibromyalgia. Psychosomatic
Medicine, 73(9), 751–759.
Burnett Heyes, S., Pictet, A., Mitchell, H., Raeder, S. M., Lau, J. Y. F., Holmes, E. A., & Blackwell, S. E.
(2017). Mental Imagery-Based Training to Modify Mood and Cognitive Bias in Adolescents:
Effects of Valence and Perspective. Cognitive Therapy and Research, 41, 73-88.

3

98 | Chapter 3

Burns, J. W., Day, M. A., & Thorn, B. E. (2012). Is reduction in pain catastrophizing a therapeutic
mechanism specific to cognitive-behavioral therapy for chronic pain? Translational Behavioral
Medicine, 2(1), 22–9.
Bushnell, M. C., Čeko, M., & Low, L. A. (2013). Cognitive and emotional control of pain and its
disruption in chronic pain. Nature Reviews Neuroscience, 14, 502-511.
Carlsson, K., Petrovic, P., Skare, S., Petersson, K. M., & Ingvar, M. (2000). Tickling expectations: neural
processing in anticipation of a sensory stimulus. Journal of Cognitive Neuroscience, 12(4), 691–703.
Cheng, Y., Chen, C., Lin, C. P., Chou, K. H., & Decety, J. (2010). Love hurts: An fMRI study. NeuroImage,
51(2), 923–929.
Delorme, A., & Makeig, S. (2004). EEGLAB: An open source toolbox for analysis of single-trial EEG
dynamics including independent component analysis. Journal of Neuroscience Methods,
134(1), 9–21.
Derbyshire, S. W. G., Whalley, M. G., Stenger, V. A., & Oakley, D. A. (2004). Cerebral activation during
hypnotically induced and imagined pain. NeuroImage, 23(1), 392–401.
Edwards, R. R., Smith, M. T., Stonerock, G., & Haythornthwaite, J. A. (2006). Pain-related Catastrophizing
in Healthy Women Is Associated With Greater Temporal Summation of and Reduced Habituation
to Thermal Pain. The Clinical Journal of Pain, 22(8), 730–737.
Fairhurst, M., Fairhurst, K., Berna, C., & Tracey, I. (2012). An fMRI Study Exploring the Overlap and
Differences between Neural Representations of Physical and Recalled Pain. PLoS ONE, 7(10).
Fardo, F., Allen, M., Jegindø, E.M.E., Angrilli, A., Roepstorff, A. (2015) Neurocognitive evidence for mental
imagery-driven hypoalgesic and hyperalgesic pain regulation. Neuroimage, 120, 350–361.
Fawcett, J.M., Benoit, R.G., Gagnepain, P., Salman, A., Bartholdy, S., Bradley, C., Chan, D.K.Y., Roche, A.,
Brewin, C.R., Anderson, M.C. (2015). The origins of repetitive thought in rumination: Separating
cognitive style from deficits in inhibitory control over memory. Journal of Behavior Therapy and
Experimental Psychiatry, 47, 1–8.
Garland, E. L., Gaylord, S. A., Palsson, O., Faurot, K., Mann, J. D., & Whitehead, W. E. (2012). Therapeutic
mechanisms of a mindfulness-based treatment for IBS: Effects on visceral sensitivity,
catastrophizing, and affective processing of pain sensations. Journal of Behavioral Medicine,
35(6), 591–602.
Ginter, J., Blinowska, K.J., Kamiński, M., Durka, P.J. (2001). Phase and amplitude analysis in timefrequency space - Application to voluntary finger movement. Journal of Neuroscience Methods,
110, 113-24.
Gómez, C., Stam, C.J., Hornero, R., Fernández, A., Maestú, F. (2009). Disturbed beta band functional
connectivity in patients with mild cognitive impairment: An MEG study. EEE transactions on
bio-medical engineering, 56, 1683–1690.
Gosden, T., Morris, P. G., Ferreira, N. B., Grady, C., & Gillanders, D. T. (2014). Mental imagery in chronic
pain: Prevalence and characteristics. European Journal of Pain (United Kingdom), 18(5), 721–728.
Gracely, R. H. (2004). Pain catastrophizing and neural responses to pain among persons with
fibromyalgia. Brain, 127(4), 835–843.

Pain catastrophizing is associated with altered EEG effective connectivity | 99

Granot, M., Ferber, S.G. (2005). The roles of pain catastrophizing and anxiety in the prediction of
postoperative pain intensity: A prospective study. The Clinical Journal of Pain, 21, 439-45.
Greenberg, D. L., Rice, H. J., Cooper, J. J., Cabeza, R., Rubin, D. C., & LaBar, K. S. (2005). Co-activation
of the amygdala, hippocampus and inferior frontal gyrus during autobiographical memory
retrieval. Neuropsychologia, 43(5), 659–674.
Hassan, M., Benquet, P., Biraben, A., Berrou, C., Dufor, O., Wendling, F. (2015) Dynamic reorganization
of functional brain networks during picture naming. Cortex, 73, 276–288.
Hauck, M., Lorenz, J., & Engel, A. K. (2007). Attention to painful stimulation enhances gamma-band
activity and synchronization in human sensorimotor cortex. The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience, 27(35), 9270–7.
Holmes, E. A., & Mathews, A. (2005). Mental imagery and emotion: A special relationship? Emotion,
5(4), 489–497.
Holmes, E. A., Mathews, A., Dalgleish, T., & Mackintosh, B. (2006). Positive Interpretation Training:
Effects of Mental Imagery Versus Verbal Training on Positive Mood. Behavior Therapy, 37(3),
237–247.
Jensen, M. P., Gianas, A., Sherlin, L. H., & Howe, J. D. (2015). Pain Catastrophizing and EEG-α Asymmetry.
The Clinical Journal of Pain, 31(10), 852–858.
Jiang, Y., Oathes, D., Hush, J., Darnall, B., Charvat, M., Mackey, S., & Etkin, A. (2016). Perturbed
connectivity of the amygdala and its subregions with the central executive and default mode
networks in chronic pain. Pain, 157, 1.
Kaminski, M., & Blinowska, K. J. (2017). The influence of volume conduction on DTF estimate and the
problem of its mitigation, c(May), 1–5.
Kaminski, M., & Blinowska, K. J. (2014). Directed Transfer Function is not influenced by volume
conduction-inexpedient pre-processing should be avoided. Frontiers in Computational
Neuroscience, 8, 61.
Kamiński, M., Zygierewicz, J., Kuś, R., & Crone, N. (2005). Analysis of multichannel biomedical data.
Acta Neurobiologiae Experimentalis, 65(4), 443–452.
Kaminski, M. J., & Blinowska, K. J. (1991). A new method of the description of the information flow in
the brain structures. Biological Cybernetics, 65(3), 203–210.
Keefe, F. J., Rumble, M. E., Scipio, C. D., Giordano, L. A., & Perri, L. M. (2004). Psychological aspects of
persistent pain: current state of the science. The Journal of Pain, 5(4), 195–211.
Kjøgx, H., Kasch, H., Zachariae, R., Svensson, P., Jensen, T. S., & Vase, L. (2016). Experimental
manipulations of pain catastrophizing influence pain levels in patients with chronic pain and
healthy volunteers. Pain, 157(6), 1287–1296.
Knudsen, L., Petersen, G. L., Nørskov, K. N., Vase, L., Finnerup, N., Jensen, T. S., & Svensson, P. (2011).
Review of neuroimaging studies related to pain modulation. Scandinavian Journal of Pain, 2(3),
108–120.
Krämer, H. H., Stenner, C., Seddigh, S., Bauermann, T., Birklein, F., & Maihöfner, C. (2008). Illusion of
Pain: Pre-existing Knowledge Determines Brain Activation of “Imagined Allodynia.” Journal of
Pain, 9(6), 543–551.

3

100 | Chapter 3

Kucyi, A., Moayedi, M., Weissman-Fogel, I., Goldberg, M. B., Freeman, B. V., Tenenbaum, H. C., & Davis, K.
D. (2014). Enhanced Medial Prefrontal-Default Mode Network Functional Connectivity in Chronic
Pain and Its Association with Pain Rumination. Journal of Neuroscience, 34(11), 3969–3975.
Kuś, R., Ginter, J. S., & Blinowska, K. J. (2006). Propagation of EEG activity during finger movement
and its imagination. Acta Neurobiologiae Experimentalis, 66: 195-206.
Kuś, R., J Blinowska, K., Kamiński, M., & Basińska-Starzycka, A. (2008). Transmission of information
during Continuous Attention Test. Acta Neurobiologiae Experimentalis, 68(1), 103–12.
Lee, H., Heller, A. S., van Reekum, C. M., Nelson, B., & Davidson, R. J. (2012). Amygdala-prefrontal
coupling underlies individual differences in emotion regulation. NeuroImage, 62(3), 1575–1581.
Leung, R. C., Ye, A. X., Wong, S. M., Taylor, M. J., & Doesburg, S. M. (2014). Reduced beta connectivity
during emotional face processing in adolescents with autism. Molecular Autism, 5(1), 1–13.
Li, Y., Kang, C., Wei, Z., Qu, X., Liu, T., Zhou, Y., & Hu, Y. (2017). Beta oscillations in major depression
- Signalling a new cortical circuit for central executive function. Scientific Reports, 7(1), 1–15.
Ligeza, T. S., Wyczesany, M., Tymorek, A. D., & Kamiński, M. (2016). Interactions Between the
Prefrontal Cortex and Attentional Systems During Volitional Affective Regulation: An Effective
Connectivity Reappraisal Study. Brain Topography, 29(2), 253–261.
Lloyd, D., Findlay, G., Roberts, N., & Nurmikko, T. (2008). Differences in low back pain behavior are
reflected in the cerebral response to tactile stimulation of the lower back. Spine, 33(12), 1372–1377.
Lloyd, D. M., Findlay, G., Roberts, N., & Nurmikko, T. (2014). Illness Behavior in Patients With Chronic
Low Back Pain and Activation of the Affective Circuitry of the Brain. Psychosom Med, (3), 413–421.
Loggia, M. L., Berna, C., Kim, J., Cahalan, C. M., Martel, M. O., Gollub, R. L., … Edwards, R. R. (2015). The
Lateral Prefrontal Cortex Mediates the Hyperalgesic Effects of Negative Cognitions in Chronic
Pain Patients. Journal of Pain, 16(8), 692–699.
Lorenz, J., Minoshima, S., & Casey, K. L. (2003). Keeping pain out of mind: the role of the dorsolateral
prefrontal cortex in pain modulation. Brain, 126(5), 1079–1091.
Löwe, B., Wahl, I., Rose, M., Spitzer, C., Glaesmer, H., Wingenfeld, K., … Brähler, E. (2010). A 4-item measure
of depression and anxiety: Validation and standardization of the Patient Health Questionnaire-4
(PHQ-4) in the general population. Journal of Affective Disorders, 122(1–2), 86–95.
Malfliet, A., Coppieters, I., Wilgen, P. Van, Kregel, J., Pauw, R. De, & Dolphens, M. (2017). Brain changes
associated with cognitive and emotional factors in chronic pain: A systematic review, 1–18.
May, A. (2008). Chronic pain may change the structure of the brain. Pain, 137(1), 7–15.
Melzack, R., & Wall, P. D. (1965). Melzack - 1965 - Pain Mechanisms A new theory.pdf. Science,
150(3699), 971–979.
Moayedi, M., Weissman-Fogel, I., Crawley, A. P., Goldberg, M. B., Freeman, B. V., Tenenbaum, H. C., &
Davis, K. D. (2011). Contribution of chronic pain and neuroticism to abnormal forebrain gray
matter in patients with temporomandibular disorder. NeuroImage, 55(1), 277–286.
O’Donnell, C., Di Simplicio, M., Brown, R., Holmes, E. A., & Burnett Heyes, S. (2017). The role of mental
imagery in mood amplification: An investigation across subclinical features of bipolar disorders.
Cortex, 105, 104-117.

Pain catastrophizing is associated with altered EEG effective connectivity| 101

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., … Dan, I. (2004). Threedimensional probabilistic anatomical cranio-cerebral correlation via the international 10-20
system oriented for transcranial functional brain mapping. NeuroImage, 21(1), 99–111.
Prichep, L. S., John, E. R., Howard, B., Merkin, H., & Hiesiger, E. M. (2011). Evaluation of the Pain Matrix
Using EEG Source Localization: A Feasibility Study. Pain Medicine, 12, 1241–1248.
R Development Core Team. (2015). R Language Definition V. 3.1.1. R Development Core Team.
Raij, T. T., Numminen, J., Närvänen, S., Hiltunen, J., & Hari, R. (2005). Brain correlates of subjective
reality of physically and psychologically induced pain. Proceedings of the National Academy of
Sciences, 102(6), 2147–2151.
Rodriguez-Raecke, R., Niemeier, A., Ihle, K., Ruether, W., & May, A. (2013). Structural brain changes in
chronic pain reflect probably neither damage nor atrophy. PloS One, 8(2), e54475.
Rosenstiel, A.K., Keefe, F.J. (1983). The use of coping strategies in chronic low back pain patients:
Relationship to patient characteristics and current adjustment. Pain 17, 33-44.
Seminowicz, D. A., & Davis, K. D. (2006). Cortical responses to pain in healthy individuals depends on
pain catastrophizing. Pain, 120(3), 297–306.
Seminowicz, D. A., Shpaner, M., Keaser, M. L., Krauthamer, G. M., Mantegna, J., Dumas, J. A., … Naylor,
M. R. (2013). Cognitive-Behavioral Therapy Increases Prefrontal Cortex Gray Matter in Patients
With Chronic Pain. The Journal of Pain, 14(12), 1573–1584.
Severeijns, R., Vlaeyen, J. W., van den Hout, M. A., & Weber, W. E. (2001). Pain catastrophizing predicts
pain intensity, disability, and psychological distress independent of the level of physical
impairment. The Clinical Journal of Pain, 17(2), 165–172.
Spitzer, B., & Haegens, S. (2017). Beyond the Status Quo: A Role for Beta Oscillations in Endogenous
Content (Re-) Activation. Eneuro, 4.
Sullivan, M. J., Thorn, B., Haythornthwaite, J. A., Keefe, F., Martin, M., Bradley, L. A., & Lefebvre, J. C.
(2001). Theoretical perspectives on the relation between catastrophizing and pain. The Clinical
Journal of Pain, 17(1), 52–64.
Sullivan, M. J. L., Bishop, S. R., & Pivik, J. (1995). The Pain Catastrophizing Scale: Development and
validation. Psychological Assessment, 7(4), 524-532.
Sullivan, M. J. L., Tripp, D. A., & Santor, D. (2000). Gender differences in pain and pain behavior: The
role of catastrophizing. Cognitive Therapy & Research. 24(1), 121-134.
Turk, D. C., & Rudy, T. E. (1992). Cognitive factors and persistent pain: A glimpse into Pandora’s
box. Cognitive Therapy and Research, 16(2), 99-122.
Turner, J. A., Holtzman, S., & Mancl, L. (2007). Mediators, moderators, and predictors of therapeutic
change in cognitive–behavioral therapy for chronic pain. Pain, 127(3), 276–286.
Ushida, T., Ikemoto, T., Tanaka, S., Shinozaki, J., Taniguchi, S., Murata, Y., … Tamura, Y. (2008). Virtual
needle pain stimuli activates cortical representation of emotions in normal volunteers.
Neuroscience Letters, 439(1), 7–12.
Vachon-Presseau, E., Tétreault, P., Petre, B., Huang, L., Berger, S.E., Torbey, S., Baria, A.T., Mansour,
A.R., Hashmi, J.A., Griffith, J.W., Comasco, E., Schnitzer, T.J., Baliki, M.N., Apkarian, A.V. (2016).
Corticolimbic anatomical characteristics predetermine risk for chronic pain. Brain, 139, 1958–1970.

3

102 | Chapter 3

Valet, M., Gündel, H., Sprenger, T., Sorg, C., Mühlau, M., Zimmer, C., … Tölle, T. R. (2009). Patients
With Pain Disorder Show Gray-Matter Loss in Pain-Processing Structures: A Voxel-Based
Morphometric Study. Psychosomatic Medicine, 71(1), 49–56.
Van Damme, S., Crombez, G., Eccleston, C. (2004). Disengagement from pain: the role of catastrophic
thinking about pain. Pain, 107, 70–76.
Van de Steen, F., Almgren, H.B.J., Razi, A., Friston, K.J., Marinazzo, D. (2018). Dynamic causal modelling
of fluctuating connectivity in resting-state EEG. bioRxiv, 1–20.
Vase, L., Egsgaard, L. L., Nikolajsen, L., Svensson, P., Jensen, T. S., & Arendt-Nielsen, L. (2012). Pain
catastrophizing and cortical responses in amputees with varying levels of phantom limb pain:
A high-density EEG brain-mapping study. Experimental Brain Research, 218(3), 407-17.
Wang, L., Saalmann, Y.B., Pinsk, M.A., Arcaro, M.J., Kastner, S. (2012) Electrophysiological LowFrequency Coherence and Cross-Frequency Coupling Contribute to BOLD Connectivity. Neuron
76, 1010-20.
Wang, X. (2010). Neurophysiological and computational principles of cortical rhythms in
cognition. Physiological Reviews, 90, 1195–1268.
Weinrich, C.A., Brittain, J.S., Nowak, M., Salimi-Khorshidi, R., Brown, P., Stagg, C.J. (2017). Modulation
of Long-Range Connectivity Patterns via Frequency-Specific Stimulation of Human Cortex.
Current Biology, 27, 3061-3068.
Worthen, S. F., Hobson, A. R., Hall, S. D., Aziz, Q., & Furlong, P. L. (2011). Primary and secondary
somatosensory cortex responses to anticipation and pain: a magnetoencephalography study.
European Journal of Neuroscience, 33(5), 946–959.
Wyczesany, M., Ferdek, M. A, & Grzybowski, S. J. (2014a). Cortical functional connectivity is associated
with the valence of affective states. Brain and Cognition, 90C, 109–115.
Wyczesany, M., Ligeza, T. S., & Grzybowski, S. J. (2015). Effective connectivity during visual processing
is affected by emotional state. Brain Imaging and Behavior, 9(4), 717–28.

4

CHAPTER 4

Decreased beta connectivity within
the emotional control circuit during
depressive rumination in clinically
depressed patients
Ferdek, M. A., van Rijn, C. M., Oosterman J. M., Książek A., Epa R., &
Wyczesany, M. Decreased beta connectivity within the emotional
control circuit during depressive rumination in clinically depressed
patients. (manuscript in preparation)

Depressive ruminations are repetitive thoughts associated with symptoms, causes, and
consequences of one’s negative feelings. This maladaptive form of emotional regulation
has been shown to prolong and deepen depressive episodes and to increase their
recurrence. The aim of this study was to explore cortical effective connectivity related
to rumination in depressed patients. Fifteen clinically depressed patients and fifteen
healthy controls took part in an EEG study. Electrophysiological data were collected
during an induced state of depressive rumination and compared with positive and
neutral conditions. Effective connectivity was investigated using the Directed Transfer
Function method, which is based on a Granger causality, and calculated for the beta
band (14-25 Hz). We hypothesized that depressed patients would differ from healthy
control in effective connectivity within the emotional regulation brain circuit. Mixedeffects models, used to calculate interactive effects between group and valence, revealed
that the left temporal cortex outflow to the left parietal, medial prefrontal and right
dorsolateral cortices, as well as the information flow from the orbitofrontal cortex to the

Abstract

left temporal cortex, were decreased in depressed patients compared to healthy controls
during rumination. This connectivity pattern might be related to less effective emotional
regulation in depressed patients when ruminating. Moreover, depressed patients were
characterized by increased connectivity from the right parietal cortex in all conditions
compared to healthy controls and this effect might be related to increased emotional
arousal.
Keywords: depressive rumination, emotional control, effective connectivity, beta
oscillations
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4.1

Introduction

Depressive rumination has been conceptualized as a maladaptive form of emotional
regulation that can lead to exacerbation and maintenance of a variety of mental health
conditions, including depressive disorder (Compare, Zarbo, Shonin, Van Gordon, &
Marconi, 2014). Depressed individuals with a high tendency to ruminate are characterized
by a repetitive, compulsive focus on symptoms of the depressed mood as well as its causes
and consequences (Nolen-Hoeksema, Wisco, & Lyubomirsky, 2008).
Ineffective cognitive control over negative emotional material has been implicated as
a crucial process underlying ruminative thinking (Demeyer, De Lissnyder, Koster, & De
Raedt, 2012). Ruminating individuals tend to have difficulties with diverting attention
away from the negative material (Joormann & Gotlib, 2010) and are characterized by
negative attentional biases (Kuo et al., 2012). Ruminative tendencies were also found to
be related to the enhanced physiological response to negative, self-referential stimuli,
possibly resulting from ineffective downregulation of negative emotional states (Ferdek,
van Rijn, & Wyczesany, 2016). What is more, it was shown that depressed (review: Gotlib &
Joormann, 2010) and even remitted patients (Vanderhasselt et al., 2012) are characterized
by decreased cognitive control in response to negative information. In this context,
the neural conceptualization of rumination should include brain areas associated with
cognitive emotional control of the negative stimuli. In our study, which was aimed at
exploring EEG connectivity patterns of depressive rumination, we, therefore, focused on
the emotional control circuit.
Previous studies have already identified crucial neural correlates of ruminations and
activity and connectivity of the emotional control circuit were previously pinpointed in
this context (Ferdek, van Rijn, & Wyczesany, 2016). For example, a strength of frontal-limbic
coupling was found to correlate with successful regulation of negative affect (Banks, Eddy,
Angstadt, Nathan, & Phan, 2007) and both frontal and limbic activity patterns were found
to be related to depressive rumination. It was previously shown that many emotional
regulation strategies depend on the frontotemporal regulatory loop (Ochsner, Bunge,
Gross, & Gabrieli, 2002) and that successful top-down emotional control is related to
the downregulation of limbic regions activity exhibited by the prefrontal cortices (Ray
et al., 2005). Kühn et al. (2012) found a relationship between reduced activation of the
dorsolateral prefrontal cortex (DLPFC) and ruminative tendencies in healthy individuals
and suggested that this might be associated with difficulties in repressing undesirable
thoughts. We previously found hypoactivation of the left DLPFC marked by decreased
beta power in a subclinical group of ruminators and decreased effective connectivity
from these areas to the left temporal cortex (Ferdek et al., 2016), indicating a possible
relationship between the ineffectiveness of the frontotemporal regulatory loop and
ruminative tendencies. Temporal lobe structures such as the amygdala and hippocampus
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have also been examined in the context of depressive rumination in many fMRI studies,
most of them revealing rumination-related increases in activation (Cooney, Joormann,
Eugène, Dennis, & Gotlib, 2010a; Mandell, Siegle, Shutt, Feldmiller, & Thase, 2014; Ray et al.,
2005; Siegle, Steinhauer, Thase, Stenger, & Carter, 2002). The amygdala was furthermore
found to be more active during induced depressive rumination in depressed patients
(Cooney et al., 2010a); while trait rumination was associated with sustained amygdala
activation to negative stimuli during the affective task (Siegle et al., 2002) and even during
the non-emotional digit-sorting (Mandell et al., 2014).
Some more recent neuroimaging research on depression has revealed abnormalities in
connectivity and beta phase synchronization of the frontoparietal network (FNP) (Kaiser,
Andrews-hanna, Wager, & Pizzagalli, 2016; Y. Li et al., 2017; Schultz et al., 2018) in depressed
patients. Expressive suppression, which is an emotional regulation strategy related to
inhibiting emotional expressions while emotionally aroused, was shown to be associated
with FPN connectivity (Pan et al., 2018). Interestingly, a previous EEG study by Wyczesany
et al. (2011) indicated that frontoparietal synchronization is related to heightened nonspecific emotional arousal. Alternatively, alterations in FNP activity might be related to
worse executive functioning as suggested by Brzezicka (2013).
Default Mode Network (DMN) alterations have also been found in depressed patients
and were associated with ruminative tendencies (Berman et al., 2011; Hamilton, Farmer,
Fogelman, & Gotlib, 2015; Yan, Li, Chen, Castellanos, & Bai, 2018). However, only the medial
prefrontal cortex, which is one of the hubs of this network, was found to be related to
emotional regulation (Pan et al., 2018).
In order to understand the mechanisms of disrupted emotional regulation during
rumination, it is crucial to assess not only correlations between activity in different brain
regions but also the causal relationships between brain areas. We, therefore, chose
effective connectivity rather than functional connectivity, as it provides measurements
of both the strength and the direction of the information flow (Astolfi et al., 2007). To the
best of our knowledge, there has only been one study which used effective connectivity in
the context of depression (Rolls et al., 2018) and there have been no effective connectivity
studies aimed at neuronal correlates of depressive rumination. Our study, therefore, has
the potential to fill this gap. Moreover, we aimed at identifying brain cortical connectivity
by using noninvasive electrophysiological measurements. Our choice of EEG rather than
fMRI was based on several reasons. EEG-based connectivity has a high potential for clinical
use; it is portable, less expensive and better tolerated by patients than fMRI. Importantly,
EEG-based connectivity measures represent a more direct way to infer regarding brain
neurophysiology and offer a unique opportunity to track more dynamic changes of
connectivity. Our hypotheses were based on previous research on the neuronal basis
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of depressive rumination as well as on our previous study which was conducted on a
subclinical sample of ruminators (Ferdek et al., 2016).
We hypothesized that depressed patients would differ from healthy participants in the
effective connectivity within the emotional control circuit, especially when induced to
ruminate. We explored effective connectivity between the parietal, temporal, and frontal
cortices. Frontal cortices were additionally differentiated into left and right dorsolateral
prefrontal cortices, medial prefrontal cortex, and orbitofrontal cortex. We hypothesized
that during depressive rumination, depressed patients in comparison to healthy controls
would be characterized by decreased effective connectivity among this brain circuit. We
expected to find top-down control deficits that would be driven by decreased information
flow from frontal regions. Moreover, depressed patients in comparison to healthy controls
were expected to be characterized by increased beta information outflow from the right
parietal cortices, which might be related to non-specific emotional arousal. Additionally,
self-report questionnaires were used to verify if depressed patients and healthy controls
would differ with regards to the difficulties in emotional regulation and depressive
rumination tendencies.

4
4.2

Methods

4.2.1 Participants
Patients were recruited by a psychiatrist at the University Hospital in Krakow who
diagnosed with depressive disorder. Only those patients who did not exhibit psychotic
symptoms were included in the study. Out of seventeen patients, two were excluded due
to the poor quality of the EEG signal and so, the final clinical group consisted of fifteen
patients. The control group was matched by age and education level to the clinical group
and consisted of fifteen healthy participants. Prerequisites included: no neurological and
hormonal diseases (present or in the past).
4.2.2 Questionnaires
The Ruminative Response Scale (Nolen-Hoeksema & Morrow, 1991) is a questionnaire
used to measure the tendency to ruminate. It consists of 22 items that describe individual
responses to depressed mood, which can be divided into self- focused (e.g. “I think: Why
do I react this way?”); symptom-focused (“I think about how hard it is to concentrate”), and
consequences/causes focused (“I think I won’t be able to do my job if I don’t snap out
of this”). Participants decide, on a 1–4 Likert scale, how often they experience each type
of thought (1 – almost never; 4 – almost always). The highest possible score is 88. The
Ruminative Response Scale can be divided into items that overlap with the 13-item Beck
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Depression Index, and those that do not (Treynor, Gonzalez, & Nolen-Hoeksema, 2003).
We used both of these subscales naming the first one RRS-BDI and the latter – RRS-R.
The Beck Depression Inventory II (BDI-II)(Beck, Steer, & Brown, 1996) was also used to measure
possible symptoms of depression in the control group. It consists of 21 multiple-choice selfreport questions about how the individual has been feeling in the last week. Each question
has a set of at least four possible responses, ranging in intensity. The maximum score is 63 and
severe depression is indicated in participants scoring 29 and above. Other cutoffs are defined as
follows: 0 - 13 – minimal depression; 14 – 19 – mild depression; 20 - 28 – moderate depression.
The Difficulties in Emotional Regulation Scale (Gratz & Roemer, 2004) is a psychometric tool
used for complex measurements of emotional regulation disabilities. It includes 36 items
assigned to one of six dimensions/subscales (Nonacceptance of Emotional Responses;
Difficulties Engaging in Goal-Directed Behavior; Impulse Control Difficulties; Lack of Emotional
Awareness; Limited Access to Emotion Regulation Strategies; Lack of Emotional Clarity). For a
detailed description of each subscale, see Gratz and Roemer (2004). Participants responded
using a 1–5 Likert scale (1 – almost never; 5 – almost always). The highest possible score is 180.
4.2.3 Analysis of questionnaires data
Independent samples t-tests were used to asses if depressed patients differed from
controls in RRS-R, RRS-BDI, and DERS scores.
4.2.4 EEG equipment and procedure software
Experimental data were collected with the use of a 64-channel Biosemi EEG acquisition
system, sampled with 256Hz frequency. We used the International extended 10-20
System of Electrode Placement with the adjustment to the nasion and inion. Two
additional leads were placed on the left and right mastoid for off-line referencing and
another four electrodes were used to measure horizontal and vertical eye movements. All
electrode impedances were kept within the recommended range during the recordings
and no online filters were then applied. The experimental procedure was programmed in
PsychoPy version 1.82.01.
4.2.5 Experimental procedure
The experimental procedure was compliant with the directives of the Helsinki Declaration
and approved by the ethics committee at the Jagiellonian University’s Institute of
Psychology and University Hospital in Krakow. Subjects signed written consent forms and
were informed that they could quit the experiment at any time. The EEG measurement
took place in an air-conditioned and soundproof room. The experimental task was based
on emotional mental imagery. There were three within-subjects conditions: (1) negative
(depressive), (2) positive, and (3) neutral. The depressive sentences were previously shown
to induce depressive rumination in dysphoric individuals but not in the healthy control
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(Lyubomirsky & Nolen-Hoeksema, 1993; Morrow & Nolen- Hoeksema, 1990). Neutral and
positive sentences were previously tested in a separate experiment (Ferdek et al., 2016)
and were shown to have a different influence on participants’ mood. They were also used
in our previous experiment on healthy ruminators (Ferdek et al., 2016). Voice instructions
played by a computer were used to induce each type of mental imagery, for example:
“Think about whether you have accomplished a lot so far” to evoke the depressive ruminative
state, “Think about an old wooden door” for the neutral condition, and “Think about
one of the happiest moments in your life” for the positive one. Each condition consisted
of 10 sentences. There were 30 statements altogether, mixed in random order with the
exception that the last two statements were always positive. Participants were instructed
to close their eyes at the beginning of the procedure and listen to the commands; each
one was followed by 30 s of silence intended for a particular imagery task. After the main
procedure, subjects were asked to evaluate on a three-point scale of 0–2 (0 – failure; 1
– completed task, but experienced problems with concentration; 2 – success) whether
they managed to complete each imagery task. Similar experimental procedures were
previously used in studying neuronal correlates of repetitive negative thinking such as
depressive rumination or pain catastrophizing (Ferdek et al., 2016). The experimental
procedure scheme is presented in Figure 4.1.

Figure 4.1 The experimental procedure scheme. Experiment consisted of a sequence that was
repeated 30 times: 1 – mental imagery induction, trials are presented in a random order and are
intermingled across conditions, participants are listening to the audio instructions with their eyes
closed; 2 – 30-second of mental imagery, participants are imagining each topic with their eyes
closed; 3 – auditory instruction to open the eyes; 4 – performance self-assessment – participants are
evaluating themselves on a 0-2 scale using a button box and are asked to close their eyes afterward.
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4.2.6 EEG STUDY: Preprocessing of EEG data
EEGLab toolbox version 14 (Delorme & Makeig, 2004) was used for preprocessing of the
EEG signal, which was zero-phase filtered in the 5-44 Hz range and downsampled to 128
Hz. According to the authors of the DTF method to calculate effective connectivity, the EEG
signal should not be modified by any method which alters the original correlation structure
of the dataset. Thus, we did not apply any artifact correction method and instead rejected
artifactual electrodes and fragments of signal contaminated with artifacts instead. Based
on the visual inspection, 18 electrodes were rejected in total, which was equal to less than
1 electrode removed per person on average. To reject artifactual fragments of the signal,
the 30 second-long recordings from each condition were divided into 2 second-long
epochs. After that, epochs that were part of trials reported as “failure” were excluded from
the datasets and their average amount per person was equal to 9. They were first screened
using an automated algorithm, removing fragments where amplitude on any electrode
exceeded 70µV. After that, the signal was additionally screened visually to remove any
other artifacts that resulted from muscle activity, technical issues, etc. As a result, the
average number of epochs that were rejected in a single subject was equal to 17%.
4.2.7 EEG study: Effective connectivity analysis
To calculate the effective connectivity, we decided to use Directed Transfer Function
(DTF). DTF is a multivariate method of connectivity estimation which is based on the
Granger causality principle. It allows measuring both the direction and strength of the
information flow in a specific frequency domain. When used on the scalp sensor, the DTF
method is relatively insensitive to the volume conduction phenomenon. Authors of the
method advise avoiding any inexpedient preprocessing to the DTF signals such as source
localization, as it may destroy the original correlation structure of the data.
Mathematical foundations of the DTF method can be found elsewhere: Ferdek et al., 2016;
Kamiński & Blinowska, 2017; Kamiński & Blinowska, 1991; Ligeza, Wyczesany, Tymorek, &
Kamiński, 2016, Kamiński, Zygierewicz, Kuś, & Crone, 2005.
In our experiment, effective connectivity was measured between electrodes over the
regions of interest as mentioned in the hypotheses. Calculations were carried out using
Multar software (Department of Biomedical Physics, University of Warsaw). Electrodes
corresponding to our regions of interest were selected as follows: left DLPFC (lDLPFC: F3,
F1); right DLPFC (rDLPFC: F4, F2); medial prefrontal cortex (Fz, FCz); left temporal area
(lTmp: T7, TP7, FT7); right temporal area (rTmp: T8, FT8, TP8); orbitofrontal cortex (OFC: AF7,
AF8); left somatosensory cortex (lPar: C3, CP3, CP1); right somatosensory cortex (rPar: C4,
CP2, CP4). They were chosen on the basis of the EEG montage brain atlases (Ligeza et al.,
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2016; Okamoto et al., 2004). We chose to calculate non-normalized DTF values specifically
for the beta band (14 – 25 Hz).
The beta frequency window covers an important part of middle and long-range cortical
communication (Kuś, Blinowska, Kamiński, & Basińska-Starzycka, 2008; Wyczesany, Ligeza,
& Grzybowski, 2015) and thus seems most suitable for studying effective connectivity.
Moreover, it was shown that beta oscillations are dynamically modulated by the contentspecific manner (Kim, Kim, & Chung, 2017). As our experimental design involved switching
between 3 types of trials, the characteristics of these oscillations (short-lived, dynamic)
made beta the best candidate for our analysis. Finally, the beta band was shown to be
related to executive functioning and top-down cortical signaling (Spitzer & Haegens,
2017; Wang, 2010) and our theory linked rumination to ineffective emotional control.
As the original DTF estimates are in most cases lower than 0.1, to increase their readability
we scaled them by a factor of 1,000. The distributions of the DTF values were checked to
identify and reject possible extremes, defined using boxplot 1.5 IQR (interquartile range).
4.2.8 EEG study: Statistical analyses of DTF data
Linear mixed models analyses were conducted in R (R Development Core Team, 2015) with
the lme4 library (Bates, Mächler, Bolker, & Walker, 2015). We calculated separate models
for all the possible directions between the chosen ROIs. As fixed effects, we entered the
interaction term of a group (depressed or control) and valence. As random effects, we
had individual subjects intercepts and channels (as there was more than one electrode
assigned in each ROI). All the values from each direction (ROI à ROI) were pooled together
as a factor in the mixed model analysis. The model formula in R software was as follows: DTF
~ grp*val + 1|subj + 1|chann. Visual inspection of residual plots did not reveal any obvious
deviations from normality. As homoscedasticity assumption was not fulfilled in all models,
we applied the log transformation. Only these significant interactive effects which were
preserved after this procedure are described. P-values were obtained by comparing the
full model with the effect in question against the model without the effect in question
with the use of ANOVA. In our case, the full model consisted of fixed effect interaction
and random effects, while the null model contained random effects only. More detailed
statistics (standardized beta and p-values for correlations between group and DTF in each
condition) were taken from the linear mixed-effects model summaries of normal models.
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4.3

Results

4.3.1 Participant demographics
The clinical group consisted of patients diagnosed with major depressive disorder. All
the depressed patients were recruited from the Psychiatry Department at the University
Hospital in Krakow and were receiving both psychotherapy and pharmacological
treatment at the time of the EEG measurements. Participants from the control group
received a score of 19 or less in the Beck Depression Inventory. Table 4.1 presents the
demographics of the participants from both experimental groups. We controlled for age,
education, and sex. Information regarding the type of antidepressants that was used in
the therapy were additionally reported for the patient group.
Table 4.1 Demographic data of all participants and information regarding antidepressant group
used in pharmacotherapy of depressive disorder
Patients (N = 15)

Controls(N = 15)

8W, 7M

8W, 7M

48.71 (22-68)

43.73 (28-60)

Primary education

0

0

Secondary eduction

7

6

Higher education

8

9

Sex
Mean age (years); range
Education level

Antidepressant class
Selective serotonin reuptake inhibitor

5

Selective norepinephrine reuptake inhibitor

5

Serotonin antagonist and reuptake inhibitor

2

Atypical antidepressant

1

Triacyclic antidepressant

1

Missing data

1

4.3.2 Questionnaires
Control participants scored 19 or lower in the BDI-II questionnaire. Their mean BDI score
was equal to 8.7 and the standard deviation was equal to 5.8, with a maximum score of 19
and a minimum score of 0. The Difficulties in Emotion Regulation, as well as Ruminative
Response Scale scores for both depressed and healthy subjects, are presented in Table
4.2. Results of the RRS were divided into RRS-R (RRS revised, without items overlapping
with BDI) and RRS-BDI (BDI-related items). The independent t-test revealed that depressed
patents’ scores significantly differed from controls in DERS ( p < .001), RRS-R (p = .014), and
RRS-BDI (p < .001).
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Table 4.2 Questionnaires DERS and RRS results.
Questionnaire

Controls
MEAN

Depressed
(SD)

MEAN

(SD)

DERS total

80.71

9.15

111.90

12.50

RRS-R
RRS-BDI

21.87
22.47

5.63
5.88

26.50
34.07

3.52
4.48

4.3.3 EEG STUDY: Effective connectivity analysis results
ROI-ROI directions which revealed significant general interactive effects and their detailed
statistics (p-values for ANOVA comparison between null and full log model) can be found
in Table 4.3.
Table 4.3 ROI-ROI directions which revealed significant interactive effects
Direction ROI-ROI

M log model versus
null model; p value

p value after FDR correction

lTmp to lPar

.025

.043

lTmp to rPar

<.001

<.001

lTmp to rDLPFC

.007

.016

lTmp to mPFC

.020

.040

rTmp to lPar

<.001

<.001

rTmp to rPar

<.001

<.001

rTmp to lDLPFC

.004

.011

lPar to lTmp

.013

.027

lPar to lDLPFC

.006

.015

lPar to mPFC

.025

.043

rPar to lTmp

<.001

<.001

rPar to OFC

<.001

<.001

rPar to lDLPFC

<.001

<.001

rPar to rDLPFC

<.001

<.001

rPar to mPFC

<.001

<.001

OFC to rTmp

.002

.006

OFC to lTmp

.011

.024

lDLPFC to rTmp

.002

.006

lDLPFC to rPar

<.001

<.001

rDLPFC to lTmp

.005

.013

rDLPFC to lPar

.024

.043

rDLPFC to rPar

.027

.045

mPFC to lPar

<.001

<.001

mPFC to rPar

<.001

<.001
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Significant differences between the depressive and control group in the depressive
condition were found in eleven of the above-mentioned directions. These differences
can be divided into three categories: 1) correlates of depressive rumination: effects
specific for the depressive condition only; 2) correlates of depressive rumination: effects
with significant differences in both neutral and depressive conditions; 3) group effects:
significant differences between depressed patients and controls in all conditions. Detailed
statistics for all eleven directions can be found in Table 4.4. Significant ROI → ROI I effects
are also presented on the brain map in Figure 4.2.
Table 4.4 Linear mixed-effects statistics (standardized Beta and p-values) for the directions which
revealed significant differences between the depressive and control group in the depressive
condition
*corrected for multiple comparisons (FDR); arrow meaning: ↓ - depressed group has significantly
lower DTF in this condition when compared to controls; ↑ - depressed group has significantly higher
DTF in this condition when compared to controls
Depressive group compared to controls
Direction

Ref = Dep

Ref = Neu

Ref = Pos

St. Beta

P value*

St. Beta

P value*

St. Beta

P value*

lTmp to lPar

-.21↓

<.001

-.09

.156

-.02

.815

OFC to lTmp

-.20↓

.004

-.09

.212

-.00

.992

lTmp to rDLPFC

-.24↓

<.001

-.13↓

.029

-.12

.064

lTmp to mPFC

-.20↓

.004

-.17↓

.024

-.11

.145

1st category of effects

2nd category of effects

3rd category of effects
-.29↓

<.001

-.18↓

<.001

-.13↓

.007

mPFC to rPar

lTmp to rPar

-.21↓

<.001

-.16↓

.029

-.31↓

<.001

rPar to rDLPFC

.24↑

<.001

.41↑

<.001

-.02↓

<.001

rPar to mPFC

.27↑

<.001

.39↑

<.001

.29↑

<.001

rPar to OFC

.21↑

<.001

.34↑

<.001

.21↑

<.001

rPar to lDLPFC

.19↑

.004

.38↑

<.001

.22↑

<.001

rDLPFC to lPar

.17↑

.023

.27↑

.004

.22↑

<.001
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Figure 4.2 Significant interactive effects of group and valence: 1 - effects specific for the depressive
condition only; 2 - Effects with significant differences in both neutral and depressive conditions; 3 Group effects: significant differences between depressed patients and controls in all conditions; red
color is an indicator of connectivity increase in the depressed group when compared to the control
group and blue color is an indicator of the decrease.

1. Correlates of depressive rumination: effects specific for the depressive condition only
These effects were found in two directions and were all related to the left temporal
cortex effective connectivity: lTmp to lPar and OFC to lTmp. In the depressive condition,
depressed patients were characterized by decreased beta information flow in all those
directions when compared to controls. There were no significant relationships between
group and DTF in different conditions. Graphs for lTmp to lPar and OFC to lTmp directions
are presented in Figure 4.3.

Figure 4.3 Graphs showing the interactive effects of group and valence specific for the depressive
condition only; error bars represent SD
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2. Effects with significant differences in both neutral and depressive conditions
There were two directions in which significant differences between depressed and controls
participants were found in both depressive and neutral conditions. These were lTmp to
rDLPFC and lTmp to mPFC. Depressed patients were characterized by decreased beta
information flow in the neutral and depressive conditions when compared to controls;
however, the effects were stronger for depressive than for neutral conditions, as revealed
by the standardized beta values (see Table 4.4 and Figure 4.4).

Figure 4.4 Graphs showing the interactive effects of group and valence specific for both depressive
and neutral condition; error bars represent SD

3. Group effects: significant differences between depressed patients and controls in
all conditions
There were group effects found in seven directions: rPar to rDLPFC, lTmp to rPar, rPar
to mPFC, rPar to OFC, mPFC to rPar, rPar to lDLPFC, and rDLPFC to lPar. In most cases,
depressed patients were characterized by increased beta information in each condition.
There were two cases where depressed patients were characterized by decreased DTF
in all conditions and these directions were mPFC to rPar and lTmp to lPar. In the lTmp to
lPar direction, connectivity differed significantly between depressed and controls in all
conditions and the effect was the strongest for the depressive rumination condition (see
Table 4.4 and Figure 4.5).
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4

Figure 4.5 Graphs showing group effects - significant differences between depressed patients and
controls in all condition; error bars represent SD
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4.4

Discussion

The aim of the present study was to identify effective connectivity patterns that differentiate
depressed patients from healthy controls during active depressive rumination. Our study
revealed beta information flow patterns that were specific for the depressive condition
as well as those which differentiated depressed and healthy subjects independently
from the experimental condition (general group effects). In most cases, effects related
to the depressive rumination were related to decreased connectivity of the left temporal
cortex, while general group effects were related to alterations in the right parietal cortex
connectivity.
4.4.1 	EEG effective connectivity patterns: effects specific for the depressive
rumination condition
Our study revealed two effects which were specific for the depressive rumination
condition. These were related to decreased connectivity from the left temporal cortex to
the left parietal cortex and from the left orbitofrontal cortex to the left temporal cortex.
Another two effects were significant for both neutral and depressive conditions with the
effects for the latter condition being stronger. In these two cases, depressed patients
were characterized by decreased beta information flow from the left temporal cortex to
the medial prefrontal cortex and from the left temporal cortex to the right dorsolateral
prefrontal cortex. Interestingly, there was one group effect which revealed the strongest
differences in the depressive condition; information flow from the left temporal cortex to
the right parietal cortex was significantly decreased in depressed patients compared to
the healthy controls while ruminating.
All the above-mentioned effects were related to decreased effective connectivity of the
left temporal cortex in depressed patients when ruminating. Temporal regions have
previously been implicated in self-referential processing and in depressive rumination
specifically (Burkhouse et al., 2017; Cooney, Joormann, Eugène, Dennis, & Gotlib, 2010b).
In our previous study on a subclinical population of ruminators, left temporal cortex area’s
activity and connectivity were found to be crucial in the context of active rumination
(Ferdek et al., 2016).
Firstly, rumination-related brain activity was connected to the altered frontotemporal
connectivity patterns. This pattern might be related to ineffective emotional regulation
when processing negative, self-relevant stimuli in depressed patients. The only top-down
effect was related to decreased effective connectivity from the orbitofrontal to the left
temporal cortex. The orbitofrontal cortex region was previously found to play a crucial
role in emotional regulation in both healthy individuals and those with psychiatric
disorders (Golkar et al., 2012; Kanske, Schönfelder, Forneck, & Wessa, 2015). Decreases
in the grey matter volume of the lateral orbitofrontal cortex were found to correlate
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with the subclinical symptoms linked to emotional dysregulation (Petrovic et al., 2016).
Although top-down alterations were hypothesized in this study, bottom-up effects were
mostly found, similarly as in the effective connectivity study by Musgrove et al., 2015 on
depressed patients. Decreased connectivity from the temporal areas to the medial frontal
areas was previously found in depressed patients (Rolls et al., 2018) and was associated
with the duration of the illness. It is possible that severe cases of depression are related to
the general deficits in the frontotemporal regulatory loop, which would be in agreement
with the limbic-cortical dysregulation model of depression (Drevets, Price, & Furey, 2008;
Mayberg, 2003).
Secondly, depressive rumination was associated with decreased connectivity from the
left temporal cortex to both the left and right parietal cortices. Temporal cortical areas
were found to be a part of the DMN (Raichle et al., 2001), and the lateral parietal regions
are included in the FP executive control network. This might mean that communication
between the temporal part of the DMN and the parietal parts of the FPN is suppressed
in depressed patients when they are ruminating. Although this pattern seems difficult
to interpret, previous studies on depressed patients confirm its existence (Schultz et
al., 2018). Interestingly, a similar pattern of dysconnectivity between FPN and DMN was
previously found in schizophrenia and was suggested to be a manifestation of working
memory deficits (Godwin, Ji, Kandala, & Mamah, 2017).
4.4.2 EEG effective connectivity patterns: general group effects
It is crucial to differentiate between effects that are specific to the depressive rumination
condition only and those that stem from the general differences between depressed and
healthy patients possibly relating to other disease symptomatology. For this reason, we
decided to present the group effects separately from the rumination effects.
Firstly, it was found that depressed patients differed from healthy controls in the right
parietal cortex connectivity patterns. FPN connectivity was previously shown to play
an important role in mental health (Cole, Repovš, & Anticevic, 2014) as a core system
implementing cognitive control. In our study, depressed patients were found to be
characterized by the increased beta information outflow from the right parietal cortices
to the frontal regions (dorsolateral prefrontal cortices, orbitofrontal cortex as well as
medial prefrontal cortex). This finding seems to confirm the previous findings of Li et al.
(2017), who discovered an abnormal increase in frontoparietal (FP) synchronization of
the phase of beta frequencies in the EEG of depressed patients. As suggested by Li et al.
(2017) this beta connectivity pattern might be interpreted as a mechanism to compensate
for impaired executive functioning. Another interpretation relates to the Heller valencearousal theory of emotion (Heller & Nitschke, 1998). According to this conceptualization,
the right parietal cortex is responsible for generating nonspecific emotional arousal. This
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might mean that nonspecific emotional arousal is chronically increased in depressed
patients (Wyczesany et al., 2011).
On the other hand, information inflow from the medial prefrontal cortex to the right
parietal cortex was decreased in depressed patients in all conditions. Thanks to our
effective connectivity methodology, we are able to differentiate between parietal to
frontal and frontal to parietal connectivity, which, in this case, is characterized by the
opposite pattern. This observation provides new insights into the previous findings
regarding alterations among the FPN and its connectivity to other networks such as the
DMN in depressive disorder (Kaiser, Andrews-hanna, Wager, & Pizzagalli, 2016; Li et al.,
2017; Schultz et al., 2018). This might mean that connectivity from the FPN to the DMN
is increased while the connectivity from the DMN to the FPN is decreased. Our findings
might explain the discrepancies in previous research, with some of the studies reporting
increases in functional connectivity between DMN and FP in depressed patients (Whitton
et al., 2018), while others were reporting significant decreases (Schultz et al., 2018).
4.4.3 Lateralization of the effective connectivity patterns
Interestingly, our results revealed lateralization of the effective connectivity patterns.
Differences in beta information outflows related to depressive rumination were left-sided,
while general between-group outflow effects were right-sided. Additionally, most of
the rumination effects were related to the decreased outflow, while general depressive
effects were related to the increases in the beta information outflows. These findings are
in agreement with the theory of hemispheric asymmetry in depressive disorder, which
associated the depressive symptoms with greater activity of the right hemisphere (Li, Xu,
& Lu, 2018). On the other hand, ruminative tendencies correlates are localized in the left
hemisphere, similarly as in our previous study on a subclinical group of participants (Ferdek
et al., 2016). This might be related to the cognitive and language-related components
of rumination, the latter being more often associated with the left hemisphere in righthanders (Knecht et al., 2000). Decreased connectivity might be related to ineffective
regulation of the frontotemporal loop or adjacent hyperactivated hemisphere. However,
as recent research shows that emotional and cognitive processes are closely intertwined
on the brain level (LeDoux & Brown, 2017; Pessoa, 2010), these interpretations should be
treated with caution.
4.4.4 Limitations and directions for future research
Although our study provided interesting new insights, some limitations and future
improvements should be mentioned.
The first limitation is related to the effective connectivity method used in our study. EEGbased connectivity has many advantages as mentioned previously and the topography
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of the DTF results was shown to be in agreement with previous anatomical, physiological,
and imaging studies (Ginter et al., 2001; Kaminski and Blinowska, 2014; Kuś et al., 2006).
However, it must be noted that the spatial accuracy of this method is limited and the
proposed correspondence between electrodes and cortical areas should be treated as
approximations. Thus, the collected data should be interpreted accordingly.
Our second limitation is related to the clinical group that took part in our experiments.
As pharmacotherapy can significantly influence EEG recordings and as the impact of
antidepressants can differ depending on the specific drug that was administered, future
studies should involve drug naïve patients. Nevertheless, as the pharmacotherapy profiles
were personalized and there was huge variability in the drugs that were administered, we
might have minimized this effect. It is worth noting that there are similarities between
our results and those of Li et al. (2017), who performed the study on drug naïve patients.
4.4.5 The relevance of the study
This is the first EEG-based effective connectivity study exploring the neuronal correlates of
ruminative states. Our results may contribute to the identification of reliable EEG markers
of depressive disorder, which could possibly be used in clinical settings. Our research
opens up new directions in depressive disorder research aimed at exploring the beta
band connectivity alterations and their relationship with ruminative tendencies.
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Effective connectivity of beta
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pain-related mental imagery
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Using EEG recordings of patients with endometriosis-related chronic pelvic pain, we have
examined the effective connectivity within the cortical pain-related network during rest
and during pain-related imagery. During rest, an altered connectivity was hypothesized
between cortical somatosensory pain areas and regions involved in emotional and
cognitive modulation of pain. During pain-related imagery, alterations in prefrontaltemporal connectivity were expected. The effective connectivity was estimated using
the Directed Transfer Function method. Differences between endometriosis patients
and controls were found in the beta band (14-25Hz). During rest, endometriosis was
associated with an increased connectivity from the left dorsolateral prefrontal cortex
to the left somatosensory cortex and also from the left somatosensory cortex to the
orbitofrontal cortex and the right temporal cortex. These results might be related to
sustained activation of the somatosensory pain system caused by the ongoing pain.

Abstract

During pain-related imagery, endometriosis patients showed an increased connectivity
from the left dorsolateral prefrontal cortex to the right temporal cortex. This finding
might point to impaired emotional regulation when processing pain-related stimuli,
or it might be related to altered memorization of pain experiences. Results of this study
open up new directions in chronic pain research aimed at exploring the beta band
connectivity alterations.
Keywords: endometriosis; pelvic pain; EEG effective connectivity; pain modulatory
brain systems
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5.1

Introduction

Chronic pain has been found to be associated with structural and functional changes
in the regions of the brain that are involved in the cognitive and emotional modulation
of pain. These neurological changes contribute to the maintenance of pain, creating a
vicious self-perpetuating circle. Evidence of these neurological changes has been found
in several chronic pain syndromes (Apkarian et al., 2004; Elsenbruch et al., 2010; Geha et
al., 2008; Ichesco et al., 2012; Kim et al., 2015; Schmidt-Wilcke et al., 2006; Seminowicz
et al., 2011); however, endometriosis-related pelvic pain was still not comprehensively
studied in this context. Endometriosis is a gynecologic condition that affects up to
15% of reproductive-aged women worldwide, constituting the most common cause of
chronic pelvic pain (CPP) (Fauconnier & Chapron, 2005; Haas et al., 2012; Viganò, Parazzini,
Somigliana, & Vercellini, 2004) in this population. The aim of this study was to examine
connectivity patterns among the pain modulatory systems during rest and pain-related
mental imagery in patients with endometriosis-related CPP.
There have only been a few neuroimaging studies conducted so far on central nervous
system alterations associated with CPP in endometriosis (Brawn, Morotti, Zondervan,
Becker, & Vincent, 2014). Voxel-based morphometry studies revealed that women with
endometriosis-related CPP are characterized by decreased gray matter volume in the left
thalamus, left cingulate gyrus, right putamen and right insula (As-Sanie et al., 2012). The
only functional study on endometriosis-related pain revealed an alteration in functional
connectivity patterns in diagnosed women (As-Sanie et al., 2016). Endometriosis patients
suffering from CPP were characterized by increased resting-state functional connectivity
between the anterior insula and medial prefrontal cortex.
Chronic pain is currently understood as a complex phenomenon resulting from the
interaction between somatosensory, cognitive, and affective factors (Bushnell, Čeko, & Low,
2013) and thus it seems crucial to study abnormal communication between different pain
modulatory systems in chronic pain patients. However, research on abnormal connectivity
in endometriosis-related CPP is still scarce. In order to contribute to filling this gap, we chose
to examine EEG-based effective connectivity (Iglesia-vaya, Molina-mateo, Escarti-fabra,
Kanaan, & Martí-bonmatí, 2013) in endometriosis-related CPP. One of the advantages of
EEG is its excellent time-resolution which provides the opportunity to track the dynamics of
brain networks during very short durations (Hassan et al., 2015; VandeSteen, Almgren, Razi,
Friston, & Marinazzo, 2018). Although EEG reflects neural signals that derive mostly from
the cortical regions, it provides direct measurements of brain physiology (Bandettini, 2009).
Moreover, it is usually better tolerated by patients than fMRI. Due to the aforementioned
reasons, the EEG shows the potential to provide an objective tool for assessing both painrelated pathophysiology and therapeutic outcomes in various clinical settings (Pinheiro et
al., 2016; Prichep, John, Howard, Merkin, & Hiesiger, 2011).
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For our study we measured patients in both a resting-state condition and during painrelated mental imagery. We specifically elected to investigate pain-related mental imagery
since it is a frequent and distressing experience of people with various types of chronic
pain (Gosden, Morris, Ferreira, Grady, & Gillanders, 2014) and in CPP in particular (Berna,
Vincent, Moore, Tracey, & Goodwin, 2011). Pain rumination is part of the everyday life of
patients suffering from chronic pain and, along with the constant pain, might influence
the spontaneous brain dynamics of these patients.
During both rest and pain-related imagery, we expected to find differences between
endometriosis patients and controls in effective connectivity measures. During rest, we
anticipated finding differential connectivity patterns between the cortical somatosensory
pain system and regions involved in the emotional and cognitive modulation of pain, such
as the medial frontal cortex (MFC), orbitofrontal cortex (OFC), dorsolateral prefrontal cortex
(DLPFC) and temporal cortices (TMP) (Bushnell et al., 2013; Kujala, Tanskanen, Parkkonen,
& Hari, 2009; Peters, 2015). Many studies have reported structural and functional changes
in the somatosensory cortex (SS) in chronic pain patients versus controls (see review: Kim,
Kim, & Nabekura, 2017), however, studies on SS connectivity are much less numerous. Due
to the ongoing pain, we expected an increase in the information flow between the SS and
pain modulatory regions. When ruminating about pain, we expected to find differences
in DLPFC - TMP connectivity, which can be related to the impaired emotional regulation
when processing negative, pain-related stimuli (Koechlin, Coakley, Schechter, Werner, &
Kossowsky, 2018). To verify the relationship between subjective mental or physical health
and connectivity patterns, we aimed to correlate our results with quality of life and pain
intensity measures.

5.2

Methods

This study was approved by the Ethics Committee of the Radboud University Faculty
of Social Sciences (file number: ECSW2014-2411-275). Participants provided written
informed consent. Data collection and analysis were performed anonymously. In order
to avoid experimenter bias, researchers who collected the data did not know which
participants belonged to the endometriosis or control group.
5.2.1 Participants
Women with endometriosis (N = 20; mean age = 35.6 years, range 23 - 44) and healthy
controls (N = 17; mean age = 34.6 years, range 23 - 45) took part in this study. Patients
were recruited by the gynecologist of a multidisciplinary endometriosis referral center;
Rijnstate Hospital in Arnhem, the Netherlands. All patients suffered from endometriosisrelated CPP. All endometriosis diagnoses were based on MRI and/or laparoscopy. In women
who had undergone laparoscopy, the severity of the endometriosis was staged using

Effective connectivity of beta oscillations in endometriosis-related chronic pain | 133

the revised American Society for Reproductive Medicine (revised ASRM) classification
(Canis et al., 1997). The other women were diagnosed by MRI only. Healthy controls were
recruited by advertisement on social media, the hospital’s Web site, and a poster inside the
hospital. All participating women used hormone treatment or hormone contraception,
which suppresses the menstrual cycle, to rule out the influence of hormone cycles on
the results of our study. Importantly, endometriosis patients who took part in our study
experienced persistent rather than cyclically changing pain. Healthy controls consisted of
women without a clinical diagnosis of endometriosis who were not being treated for any
chronic pain, nor suffered from any psychiatric or neurological diseases. Women who were
younger than 18 years old, postmenopausal, pregnant or used exogenous glucocorticoids
were also excluded. Sociodemographic data of all participants were also collected. The
education level of all participants was rated using an ordinal scale (ranging from 1: less
than primary education to 7: university degree) (Verhage, 1964). This study is reporting
only part of the collected data. Results on outcomes of all questionnaires, quantitative
sensory tests (QST), and hair cortisol concentrations are reported separately (van Aken
et al., 2017; van Aken et al., 2018). The required sample size was calculated for all of the
measurements using power analysis and was equal to 27 participants in each group.
EEG measurements were conducted on the subgroup of all participants with 20 and 17
individuals in each group. Previous EEG-based effective connectivity studies consisted of
smaller sample sizes (Olejarczyk & Jernajczyk, 2017; Romundstad, Larsson, Juel, Storm, &
Kolstad, 2018).
5.2.2 	Questionnaires: Standardized Short Form Health Survey (SF-36) and Pain
Intensity Scores
Standardized Short Form Health Survey (Ware, Snow, Kosinski, & Gandek, 1993) measures
overall health status on 9 subscales. Health domains covering mental health are
emotional well-being, vitality, social functioning, and role limitations due to emotional
problems. Domains covering physical health are physical functioning, role limitations due
to physical health, pain, and general health. The ninth, general health domain considers
health change and inquires a person to compare his or her general health to the past year.
Scores range from 0 to 100; lower score indicates more disability while higher indicates
less disability. The SF-36 has internal consistency with Cronbach’s alpha estimates of .90. In
the current study, the mental and physical health domain scores were used.
The pain intensity score was based on a daily pain diary that the endometriosis patients
completed during the month before the study. They were instructed to indicate the severity
of their pain using the verbal Numerical Rating Scale (NRS) ranging from 0 (no pain) to 10
(unbearable pain). To obtain the score, we averaged the daily pain ratings across all the
endometriosis patients. Average pain scores are considered a reliable measure of pain
severity in patients with chronic pain (Dworkin et al., 2005; Woo et al., 2015). Pain Intensity
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scores were only reported for the endometriosis group since having pain was an exclusion
criterion for control participants.
5.2.3 EEG equipment and procedure software
The BrainProducts (modified DCC-customized 64-channel ActiCap; International
extended 10-20 System; the BrainAmp DC amplifier) acquisition system with 64 active
electrodes was used for EEG recording. The experimental data was sampled at a frequency
of 1000 Hz and the online filters were set for .016 Hz (high-pass filter) and 150 Hz (lowpass filter). The reference electrode was placed on the left mastoid. Four electrodes (Fp1,
Fp2, FT9, FT10) were used to measure horizontal and vertical eye movements and one
electrode was placed on the right mastoid (TP10) for offline re-referencing. All electrode
impedances were kept below 10 kΩ. The experimental procedure was programmed in
PsychoPy version 1.82.01.
5.2.4 Experimental procedure
The procedure was compliant with the directives of the Helsinki Declaration and approved
by the Ethics Committee Faculty of Social Sciences of Radboud University in Nijmegen, the
Netherlands (ECG 2012-1301-005). Participants were informed that they could resign from
the experiment at any time and then signed written informed consent. Questionnaires
used in the study were filled prior to EEG measurement. The EEG measurement took place
in an air-conditioned and soundproof room.
5.2.5 Resting-state EEG
Resting-state technique explores spontaneous brain activity when an individual is awake
and not performing any explicit tasks (van Diessen et al., 2015). This technique was
previously used in chronic pain research (González-Roldán, Cifre, Sitges, & Montoya, 2016;
Ploner & May, 2018; Vanneste, Ost, Van Havenbergh, & De Ridder, 2017). In our study,
participants were instructed to close their eyes for 90 seconds during which resting-state
EEG activity was measured. Intervals of similar lengths were used previously by other
researchers (Barry, Clarke, Johnstone, Magee, & Rushby, 2007; Wyczesany et al., 2011;
Wyczesany, Kaiser, & Barry, 2009).
5.2.6 Stimulated-state EEG
Following the resting-state, the experimental task was introduced. This task was based
on a previously validated emotional mental imagery paradigm (Ferdek, Adamczyk,
van Rijn, Oosterman, & Wyczesany, 2019; Ferdek, van Rijn, & Wyczesany, 2016) (see
Supplemental Material 5.1). There were four within-subject mental imagery conditions,
each with a different emotional valence, in the main experimental procedure: (1) neutral,
(2) positive, (3) negative (depressive) and (4) pain-related. For each condition, 8 trials were
implemented. There were 32 imagery trials in total and they were administered in a random
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order and intermingled across conditions. The instructions used to induce each type of
mental imagery were played by a synthesized Dutch-speaking voice (IVONA program,
https://www.ivona.com). For example, “Think about a mistake you have recently made” for
the depressive ruminative state, “Think about an old wooden door” for the neutral, “Think
about one of the happiest moments in your life” for the positive and “Imagine having such
a terrible sore throat that it is too painful for you to speak” for the pain-related one. For the
pain-related one, we decided to induce mental imagery related to everyday situations
associated with experiencing pain to which healthy subjects could also relate. Instructions
were followed by 30 seconds of silence during which the particular imagery task had to be
performed. After a beep sound, which ended each imagery task, participants were asked
to estimate to what extent they remained focused on the task and if their imagery was
successful. They evaluated their performance on a three-point scale that ranged from 0–2
(0 – failure; 1 – completed task, but experienced problems with concentration; 2 – success)
by pressing designated button. Participants were instructed to keep their eyes closed
during the imagery task and to open their eyes when asked to evaluate their performance.
The scheme of the experimental procedure is presented in Figure 5.1.

5

Figure 5.1 Experimental scheme. Experiment consisted of a sequence that was repeated 32 times:
1 – mental imagery induction, trials are presented in a random order and are intermingled across
conditions, participants are listening to the audio instructions with their eyes closed; 2 – 30-second
of mental imagery, participants are imagining each topic with their eyes closed; 3 – beep sound that
ends the mental imagery period and is a cue to open the eyes; 4 – performance self-assessment –
participants are evaluating themselves on a 0-2 scale using button box and are asked to close their
eyes afterward.
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5.2.7 EEG data analysis
5.2.7.1 Preprocessing of the EEG signal
EEGLab toolbox version 14 (Delorme & Makeig, 2004) was used for preprocessing of the
EEG signal, which was zero-phase filtered in the 2-40 Hz range and downsampled to 128
Hz. First, trials reported as “failure” were excluded from the datasets with the average
of three per participant. Since the signal subjected to the DTF analysis should not be
modified by any method which alters the original correlation structure of the dataset, we
did not apply any artifact correction method. Instead, artifactual electrodes and fragments
of signal contaminated with artifacts were rejected. Artefactual electrodes were rejected
based on a visual inspection with one electrode rejected in two participants. To reject
artifactual fragments of the signal, the 90-second-long recordings from resting-state were
divided into 2-second-long epochs which were screened using an automated algorithm
such that epochs in which the signal amplitude on any electrode exceeded 70µV were
rejected. Finally, in order to exclude remaining apparent artifacts related to muscle
activity, or undetected technical problems, visual inspection of the signal was applied. The
same procedure was applied for each of the 30-second recordings collected during the
emotional mental imagery task. On average, each person had 8.70 epochs of 2 seconds
rejected from resting-state signal (19% of the time) and from 36.6 epochs of 2 seconds per
condition (12% of the time) in the rumination task.
5.2.7.2 EEG STUDY: Effective connectivity analysis
To assess the effective connectivity, the Directed Transfer Function method was used
(DTF) (Kuś, J Blinowska, Kamiński, & Basińska-Starzycka, 2008). DTF is based on Granger
causality principles and provides a multivariate estimation of information flow rate and
direction. It provides better control over false positives in a single analysis compared to
multiple bivariate comparisons (Kamiński, Zygierewicz, Kuś, & Crone, 2005). Authors of
the DTF method recommended using it on sensor space signals and not on reconstructed
sources in order to avoid possible influence on mutual signal relationships (M. Kaminski &
Blinowska, 2014; M. J. Kaminski & Blinowska, 1991). When collected from scalp signals, DTF
is relatively insensitive to the volume conduction phenomenon (Kaminski & Blinowska,
2017; Papadopoulou, Friston, & Marinazzo, 2015; Wyczesany, Ligeza, & Grzybowski, 2015).
A multivariate autoregressive model (MVAR) was fitted to our EEG data. The mathematical
foundation and detailed description of this method can be found in the Supplemental
Material 5.2 and elsewhere (Ferdek, 2016; Kaminski & Blinowska, 1991; Ligeza, Wyczesany,
Tymorek, & Kamiński, 2016).
In our experiment, effective connectivity was measured between electrodes over the
regions of interest (ROI) as mentioned in the hypotheses. Calculations were carried out
using Multar software (Department of Biomedical Physics, University of Warsaw). Electrodes
corresponding to our regions of interest were selected as follows: left DLPFC (lDLPFC: F3,
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F1), right DLPFC (rDLPFC: F4, F2), medial frontal cortex (MFC: Fz, FCz), left temporal area
(lTMP: T7, TP7, FT7), right temporal area (rTMP: T8, FT8, TP8), orbitofrontal cortex (OFC: AF7,
AF8), left somatosensory cortex (lSS: C3, CP3, CP1), and right somatosensory cortex (rSS:
C4, CP2, CP4). All the ROIs are presented visually in Figure 5.2. These electrode groupings
were selected on the basis of the EEG montage brain atlases (Ligeza et al., 2016; Okamoto
et al., 2004).

Figure 5.2 Brain regions and corresponding electrodes

On the resting-state data, we made twelve comparisons (combinations of somatosensory
cortices and: TMP, MFC, DLPFC, OFC), while on the task data, we made eight comparisons
(all the possible connections between DLPFC and TMP cortices). Non-normalized DTF
values were calculated for the beta band (14 – 25 Hz) and alpha band (8 – 13 Hz). We chose
to use alpha and beta bands due to recent findings. Firstly, It has been shown that the beta
band covers an important part of middle and long-range cortical communication (Kuś
et al., 2008; Wyczesany et al., 2015). Although it was suggested that gamma oscillations
contribute to the local BOLD signal, alpha and beta were found to be involved in interareal BOLD correlations and thus seemed most suitable for studying connectivity between
distant brain structures (Wang, Saalmann, Pinsk, Arcaro, & Kastner, 2012; Weinrich et al.,
2017). Significant differences between endometriosis patients and the control were found
in beta information flow (being beta oscillations effective connectivity) only. Statistics for
the alpha band are added in Supplemental Material 5.3. We additionally examined the
power spectral density for beta band (14 – 25 Hz) in each of the ROIs but did not find any
significant differences between endometriosis patients and controls (see Supplemental
Material 5.4).
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As the original DTF estimates are in most cases lower than 0.1, to increase their readability
we scaled them by a factor of 1,000. The distributions of the DTF values were checked to
identify and reject possible extremes, defined using boxplot 1.5 IQR (interquartile range).
0.2.7.3 EEG STUDY: Statistical analyses of DTF data
To test for differences between the groups and between the valence conditions, linear
mixed models analyses were conducted on these DTF values using R (R Development
Core Team, 2015) with lme4 library (Bates, Mächler, Bolker, & Walker, 2015).
Testing for group differences in the resting-state data, the model was calculated as
follows: the group variable (grp) (endometriosis vs control) was entered as fixed effect and
individual participants and the intercepts of channels (chann) and individual participants
(part) as random effects. The formula in R software is: M1 = grp + 1|chann + 1|part.
Testing for the interactive effects of group and valence in the data of the emotional mental
imagery task, the model was calculated as follows: fixed effects of group and valence were
added as interaction (grp*val) and channels and individual participants as random effects.
The formula in R software is: M2 = grp*val + 1|chan + 1|part.
Connectivity values between all possible combinations of electrodes for a particular pair
of ROIs were pooled together as a factor in the mixed model. As the homoscedasticity
assumption was not fulfilled in all models, we applied a log transformation to the data.
First, we compared the full M1 or M2 models, which consisted of both fixed and random
effects, with the null model containing the random effects only with the use of an ANOVA.
P-values for the full models were thus obtained by comparing the model with the effect
in question against the model without the effect in question. Thereafter, more detailed
statistics were obtained using the sjt.lmer function, which generates summaries of linear
mixed models results fitted with the lmer function. They were calculated for the nonlogarithmized M1 and M2 models which were comprised of both fixed and random effects.
5.2.8 	Relationships between questionnaires/pain intensity and effective
connectivity patterns
Correlation analyses were conducted on DTF values from the directions (ROI → ROI) that
revealed significant effects and questionnaire results of the endometriosis patients. As
the DTF as well as SF-36 data did not fulfill the normality assumption, non-parametric
Spearman correlation coefficients were calculated. Control participants’ data was not
analyzed due to low variability in the answers on the questionnaires. SF-36 questionnaire
results were divided into mental health and physical health subscales that were calculated
by averaging scores on the four corresponding health domains of the SF-36 (values
range 0–100). By performing these analyses, we aimed to elucidate whether the DTF
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findings were related to the physical and/or to mental aspects of chronic pain. Similarly,
the relationships between connectivity patterns and the reported pain intensity (NRS,
range 0–10) were explored to verify if the information flow changes were proportional to
subjectively perceived level of pain.

5.3

Results

5.3.1 Demographics
A total of 37 participants took part in the study (20 patients and 17 controls). Table 5.1
shows the sociodemographic and clinical characteristics of the participants. Controls did
not differ from the clinical group in terms of age or educational level as revealed by t-test
and Mann-Whitney U test for independent samples (p > .05). The majority of patients
(85%) were classified as having moderate-to-severe stage of endometriosis as indicated
by American Society for Reproductive Medicine (ASRM) classification and 70% had a
history of one or more therapeutic surgical interventions. Most of the patients in our study
suffered from deep endometriosis (85%). Missing data is also reported in the Table 5.1.
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Table 5.1 Characteristics of participating women

Mean age (years); mean (SD)

Patients
(N = 20)
35.6 (6.72)

Controls
(N = 17)
34.6 (7.72)

Education level (according to Verhage)

.673a
.137b

5

55

29

6

20

24

7

15

29

Missing

10

18

Single

10

6

Current Marital status
Living with partner

30

12

Divorced

5

6

Married

55

59

Missing

17

Occupation
Student

5

29

Employee

80

71

Housewife

10

0

Unable to work

5

0

Oral contraceptives or progrestagens

50

47

GnRH analogue

15

0

Post ovariectomy

30

0

Progestogen intra uterine device

5

53

Yes

40

0

No

60

41

No wish to conceive yet

0

59

0

45

24

1

15

0

2

35

30

≥3

5

18

Unknown

0

28

Hormonal status

Subfertility

Parity

Endometriosis confirmed
MRI

25

Surgery

75

Mean number of years since diagnosis of endometriosis; mean (SD)

p-value

7.40 (6.80)
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Patients
(N = 20)

Controls
(N = 17)

p-value

Number of surgical therapies in history
0

30

1

35

2

15

3

10

4

5

5

5

Average NRS score last month
<4

35

≥4

45

Missing

20

Revised ASRM classification
I

0

II

15

III

30

IV

55

Type of endometriosis
Adenomyosis

0

Peritoneal

10

Ovarian

5

Deep endometriosis

85

Data presented as n (%), unless noted otherwise. NRS = Numeric Rating Scale; ASRM = American
Society for Reproductive Medicine; SD = standard deviation
a Independent t-test
b U Mann-Whitney test

5.3.2 Manipulation check
Our manipulation check performed on healthy subjects revealed that all experimental
conditions differed from each other in subjective mood ratings. As mental imagery can
act as a mood amplifier (Burnett Heyes et al., 2017; Holmes & Mathews, 2005; O’Donnell,
Di Simplicio, Brown, Holmes, & Burnett Heyes, 2017), significant mood changes can be an
indirect indicator of successfully performed mental imagery. More detailed results can be
found in Supplemental Material 5.1.
5.3.3 Questionnaires
The average severity of pain during the last month among the endometriosis patients
was 6.80 (SD 2.62) on the 0-10 NRS scale. None of the participants from the clinical
group reported “no pain”. Descriptive statistics of questionnaires results (scale of 0-100)
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are presented in Table 5.2. One of the control participants did not fill the SF-36 and this
missing data was not incorporated in the following analysis. As revealed by the U MannWhitney test, patients significantly differed from controls in both Physical Health (U = 32.0;
p < .001) and Mental Health (U = 85.0; p = .017) domains of the SF-36. A non-parametric
test was applied as the distributions of SF-36 Physical Health and SF-36 Mental Health
were not normal.

Table 5.2 Descriptive statistics of questionnaire results in endometriosis and control groups
Questionnaire
Domain

Control

Endometriosis

Mean (0-100)

(SD)

Mean (0-100)

(SD)

SF-36 Physical Health

90.8

23.3

63.3

19.9

SF-36 Mental Health

78.3

24.4

60.1

23.3

5.3.4 Resting-state EEG
Compared to the controls, endometriosis patients were found to be characterized by
increased beta information flow in three directions: 1) lSS to rTMP (p = .014); 2) lSS to OFC
(p = .021); 3) lDLPFC to lSS (p = .030). Linear mixed model statistics are presented in Table
5.3. Statistics for other directions that were mentioned in the hypotheses can be found
in Supplemental Material 5.5. Figure 5.3 shows differences in the averaged rest DFT values
between endometriosis and control participants. Linear mixed models plots of eff type
(Lüdecke & Schwemmer, 2018) can be found in Supplemental Material 5.6.
Table 5.3 Linear mixed effects statistics (standard Beta, Intercept, p-value) for lSS to rTMP, lSS to
OFC and lDLPFC to lSS directions; N = 20; * - p-value lower than .05, ** - p-value lower than .01, ***
- p-value lower than .001

Direction

Resting state
Endometriosis with reference to control
Std Beta
Intercept
p-value

lSS to rTMP

.19

255

.014*

lSS to OFC

.27

445

.026*

lDLPFC to lSS

.24

572

.036*
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Figure 5.3 Figure (left) presents DTF values averaged across pairs of electrodes in endometriosis
and control groups from lSS to rTMP; lSS to OFC; lDLPFC to lSS directions measured at rest; error bars
represent SEM; Figure (right) shows the graphical representation of the results on the brain map

5.3.5 Stimulated-state EEG
M2 interactive models were found significant in the following directions: 1) rDLPFC to
rTMP (p = .014); 2) lDLPFC to rTMP (p = .015); 3) rDLPFC to lTMP (p < .001); 4) lTMP to
rDLPFC (p < .001). However, there was only one direction which revealed pain-specific
effects. Group significantly predicted DTF value in the pain-related condition in the lDLPFC
to rTMP direction (p = .019). Linear mixed model statistics can be found in Table 4. Statistics
for other directions that were mentioned in the hypotheses can be found in Supplemental
Material 5.5. Figure 5.4 presents the mean DTF values for each condition and group in the
lDLPFC to rTMP. Linear mixed models plots of eff type (Lüdecke & Schwemmer, 2018) can
be found in Supplemental Material 5.6.
Table 5.4 Linear mixed effects models statistics for the lDLPFC to rTMP direction: standardized
Beta values, intercepts and p-values for group and DTF valence (neu – neutral; pos – positive; dep –
depressive; pain – pain-related;) relationship; * - p-value lower than .05, ** - p-value lower than .01,
*** - p-value lower than .001
Stimulated state
Endometriosis with reference to control
Direction

Valence

lDLPFC
to
rTMP

Std Beta

Intercept

p-value

Neutral

.08

61.99

.403

Positive

.09

83.3

.381

Depressive

.07

75.13

.478

Pain

.34

65.33

.019*

5

144 | Chapter 5

Figure 5.4 Figure (left) presents DTF values averaged across pairs of electrodes in each condition
and each group in the lDLPFC to rTMP direction; error bars represent SEM; Figure (right) shows
graphical representation of the results on the brain map

5.3.6 	Relationships between questionnaires/pain intensity and effective
connectivity patterns
Spearman correlation analyses revealed significant relationship between Physical Health
(SF-36) and lSS to rTMP connectivity during resting-state. This relationship was moderate
and negative. All the other relationships were non-significant. Detailed statistics for
all the correlations tested are presented in Table 5.5 and scatterplot of the lSS to rTMP
connectivity and Physical Health (SF-36) relationship are presented in Figure 5.5.
Table 5.5 Spearman correlations between DTF values and questionnaires results of endometriosis
group; N = 20; * - two-tailed p-value lower than .05, ** - two-tailed p-value lower than .01, *** - twotailed p-value lower than .001
Stimulated state
lDLPFC to rTMP

Resting state

rho
SF-36
Physical health p-value

lDLPFC to
lSS
-.31

-.30

-.60**

.13

.189

.199

.005

.574

lSS to OFC

lSS to rTMP

pain condition

SF-36
Mental Health

rho

-.41

-.24

-.44

-.11

p-value

.073

.304

.052

.640

SF-36
Pain intensity

rho

.23

.24

.31

.09

p-value

.330

.305

.190

.716
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Figure 5.5 Scatterplot of SF-36 scores and DTF in the lSS to rTMP direction

5.4

Discussion

The aim of the present study was to identify effective connectivity patterns that differentiate
chronic pain patients from healthy controls during rest and pain-related imagery.
5.4.1 Resting-state EEG
During rest, our results revealed pronounced effective connectivity of the left
somatosensory cortex or adjacent left parietal regions (electrodes: C3, CP3, CP1) in
endometriosis-related CPP. Functional and structural alterations in the somatosensory
cortex were previously reported in chronic pain syndromes (Flor, Braun, Elbert, &
Birbaumer, 1997; W. Kim et al., 2017; Moseley & Flor, 2012). In Interstitial Cystitis/Painful
Bladder Syndrome, which is another form of CPP, increases in grey matter in the trunk/
hip area of the right primary somatosensory cortex were found in females and were
associated with greater pain, worse mood, and urological symptoms (Kairys et al., 2015).
According to the authors, thickening of this area can be explained as a consequence of
recurrent nociceptive input (Borsook, Erpelding, & Becerra, 2013; Kairys et al., 2015). Since
it is plausible that an increase in brain volume of an area is accompanied by increased
connections to other areas, our findings of increased connectivity of the Ss might also
originate from the ongoing painful input from the pelvis. It must be noted, however, that
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our findings were left-lateralized and more diffused. Three effects that were related to the
effective connectivity of the left somatosensory cortex were found.
Firstly, endometriosis patients were characterized by increased effective connectivity from
the region of the left somatosensory cortex to the prefrontal region (electrodes AF7, AF8),
possibly covering the orbitofrontal cortex or surrounding frontal areas. Animal studies
found that the ventrolateral orbitofrontal cortex receives somatosensory information
and is activated by nociceptive input (Follett & Dirks, 1995; Snow, Lumb, & Cervero, 1992).
Somatosensory cortices activation was previously found to be modulated by attention
to pain stimuli (Ushnell, Uncan, Ofbauer, & Hen, 1999) while the orbitofrontal cortex was
found to be involved in salience evaluation (Rothkirch, Schmack, Schlagenhauf, & Sterzer,
2012). Hence, differences in lSS to OFC connectivity may reflect increased attention to the
pain-related bodily sensations in endometriosis patients. Furthermore, the orbitofrontal
cortex structurally overlaps with the ventromedial prefrontal cortex which was reported
as an important part of Default Mode Network (DMN) (Uddin, Kelly, Biswal, Castellanos,
& Milham, 2009). Functions of the DMN include monitoring the internal environment for
the detection of salient events (such as pain) and thus maintaining a background level of
attention (Baliki, Mansour, Baria, & Apkarian, 2014; Raichle et al., 2001). A previous fMRI
connectivity study on endometriosis-related CPP revealed, compared to controls, greater
intrinsic connectivity between the medial prefrontal cortex and anterior insula (As-Sanie
et al., 2016). Similar results were reported in patients with fibromyalgia (Napadow, Kim,
Clauw, & Harris, 2012; Napadow et al., 2010), irritable bowel syndrome (Hong et al., 2014)
and chronic back pain (Loggia et al., 2013), and this connectivity pattern was found to be
critical for the transition from acute/sub-acute pain to chronic pain (Baliki et al., 2014, 2012).
The second effect was related to increased connectivity from the left somatosensory cortex
area to the right temporal cortex (electrodes T8, TP8, FT8). Previously, both structural and
functional changes in the temporal lobe areas were detected in chronic pain. Women with
vulvar pain and low back pain patients were found to have greater grey matter density
in the medial temporal lobe (Schweinhardt, Kuchinad, Pukall, & Bushnell, 2008; Ung et
al., 2014); perturbed connectivity of this area was found in patients with chronic back
pain and with migraines (Jiang et al., 2016; Maleki et al., 2013). As temporal cortex regions
are involved in processing emotional aspects of the experience of pain (Knudsen et al.,
2011), our results indicate that, compared to pain-free controls, endometriosis patients’
somatosensory pain system is more strongly connected to the affective pain modulatory
system. The fact that this effect was limited to the right, not bilateral or left temporal area,
can be explained by the fact that the right amygdala is known to be involved in processing
emotions of negative valence (Berntson, Bechara, Damasio, Tranel, & Cacioppo, 2007).
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The third resting-state effect was related to the increased effective connectivity from the
left dorsolateral prefrontal cortex to the left somatosensory cortex. Earlier tract-tracing
primate studies revealed direct cortico-cortical connections between the prefrontal
cortex and primary somatosensory cortex (Preuss & Goldman‐Rakic, 1989). Prefrontal
cortices have been proposed to exert active control on pain perception by modulating
pain pathway activity (Bushnell et al., 2013; Lorenz, Minoshima, & Casey, 2003). It is,
therefore, possible that the level of active control is intensified due to the constant pain in
endometriosis patients. Interestingly, Li et al. (2017) discovered an abnormal increase in
frontoparietal synchronization of the phase of beta frequencies in the EEG of depressed
patients, interpreting it as a mechanism to compensate for impaired executive functioning.
As lower executive function performance has repeatedly been demonstrated in chronic
pain patients (Berryman et al., 2014), (Jongsma et al., 2011) a similar effect could be
present in our endometriosis patients. Working memory deficits were for example found
in fibromyalgia and were associated with alterations among the fronto-parietal network
(Seo et al., 2012).
5.4.2 Stimulated-state EEG
During pain-related mental imagery, endometriosis patients were characterized by the
increased flow of information in the beta-frequency band from the left dorsolateral
prefrontal cortex to the right temporal cortex. This effect was not present in the other
mental imagery tasks, which indicates differences in the processing of the pain-related
material between endometriosis patients and healthy controls. Abnormal patterns of
fronto-temporal connectivity were also previously found in individuals with chronic pain
(Jiang et al., 2016; Kucyi et al., 2014) and were identified as a risk factor for chronic pain
development (Vachon-Presseau et al., 2016). We suggest two possible explanations of this
finding. Firstly, it can be explained by impaired emotional regulation when processing
pain-related stimuli. Chronic pain patients tend to dwell intensively on pain-related
experiences and have difficulties with inhibiting these negative ruminations (Flink,
Boersma, & Linton, 2013). Secondly, abnormal fronto-temporal connectivity can be related
to memory processes. It was previously found that greater connectivity between the right
inferior frontal and temporal lobe structures, such as the amygdala and hippocampus,
is related to autobiographical memory retrieval (Greenberg et al., 2005). Chronic pain
patients might have easier access to pain-related memories from their past, access that can
manifest by more connectivity between frontotemporal structures when those memories
are retrieved. This interpretation would be in line with recent theories that link abnormal
memorization of pain experiences and the development of chronic pain syndromes (Flor,
2003; Laferrière et al., 2011; Mazza, Frot, & Rey, 2017).
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5.4.3 	Relationships between questionnaires/pain intensity and effective
connectivity patterns
Resting-state connectivity from the lSS to rTMP was found to be related to physical health
subscales data as measured by SF-36; a higher level of connectivity correlated with lower
subjective quality of life in the physical health domain. As no relationships between DTF
patterns and mental health quality of life were found, we have no evidence that our
connectivity results are related to pain-related mood changes.
5.4.4 Limitations and directions for future research
Firstly, some limitations of the DTF method should be mentioned. The limited spatial
accuracy of EEG measurements should be taken into account when interpreting the DTF
results. Thus, the proposed correspondence between electrodes and cortical areas should
be treated as approximations. The alternative fMRI method offers better spatial resolution
but is limited to measuring the BOLD signal only. From EEG signals various frequency
oscillations can be studied, oscillations that are associated with the functioning of groups
of neurons, such as information flow in the beta frequency. Thus, estimating the EEGbased connectivity parameters might be a crucial tool for understanding the complex
interplay between brain structures in patients with chronic pain.
Secondly, some words about the statistical methods we used; we are aware of the fact
that using corrections for multiple comparisons decrease the risk of finding false positives
(type I errors). Therefore, in our analyses of the DTF values, we included all electrodes in
each of the two MVAR models (resting-state and stimulated-state) to control for multiple
connections at the level of DTF estimation. However, we decided not to use another
correction for multiple mixed models. This approach prevented us from compromising
the power of the statistical testing and was justified by the fact that our hypotheses
were specific and based on previous findings. This line of research would benefit from
replicative studies with larger samples.
The next issue to be mentioned is related to our manipulation check and the absence
of trial-by-trial assessment of pain. Our reasons for not adding this measurement are
explained in Supplemental Material 5.1.
Finally, a follow-up study would benefit from an experimental design with a third group of
endometriosis patients with no pain. However, it must be noted that most of the studies
that found endometriosis-related CNS changes performed their studies on endometriosis
patients with pelvic pain (As-Sanie et al., 2012; Becker, Vincent, Morotti, Zondervan, &
Brawn, 2014) and it was also suggested that the ongoing pain is the factor that might lead
to central sensitization phenomenon in endometriosis (Bajaj, Bajaj, Madsen, & ArendtNielsen, 2003). It is, therefore, likely that endometriosis patients without pain are not
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characterized by increased pain sensitivity and altered pain processing (Bajaj et al., 2003).
This possibility needs to be further explored in future studies.
5.4.5 The relevance of the study
Thanks to the induction of pain-related mental imagery that was not related to chronic
pelvic pain per se, we were able to explore more generalized changes in pain processing
in endometriosis patients with CPP in comparison to the healthy participants.
Moreover, uncovering cortical connectivity patterns of endometriosis-related chronic
pain may contribute to the development of new therapies. Pharmacotherapy or
neurofeedback could be potentially used to modify beta oscillations in patients suffering
from chronic pain, but it remains to be investigated whether changed beta oscillations will
lead to a decrease of experienced pain. Nevertheless, our study reveals an important role
for mental imagery in endometriosis-related chronic pain, as in patients versus controls,
different connectivity patterns were observed when imaging pain. Most importantly, our
results open up new directions in chronic pain research aimed at exploring the beta band
connectivity alterations and their relationship with pain experiences.
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The study investigates the relationships between the valence of affective states and
the cortical patterns of functional connectivity during mood induction based on
mental imagery. The information flow rate and direction were estimated by means of

Abstract

Directed Transfer Function (DTF), a multivariate method based on Granger causality.
As a result, three regions were revealed as main network hubs, where the information
outflow changed specifically with valence: the anterior orbitofrontal cortex, and the
right posterior and right temporal area. The role of these structures in synchronizing the
cortical affective network as well as in mediating different aspects of emotional state are
discussed.
Keywords: affective state, valence, imagery, connectivity, EEG, Directed Transfer
Function
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6.1

Introduction

The question of how the brain “produces” emotional experience remains one of the most
important problems in neuroscience. But before we tackle such profound issue, we need
to focus on more elementary processes which together create the complexity of mental
life. The contemporary scientific approach emphasizes the necessity of understanding
the brain as a dynamic network of functionally distinct, but closely interconnected
centres. That is why there is rapidly increasing interest in methods of assessing effective
connectivity between brain areas. There are numerous methods designed to reveal their
anatomical and functional aspects, which provide information on different levels, from
single cell recordings to imaging extensive populations of neurons constituting functional
brain regions. The present study attempts to investigate the cortical networks involved in
experience of the affective state by means of a functional connectivity approach based
on EEG recording. During the procedure, mental imagery tasks were used to induce
emotional states of different valence.
6.1.1 In search of the cortical network of affective state
Beside the relatively well recognized subcortical structures forming emotional circuits,
numerous cortical areas are known to be involved in different aspects of emotional
processes. The orbitofrontal cortex (OFC) is related to the appraisal of any stimulus or
event and represents their motivational value. This function partly corresponds to the role
of the amygdala and these structures share strong bilateral connections (Barbas, 2007).
What is important is that OFC activation co-varies with self-reported valence during
sensory stimulation of different modalities (Barbas, Saha, Rempel-Clower, & Ghashghaei,
2003; Becker, Gandhi, & Schweinhardt, 2012). Not only primary, biological reinforcers are
represented here, but also the affective value of higher level, symbolic and abstract stimuli
(Beck, Locke, Savine, Jimura, & Braver, 2010; Rolls & Grabenhorst, 2008). This also applies to
secondary, conditioned reinforcers, including socially relevant content (Adolphs, Tranel,
& Damasio, 2003; Damasio et al., 2000; Goodkind et al., 2012; Rolls & Grabenhorst, 2008),
where the anterior part of the OFC is supposed to play a main role. (Kringelbach, 2005).
These data strongly suggest involvement of this structure in the subjective aspect of
affective experience.
Another area widely reported in association with the experience of emotional state
is the bilateral prefrontal cortex. The relative dominance of either the left or the right
hemisphere within this region has been established as a marker of “affective style” (i.e
individual differences relating to dispositional affect and a tendency towards a particular
way of emotional responding), and also a state-dependent parameter related to the
current motivation direction, or experience of the valence of the affective state (Coan &
Allen, 2003). However, it should be noted that among many conducted studies, only some
of them attempted to measure the current affect directly, using self-report. Many analyses
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only implicitly assumed the subjects’ emotional state on the basis of the experimental
procedure and the manipulation applied. According to these observations, relative left
dominance may reflect a positive state/approach vs a negative state/withdrawal tendency
in the case of right hemisphere dominance (Chen, Yuan, Huang, Chen, & Li, 2008; Flo et al.,
2011; Harmon-Jones, Gable, & Peterson, 2010; Hosseini, Fallah, Tabatabaei, Ladani, & Heise,
2007). Studies on patients with anxiety or affective disorders have additionally supported
these claims, showing an increase in relative imbalance of frontal activity in depression
and bipolar disorders (Briesemeister, Tamm, Heine, & Jacobs, 2013; Wyczesany, Kaiser, &
Coenen, 2010). Most data supporting the laterality hypothesis come from EEG research
based on estimating relative alpha and beta spectral power. On the other hand, fMRI
data are much more inconsistent; however, this might be caused by an essential problem
linked to mood induction procedures when subjects are examined in highly unnatural
conditions. According to the embodiment theory, bodily signals as an important aspect of
experience of emotions could remain inconsistent in the supine position required during
the scan (Barrett, Niedenthal, & Winkielman, 2005; Harmon-Jones & Peterson, 2009;
Pollatos, Kirsch, & Schandry, 2005).
The causal role of the phenomenon of state-dependent frontal asymmetry in regulation
of the affective state is not quite clear. However, it has been reported that evoked shifts in
the prefrontal asymmetry by biofeedback can have a direct impact on affective experience
in the expected direction (Allen, Harmon-Jones, & Cavender, 2001). It is argued, that the
dorsolateral part of the prefrontal cortex is a plausible source of these emotion-related
phenomena (Davidson, 2004; Pérez-Edgar, Kujawa, Nelson, Cole, & Zapp, 2013; Pizzagalli,
Sherwood, Henriques, & Davidson, 2005; Smith, Cavanagh, & Allen, 2013). Indeed, an
increased functional connectivity between the OFC and the right dorsolateral cortex
has been found in depressive patients, which may reflect negativity bias in emotional
processing (Frodl et al., 2010).
Another region which needs to be mentioned here is the right temporoparietal area.
Increased activity in this location during emotionally arousing conditions, both positive
and negative, have been reported in several studies in healthy subjects as well as mood
disorder patients (Engels et al., 2007; Heller, Nitschke, Etienne, & Miller, 1997; Olson,
Plotzker, & Ezzyat, 2007). Our previous studies suggested a possibility that this region
divides into two relatively independent parts based on distinct patterns of covariation
between EEG activity and self-reported affective state. It was confirmed that the parietal
part is associated with unspecific emotional arousal, as reported earlier in the literature,
while it was supposed that the temporal part specifically mediates the state of negative
valence, which is reflected in its activity, as indicated by the alpha/beta power of the
EEG signal. (Wyczesany, 2010; Wyczesany, Kaiser, & Coenen, 2008). This was in line with
other reports showing the specialization of the right temporal area in the perception of
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negative content (Blair, Morris, Frith, Perrett, & Dolan, 1999; Lane, Chua, & Dolan, 1999).
Moreover, heightened functional connectivity with other brain regions was also observed
in conditions of increased negative emotional arousal assessed by self-report (Wyczesany
et al., 2011).
The question remains as to what extent the mental imagery (mood induction) task
proposed here involves emotional networks which are activated during normal everyday
experience. This is an important issue – whether we can generalize the results obtained
during the laboratory imagery task to other conditions. It is usually agreed that there
is no specific brain network devoted exclusively to imagery. Instead, there is increasing
evidence that brain activation patterns during an imagery task share much similarity
with those observed in conditions of typical cognitive activity. Hence the recruitment of
cortical areas is determined by the type and modality of imagery and this applies to vision,
language, and movement, as well as to imagery of the autobiographical past (Francuz &
Zapała, 2011; Lorey et al., 2013; Mellet, Petit, Mazoyer, Denis, & Tzourio, 1998). The latter is
shown to strongly involve structures related to memory. The imagery of autobiographical
events of neutral valence is associated with activation of the left PFC, which is typically
recruited during a semantic memory search and retrieval. Emotional memory retrieval
compared to neutral conditions is often right-lateralized and involves the right temporal
area (Fletcher et al., 1995; LaBar & Cabeza, 2006). Besides, autobiographical imagery also
commonly activates other areas which relate to vision, self-reference and self-monitoring
as well as emotional processes (Cabeza & St Jacques, 2007). In our procedure we mostly
manipulated the latter factor by changing the valence of the imagery task while other
other factors remained relatively intact. Hence we assume that the procedure would allow
for inference about the dynamics of the neural network due to changes in affective valence.
6.1.2 The rationale of the study
When analysing the dynamics of any functional brain network, it is assumed that it consists
of nodes which can act as either transmitters or receivers of information, and in many
cases both roles can be played simultaneously. When dealing with such complex systems,
not only the activation of the involved structures but also their effective functional
connectivity is essential for understanding the whole working system. Therefore, the aim
of the study was to investigate the relationships between the valence of the affective state
which was manipulated throughout the experiment and the dynamics of the information
flow within the cortical affective network. We wanted to reveal how changes in subjective
experience are reflected in the direction and strength of functional connectivity between
emotion-related areas.
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Recently, there is a growing number of connectivity studies, which are usually based on
fMRI imaging. The most serious limitation of this method is, however, the low temporal
resolution resulting in the correlational nature of such connectivity measurement.
Conversely, EEG methods can provide direct insight into neural activity with excellent
temporal resolution, for precise tracing of the sequences of the neural oscillations. This
leaves open the possibility of applying the Granger principle, which allows inferences
to be drawn about the direction and causality of the recorded signals (Blinowska, Kuś, &
Kamiński, 2004). Its application is based on testing whether using past information from
a particular channel increases the accuracy of future prediction of another channel. In
the case of a positive outcome, the driving signal can be considered as the cause, while
the driven one as the effect. Since this relationship is asymmetric, the direction of the
information flow can be determined. To estimate the strength and direction of functional
links, the Directed Transfer Function (DTF) was chosen, which is a refined method based
on an autoregressive model and generalized onto multiple signals (Kaminski & Blinowska,
1991; Korzeniewska, Maczak, Kamiski, Blinowska, & Kasicki, 2003). It is characterized by
significant advantages over other connectivity measures. Firstly, it is not affected by the
problem of volume conductance, since the estimation of the information flow is based
on observation of past neural oscillations relative to the considered time of the predicted
signal. Secondly, it provides multivariate estimators, which allow multiple electrodes
to be analysed at a time, thus avoiding multiple comparisons and minimizing possible
normalization bias. Finally, it provides directional estimates of the information flow, which
is of great importance for inferring about the sequence of information generation within
neural systems.
In order to manipulate the valence of the emotional state within participants, a method of
imagery related to emotionally valenced events or self-related feelings was used. Such an
approach is well suited to the tonic EEG measurement which was applied here (relatively
long duration, few eye movement artefacts). Additionally, it was interesting, in the light
of our preliminary analyses, to verify whether application of another procedure of mood
induction would show similar connectivity results. A positive outcome would be an
argument in favour of interpretation of the observed patterns as generally more related
to the ongoing emotional experience rather than specific experimental conditions.
6.1.3 Hypotheses
It was hypothesized that the right temporal area, which is postulated to mediate a
negative emotional state, would become more active as a source of information in
negative compared to other conditions. An increase in information flow to the prefrontal
cortex (especially in the right hemisphere) and the right parietal area was also expected.
The right parietal area, as the one mediating unspecific emotional arousal, was thought
to show an increase in connectivity strength to other network nodes in both emotional
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conditions (positive and negative) compared to the neutral condition. Similarly, the
orbitofrontal cortex was expected to increase its outflow in both arousing emotional
conditions. The connections with right posterior and temporal areas were supposed to
be mostly affected.

6.2

Material and methods

6.2.1 The experimental procedure
The procedure was compliant with the Helsinki Declaration and was approved by the
Ethical Committee of the Institute of Psychology, Jagiellonian University. Thirty two female
subjects (mean age 20.8) voluntarily took part in the study. All of them were right-handed,
medication-free with no reported history of any neurological nor psychiatric diseases or
any substance abuse. The experiment was carried out in an air-conditioned, sound-proof
cabin. The aim as presented briefly to participants was to examine “brain responses during
mental imagery”. After signing a written consent form, EEG electrodes were attached.
Subjects were asked to sit still on a comfortable armchair and keep their eyes closed
during the whole procedure. They were advised to refer to their own past memories
as vividly as possible and to focus on the emotional aspect of their feelings. The main
part consisted of 22 imagery trials, either neutral or emotionally laden, which involved
previously recorded voice instructions, played by a computer. Each instruction described
either a potential scene or was focused on self-related feelings and was followed by 30
sec of silence intended for imagery. Example instructions were: ‘Think, how do you felt
inside, when you experienced a bad mood?’ (negative); ‘Imagine you are at the market
among vegetable stalls’ (neutral); ‘Think how you felt inside when your wish came true’
(positive). The whole series included 7 negative, 7 neutral and 8 positive instructions. They
were presented in random order, except the two final ones, which were always positive
in order to complete the procedure with positive mood induction. After the main part, a
questionnaire was given to the subjects, where they estimated on a 3-level scale, separately
for each sentence, to what extent they remained focused on the task and whether their
imagery was successful.
6.2.2 Data analysis
The Biosemi ActiveTwo system with 64 active cap electrodes was used for EEG recording.
An additional 2 electrodes were used for off-line linked mastoid reference. Preprocessing
was done using EEGLab toolbox ver. 12.0.2 (Delorme & Makeig, 2004). The signal was
downsampled to 128Hz and filtered with 0.5Hz high-pass and 45Hz low-pass filters (FIR
type with group phase shift correction to zero). The 30-sec recordings from each imagery
task were divided into 2-sec epochs which were subject to visual screening in order to
remove possible artefact of eye or muscle origin as well as technical failures. The rejection
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rate among subjects did not exceed 6%. Additionally, only those trials where subjects
estimated that they had been at least moderately successful in following the imagination
instructions were analysed. Data from two persons who reported a relatively low success
rate (below 2/3) were entirely rejected. Before the connectivity analysis was run, it was
checked whether the remaining amount of data was sufficient for DTF calculations. The
following formula was applied: W ≥ 10(pM2/N) where: W – required minimum window
length in samples, p – model order, M – number of channels, and N – total number of
epochs for all trials within each condition valence (Korzeniewska et al., 2003). The criterion
was fulfilled for all subjects. DTF calculations were carried out using Multar software
(Department of Biomedical Physics, University of Warsaw; www.eeg.pl), in multiple epoch
mode, which enables a single regression model to be fitted to each subject within each
condition (Kus, Blinowska, Kamiñski, & Basiñska-Starzycka, 2008). Auto-regression model
order was set to 6, according to the Yule-Walker criterion. Normalized DTF values were
calculated for the theta (3-7Hz), alpha (8-12Hz) and beta (13-30Hz) frequency bands, which
are thought to cover the putative range for neural network task-dependent long-range
communication (Fallani et al., 2010; Gola, Magnuski, Szumska, & Wróbel, 2013; Gregoriou,
Gotts, Zhou, & Desimone, 2009; Kopell, Ermentrout, Whittington, & Traub, 2000). The
autoregression residual variance matrix was also determined for each person and condition
in order to control the level of model fitting. The distributions of the obtained values were
checked to identify and reject possible extreme values, defined using boxplot 1.5 IQR
(interquartile range). The choice for electrodes corresponding to the selected regions of
interest (ROI) was as follows: anterior orbitofrontal cortex (aOFC: AF7, AF8, Fpz); left/right
dorsolateral PFC (LDL: F3; RDL: F4); left/right parietal cortex (LPar: CP1, CP5, P3; RPar: CP2,
CP6, P4); left/right temporal area (LTmp: FT7; T7, TP7; RTmp: FT8, T8, TP8). Despite the fact
that some of the ROIs were located in the right hemisphere, the corresponding left-sided
regions were also analysed to avoid lateral bias in the interpretation of results. To estimate
the information flow between two given areas, a one-way repeated-measures MANOVA
analysis was run in each direction with all combinations of pairs of electrodes between the
source area and the destination area as dependent variables and the valence of imagery
as an independent factor. These analyses were repeated for all possible ROI connections.
Additionally, to check the mood induction procedure, the effect of **condition valence**
on spectral power in the considered ROIs was determined using the FFT method for the
theta, alpha and beta range.
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6.3

Results

Analysis of the spectral power values revealed a significant main effect of **condition
valence**, which suggests that the influence of the mood induction was successful (Wilk’s
Λ = 0.49; p < 0.001; η2 = 0.22; LSD post hoc: NEG-NEU p = 0.01; theta power values (with
standard errors): NEG 54.13 (0.61), NEU 53.71 (0.59), POS 53.78 (0.58) μV2; alpha power:
NEG 45.31 (0.38), NEU 45.17 (0.39), POS 45.21 (0.38) μV2; beta power: NEG 53.41 (0.35),
NEU 52.83 (0.31), POS 53.04 (0.33) μV2.
Among the considered ROIs, three main hubs were found whose level of information
outflow expressed in DTF values varied as an effect of the valence of imagery conditions.
For the orbitofrontal region (aOFC), two effects showing decreased transfer in nonemotional conditions were found, both in beta frequencies: aOFC→RTmp (Wilk’s Λ = 0.63;
p = 0.002; η2 = 0.37; LSD post hoc: NEG-NEU p = 0.001; NEU-POS p = 0.006); aOFC→RPar
(Wilk’s Λ = 0.76; p = 0.03; η2 = 0.24; LSD post hoc: NEG-NEU p = 0.044; NEU-POS p =
0.02). The right temporal area (RTmp) was found to increase its beta outflow in negative
conditions compared to neutral and positive ones. Significant effects were found for the
following connections: RTmp→LPar (Wilk’s Λ = 0.78; p = 0.03; η2 = 0.22; LSD post hoc: NEGNEU p = 0.01); RTmp→LDL (Wilk’s Λ = 0.78; p = 0.05; η2 = 0.22; LSD post hoc: NEG-NEU p
= 0.01); RTmp→aOFC (Wilk’s Λ = 0.79; p = 0.05; η2 = 0.21; LSD post hoc comparisons:
NEG-NEU p = 0.01); RTmp→RPar (Wilk’s Λ = 0.77; p = 0.05; η2 = 0.23; LSD post hoc: NEGNEU p = 0.02). There was also a trend toward significance for the RTmp→LTmp connection
(Wilk’s Λ = 0.82; p = 0.08; η2 = 0.15; LSD post hoc: NEG-NEU: p = 0.03; NEG-POS: p=0.05).
Finally, in the right parietal area (RPar), two directions revealed significant effects, visible
in the alpha: RPar→RTmp (Wilk’s Λ = 0.61; p = 0.003; η2 = 0.39; LSD post hoc: NEG-POS p =
0.07; NEU-POS p = 0.028); RPar→LTmp (Wilk’s Λ = 0.759; p = 0.024; η2 = 0.24; LSD post hoc:
NEG-POS p = 0.007; NEU-POS p = 0.05), as well as the beta band: RPar→LTmp (Wilk’s Λ =
0.71; p = 0.01; η2 = 0.29; LSD post hoc: NEG-POS p = 0.006; NEU-POS p = 0.01); RPar→RTmp
(Wilk’s Λ = 0.773; p = 0.03; η2 = 0.23; LSD post hoc: NEG-POS p = 0.12; NEU-POS p = 0.01).
No significant theta effects were found. The average DTF values for the significant effects
are presented in Table 6.1. A topographic view of the flows affected by imagery valence is
shown in Figure 6.1.
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Table 6.1 Average flows (with standard errors) expressed in DTF values

alpha

NEG
NEU
POS
NEG
NEU
POS

beta

NEG
NEU
POS
NEG
NEU
POS
NEG
NEU
POS

RPar → RTmp

121.37 (11.10)
124.48 (11.55)
133.72 (10.86)

RPar → LTmp
RPar → RTmp
aOFC → RTmp
aOFC → RPar

RPar → LTmp

NEG
NEU
POS

RTmp → aOFC

32.53 (4.11)
33.28 (4.55)
38.18 (5.13)

NEG
NEU
POS

89.11 (6.90)
87.52 (6.06)
95.42 (6.30)

NEG
NEU
POS

7.57 (1.12)
9.13 (1.22)
7.28 (1.05)
7.12 (0.99)
8.76 (1.12)
6.81 (0.74)

71.47 (7.64)
74.05 (7.37)
83.34 (8.96)

28.44 (4.37)
22.81 (3.56)
24.92 (4.08)

RTmp → LDL

22.25 (4.11)
22.62 (4.27)
23.99 (4.18)

RTmp → LPar

NEG
NEU
POS

41.15 (5.84)
33.22 (5.53)
35.88 (5.62)

RTmp → RPar

NEG
NEU
POS

42.88 (5.97)
35.60 (5.99)
40.11 (6.36)

Figure 6.1 The flows between considered nodes where the effect of valence was observed (p<0.05).
aOFC – anterior orbitofrontal cortex; LDL - left dorsolateral cortex; L/RTmp - left/right temporal area;
L/RPar - left/right parietal area.
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6.4

Discussion

The observed effects form a well-defined and consistent pattern. The first outcome,
which is easily recognized on the graph, is the fact that the three structures among the
considered ROIs turned out to be main sources of flow affected by the imagery valence.
The sources can be thought of as driving centres which initiate the propagation of neural
oscillations observed milliseconds later in the receiving nodes. It is noteworthy, that the
relationships between valence and connectivity strength were distinct for each of the
sources. What is also important, these three centres correspond to the areas assumed as
the crucial parts of the postulated network related to the experience of affective state (see
Figure 6.2).

Figure 6.2 DTF outflow values averaged separately for three main observed hubs. Error bars
represent averaged standard deviation. aOFC - anterior orbitofrontal cortex; RTmp - right temporal
area; RPar - right parietal area.

The affected outflows originating in the anterior orbitofrontal cortex, were directed
exclusively toward the right temporoparietal area. Surprisingly, the effect of the valence
was contrary to expectations: the transfer was decreased in both negative and positive
conditions compared to the neutral condition. A plausible interpretation is that the
observed effect reflects inhibitory influences when the anterior OFC estimates the
conditions as emotionally non-arousing and then sends attenuating signals to the right
temporoparietal area. This is in line with the reported involvement of the aOFC area in
many emotional and cognitive-related tasks, including cognitive affective control, reversal
learning (attenuating of previously conditioned associations), selection of responses to
affective events and sensitivity to emotionally laden social signals. Also, modulation of
impulsive and aggressive behaviours is another postulated function (Grafman et al., 1996;
Klanker, Post, Joosten, Feenstra, & Denys, 2013; Reiser et al., 2012; Ursu, Clark, Stenger, &
Carter, 2008; Wallis, 2007). This interpretation is also consistent with the role of the right
temporoparietal area in mediating the autonomic and experiential aspect of emotional
arousal, which could be affected by the observed effective connections with the OFC. This
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may explain the effect visible in both emotionally arousing conditions compared to the
low-arousal neutral one.
Another possibility could also be proposed – that the ROI considered here, the anterior
OFC, is rather associated with the activity of the medial prefrontal region, which is expected
to mediate self-referential functions during imagery and memory tasks. However, it can
be argued that these functions are not directly linked to task valence, which makes such
a proposal less probable.
The right temporoparietal area turned out to be an important centre in the postulated
network, driving most of the considered areas. According to our assumptions, based on
previous research (Wyczesany, 2010), this region consists of two functionally distinct parts.
This is clearly confirmed by present results showing significantly distinct characteristics of
valence-related DTF effects in the right temporal and right parietal area. Both of them,
however, were found to play an important role as hubs sending information to multiple
destinations and the strength of information transfer was shown to change according to
the valence of experimental conditions.
The right temporal site showed an increase in information flow associated with a negative
state to all but the right dorsolateral and the left temporal cortex. The presence of
abundant connections starting from the right temporal area agrees with the hypothesis
predicting an increased outflow from this source specific to negative valence conditions.
The question remains as to what specific aspect of emotional processes underlies increased
temporal connectivity. The observed direction of flow suggests that the right temporal
region is an important information source communicating with the extensive cortical
network. The temporal area is important for relaying signals between subcortical limbic
structures and the prefrontal cortex (Ghashghaei & Barbas, 2002). Its anterior pole is also
known to provide feedforward connections to cortical (OFC) and subcortical (amygdala)
affective evaluation areas (Barbas, 2007). It can be argued that the observed effects are
associated with these functions. Furthermore, the observed effects of valence converge
with our previous data, gathered in conditions of spontaneous mood fluctuations as
well as during its pharmacological manipulation, when the self-reported emotional state
was directly compared to the functional connectivity (Wyczesany, 2010; Wyczesany et
al., 2011). This provide further evidence of the special role of the right temporal area in
emotional processes related to the experiential aspect of the negative valence.
The right parietal area, on the other hand, revealed connection effects limited to the
bilateral temporal cortex. In contrast to the right temporal region, right parietal outflow
was increased in positive conditions compared to both negative and neutral ones.
This only partially agreed with the hypothesis, predicting an increase for both positive
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and negative conditions. The right parietal area can be considered here as a source of
information which is sent to the bilateral temporal cortex. Interpretation of the functional
role of the right parietal area is rather speculative in the face of inconsistent results in
the literature. Some authors report an increase in EEG power in the right parietal region
during conditions of emotional activation regardless of the direction of valence (Heller,
1993; Hosseini et al., 2007), while other reports show that this effect is more specific to
positive valence (Wyczesany, Kaiser, & Barry, 2009). However, it should be remembered
that EEG power reflects local neural activation, which does not need to correspond
directly to the estimation of information source activity. Although caution should be
exercised when comparing results obtained by different methods, this particular outcome
argues rather for the specific role of the right parietal area in mediating a positive over a
negative emotional state. According to this hypothesis, the increased connection with
the right temporal area during positive conditions could reflect an inhibitory influence on
the temporal centre, which, contrarily, mediates negative affective states. Alternatively,
it can be speculated that the appearance of the parieto-temporal connections could be
attributed to the specific task in which emotional self-related memories were engaged.
They are known to involve either the left or both temporal lobes, depending on the
emotional valence (LaBar & Cabeza, 2006; Lech & Suchan, 2013).
Interestingly, in the dorsolateral PFC, only left side effects were found, with no relationship
with valence on the right side. The latter region is known to be associated with different
aspects of negative emotional processing and its increased activity is often reported in
numerous studies using typical EEG methodology. The observed lack of a corresponding
effect when using DTF connectivity estimation again cautions against direct comparison
of these two methods and shows that they can respond to different aspects of neural
activity. On the other hand, the left dorsolateral PFC is more linked with cognitive control
over affect than the right one, which could play a role in our task with emotional imagery
(Jackson et al., 2003). This issue certainly requires more data in order to elucidate it.
When interpreting the overall results presented here, we do not claim that the postulated
emotional system is exclusively related to the “production” of emotional experience,
but rather suggest that the overall activity in emotion-related brain circuits reflecting
emotional perception, processing and responding is inseparably bound with the
experiential aspect of affect. The term “core affect” (Barrett, Mesquita, Ochsner, & Gross,
2007) seems to be helpful in understanding the role of the circuit, since it is characterized
along the continuous dimensions of general valence and arousal categories, which are
similar to the ones used in our procedure. It could be assumed that the investigated
network can be better described as involved in the “production” of core affect rather than
particular categories of discrete emotions.
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6.4.1 Limitations
Finally, some limitations of the study should be mentioned. One of them is the relatively
poor spatial resolution of EEG methods – hence inferring about the localization of the
EEG signal source is always compromised. Moreover, acquiring the signal from the ventral
part of the orbitofrontal cortex is also problematic and the electrodes chosen in the
current study may only partially reflect the this area. However, the anterior part of the
OFC, which was of particular interest to us, is more available for surface recording. Surely,
the obtained pattern of the emotional network requires further study to fully reveal its
meaning. Confirming and further exploring the results using different experimental
conditions and mood induction methods would be of value.
6.4.2 Conclusions
Concluding, DTF estimation proved to be a valuable tool for assessing the dynamics
of brain processes considered on the network level. Our study was able to show the
dynamics of a coherent emotional network comprised of cortical areas associated with
emotional functions. Three main hubs were distinguished, each characterized by a
different pattern of valence related effects: the orbitofrontal cortex, the right temporal
and the right parietal area. In particular, the latter was shown to be an important centre
integrating activity of the emotional network in the negative affective state. The results
confirm the importance of the right hemisphere for affective processes and its putative
role in mediating subjective feelings of ongoing valence.
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CHAPTER 7

General Discussion

The main goal of this dissertation was to find effective connectivity patterns
associated with repetitive thinking in depression, chronic pain, and nonclinical
populations. Repetitive negative thinking is a manifestation of the impaired cognitive
control over negative emotional states, the latter being a transdiagnostic factor for
individuals with depression, chronic pain, and high catastrophizing/ruminating
tendencies. It was, therefore, hypothesized that an overlap in connectivity patterns
among the cognitive and emotional brain networks would be found between these
groups. Negative repetitive thinking was measured as a trait and induced in the

Abstract

laboratory in the form of depressive rumination or pain-related mental imagery. Four
separate EEG experiments were performed (Ferdek, Adamczyk, van Rijn, Oosterman,
& Wyczesany, 2019; Ferdek, Oosterman, et al., 2019; Ferdek, van Rijn, & Wyczesany,
2016) on nonclinical and clinical groups (depressive disorder, chronic pain) to verify
our main hypothesis on the mutual biological basis of impaired emotional control
(Chapters 2-5). The full connectivity findings from these four studies are reported
in the next paragraphs and followed by a discussion regarding the similarities and
differences in connectivity measures between the experimental groups. A circuit
involved in modulation of affective responses is discussed on the basis of the findings.
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7.1

Summary of the effective connectivity findings

The experiment described in Chapter 2 revealed effective connectivity patterns
associated with depressive rumination in a nonclinical population. Individuals with a
high tendency to ruminate were characterized by decreased beta information flow from
the bilateral dorsolateral prefrontal cortex to the left temporal cortex in comparison to
the non-ruminators. A similar procedure involving a clinical population of depressed
patients is further described in Chapter 4 and was conducted on a sample of depressed
participants and matched controls. Depressed patients were characterized by increased
beta information outflow from the right parietal cortex to the frontal cortices (lDLPFC,
rDLPFC, OFC, MPFC); increased effective connectivity from the rDLPFC to the left parietal
cortices; decreased effective connectivity from the medial prefrontal cortex to the right
parietal cortices and from the left temporal cortex to the right parietal cortex. When
induced to ruminate, depressed participants were characterized by decreased beta
information flow from the orbitofrontal cortices to the left temporal cortex and from the
left temporal cortex to the left parietal cortex. The latter effect was most pronounced in
the depressive condition. During both depressive and neutral mental imagery, depressed
participants were characterized by decreased beta information flow from the left temporal
cortex to the medial prefrontal cortex and the right dorsolateral prefrontal cortex. These
two effects were stronger for the depressive than for the neutral condition. Experiments
described in Chapter 4 and Chapter 5 revealed a similar pattern of decreased effective
connectivity of left temporal cortex that is associated with depressive rumination in both
nonclinical and clinical populations.
It was further expected that individuals with high pain catastrophizing tendencies would be
characterized by similar impairments in emotional control over negative emotional states
as in individuals with high tendencies for depressive rumination. This hypothesis inspired
the study described in Chapter 3 which was aimed to explore the relationship between
pain catastrophizing and effective connectivity of the pain systems in healthy individuals.
The tendency to catastrophize was associated with specific effective connectivity patterns
during pain-related imagery. More specifically, catastrophizing tendency was positively
correlated with the beta information flow from the right somatosensory cortex to the
right temporal cortex and negatively correlated with the beta information flow from the
right temporal cortex to the prefrontal cortices (lDLPFC, mPFC, rDLPFC).
An overlap in the connectivity patterns related to the disrupted emotional control over
the negative emotional state was also studied in a clinical group of chronic pain patients.
The study from Chapter 5 aimed to explore effective connectivity patterns associated
with endometriosis-related chronic pelvic pain by comparing endometriosis participants
and matched healthy controls. The EEG was measured during the resting-state and during
exposure to the mental imagery (pain-related, depressive, positive, and neutral). During
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resting-state, endometriosis was associated with increased effective connectivity from
the left somatosensory cortices to the right temporal cortex and the orbitofrontal cortex
as well as from the left dorsolateral prefrontal cortex to the left somatosensory cortex.
While ruminating about pain, endometriosis patients were characterized by increased
effective connectivity from the left dorsolateral prefrontal cortex to the right temporal
cortex. None of these patterns were correlated with the measure of mental health. The
EEG study described in Chapter 6 was focused on exploring the relationships between
affective states and effective connectivity patterns. This experiment was based on the
same emotional mental imagery procedure as in the study on depressive rumination in
the nonclinical sample (Chapter 2). Three regions which were associated with different
information outflow, depending on the valence of the emotional state, were the anterior
prefrontal cortex, the right temporal area, and the right parietal area. During the negative
mental imagery, the right temporal cortex was characterized by increased outflow to the
orbitofrontal cortex, left dorsolateral cortex, left parietal cortex and right parietal cortex.

7.2 	Effective connectivity of depressive rumination in nonclinical and
clinical groups
Studies from Chapter 2 and Chapter 4 were based on a rather similar experimental design
and aimed to explore the connectivity patterns associated with depressive rumination.
The similarities with regard to effective connectivity involved reduced connectivity of the
left temporal cortex area while the differences were related to the increased information
outflow of the parietal cortex, which was unique for the depressed patients.
7.2.1
Left temporal cortex effective connectivity and depressive rumination
The common effect observed in both nonclinical ruminators and depressed ruminators
groups, was a decreased effective connectivity of the left temporal cortex (see Figure 7.1).
Nonclinical ruminators were characterized by a decreased beta information flow from
the bilateral dorsolateral prefrontal cortices to the left temporal cortex in all conditions.
Depressed individuals were characterized by decreased information flow from the
orbitofrontal cortex to the left temporal cortex and decreased information flow from
the left temporal cortex to the left parietal cortex when induced to ruminate. Depressed
patients were also characterized by several effects that were most pronounced in the
depressive condition but were also significant in other conditions. These effects were
related to decreased effective connectivity from the left temporal cortex to the medial
frontal cortex, from the left temporal cortex to the right dorsolateral prefrontal cortex, and
from the left temporal cortex to the right parietal cortex.
Previous studies on temporal cortices anomalies in depression and depressive rumination
suggest that these regions may play an important role in both trait and state rumination.
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State rumination was previously found to be associated with increased activation of the
bilateral middle temporal gyrus in depressed patients in comparison to healthy controls
(Cooney, Joormann, Eugène, Dennis, & Gotlib, 2010). An fMRI study exploring functional
connectivity (FC) of depressed individuals revealed increased FC of the left middle
temporal gyrus in “depressed high-state ruminators” when compared to “depressed lowstate ruminators”. “Depressed high-state ruminators” scored high on the visual analog
scale, which measured the amount of time that participants spent on rumination during
the 7-min resting-state scan (Rosenbaum et al., 2017). Trait rumination in adolescences
with remitted depression was found to be associated with increased activation in the
middle temporal gyrus when induced to ruminate (Burkhouse et al., 2017).
Modern neuroscientific research focuses on exploring patterns of communication
between different brain structures. Previous fMRI connectivity study found a relationship
between rumination and the connectivity of the temporal cortex. Zhu et al. (2017) found
that connectivity between the temporal cortex and Default Mode Network subsystems
is positively associated with trait rumination at rest in depressed individuals. The only
EEG beta band connectivity study that was conducted on depressed individuals revealed
increased beta phase synchronization between the frontocentral and left temporoparietal
sites and more temporoparietal connections in depressed individuals when compared to
healthy controls (Li et al., 2017); however, the relationship with depressive rumination was
not studied.

7

Figure 7.1 Left temporal cortex effective connectivity alterations in the nonclinical group of highly
ruminating individuals (A) and depressed individuals (B).
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In summary, the common effect for both nonclinical ruminators and depressed individuals
was a decreased effective connectivity of left temporal cortex. As temporal areas are an
important hub of the emotional regulation circuit, the effects that were observed might be
related to the impaired emotional regulation in both clinical and nonclinical ruminators.
7.2.2 	Right parietal cortex effective connectivity and other depressive symptoms
The group effects (independent of experimental conditions) were related to an increase in
the beta information outflow from the right parietal cortices (see Figure 7.2).

Figure 7.2 Right parietal connectivity patterns in depressed individuals not specific for the depressive emotional mental imagery condition.

This finding can be interpreted in the context of the valence-arousal model of emotion
proposed by Heller (1993). According to this theory, there are two distinct cortical
emotional systems. The first system, which is located in the frontal cortices, is responsible
for the experience of emotional valence and specific lateralization can be observed in this
region of the brain: the left frontal cortex relates to negative emotions and the right frontal
cortex to positive emotions. The second system, located in the right posterior area, reflects
the magnitude of non-specific emotional arousal and is associated with the activation
of the autonomic nervous system (ANS) (Heller, 1993). Dysregulation of the ANS has
repeatedly been found in depressed patients (Hu, Lamers, De Geus, & Penninx, 2016; Lett
et al., 2004; Sher, Lolak, & Maldonado, 2010; Wang et al., 2013) and it was even suggested
that the reduction in autonomic nervous system control might be a link between this
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psychopathology and heart disease (Gorman & Sloan, 2000). Indeed, depressed patients
are more likely to suffer from cardiovascular failure (Padhy, Sarkar, Davuluri, & Malhotra,
2015). The particular effect found in our study was related to the tonic increase in the beta
information flow from the right parietal cortex area which might be a cortical indicator of
the heightened non-specific emotional arousal in depressed patients. This interpretation
is in line with a study that was aimed at correlating an individual’s emotional state and
cortical activity measured by EEG (Wyczesany et al., 2011). In this study, subjective
emotional states were assessed using the University of Wales Institute of Science and
Technology Mood Adjective Checklist (UMACL) which consists of tension arousal (TA),
energetic arousal (EA) and hedonic tone (HT) scales. Synchronization in beta power
between frontal and parietal regions was mostly related to the EA and TA dimensions,
which confirms the role of this connectivity pattern in general emotional arousal rather
than specific valence.
Similar results were also found in the EEG study by Li et al. (2017), performed on depressed
patients who were naïve to antidepressants and had not received antidepressant treatment
within the weeks before the study. This experiment revealed an abnormal increase in
frontoparietal synchronization of the phase of beta frequencies in the EEG of depressed
patients. However, the authors interpreted their results differently and suggested that
increased frontoparietal synchronization could serve as a mechanism to compensate for
impaired executive functioning.
Our experiment strengthened available data on the increased connectivity between the
frontal and parietal cortices in depressive disorder. In line with Heller’s theory (Heller,
1993), and as reported by Wyczesany et al. (2011), this connectivity pattern may be nonspecifically related to the disturbances of emotional arousal in depressed patients.

7.3 	Effective connectivity associated with pain-related mental imagery
in nonclinical and clinical groups
Studies from Chapter 3 and Chapter 5 used the same experimental design and aimed to
explore connectivity patterns associated with pain-related mental imagery in nonclinical
and chronic pain groups. Additionally, a resting-state EEG connectivity was measured
in chronic pain patients. The similarities regarding the effective connectivity involved
frontotemporal connectivity alterations visible in conditions when subjects were thinking
about pain. Furthermore, pain catastrophizing in healthy individuals was associated with
increased outflow of the somatosensory cortex when thinking about pain. Chronic pain
patients were also characterized by an increased outflow of the somatosensory cortex but
during the resting state.
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7.3.1 	Frontotemporal effective connectivity alterations during the exposure to
pain-related mental imagery
Pain catastrophizing tendencies in the nonclinical sample and endometriosis-related
chronic pain were both related to alterations in frontotemporal effective connectivity during
the exposure to the pain-related mental imagery (see Figure 7.3). Pain catastrophizing was
found to be related to the decreased beta information flow from the right temporal cortex
to the frontal cortices (left dorsolateral prefrontal cortex, medial prefrontal cortex, and the
right dorsolateral prefrontal cortex) when healthy participants were asked to ruminate
about pain (Chapter 3). Endometriosis patients were characterized by increased beta
information flow from the left dorsolateral prefrontal cortex to the right temporal cortex
during the pain-related imagery, as was described in Chapter 5.

Figure 7.3 Frontotemporal connectivity patterns associated with pain catastrophizing in healthy
individuals (C) and with endometriosis-related chronic pain (D). The blue arrow indicates a decrease
in the information flow that is associated with pain catastrophizing, while the red arrow indicates
an increase in the information flow in endometriosis patients when compared to healthy controls.

These findings can be interpreted in two different ways. One possible explanation is
related to emotional regulation when processing pain-related stimuli. Despite the fact that
many diverse strategies of emotional control exist, all of them seem to depend on a similar
emotional control circuit which comprises the regulatory loop between the prefrontal
cortex and temporal lobe structures (Ochsner, Bunge, Gross, & Gabrieli, 2002). The right
temporal cortex, as previously proposed by Wyczesany et al. (2011), might be specifically
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involved in processing affective stimuli of negative value. Successful emotional regulation
was previously shown to be dependent on the dorsolateral medial cortex connectivity
(Banks, Eddy, Angstadt, Nathan, & Phan, 2007). This regulatory frontotemporal loop
is altered in endometriosis and in healthy individuals with high pain catastrophizing
tendencies.
However, it seems that pain catastrophizing in healthy individuals is related to the
alterations of the bottom-up processes when thinking about pain. On the other hand,
endometriosis-associated chronic pain patients are characterized by top-down alterations
during the exposure to pain-related mental imagery.
As one of the components of pain catastrophizing tendencies is “magnification of the threat
value and seriousness of experiences of pain” (Sullivan, Bishop, & Pivik, 1995), pain-related
stimuli might be related to more negative emotions in catastrophizers than in individuals
with lower catastrophizing tendencies. This heightened emotional state is not effectively
regulated as the connectivity between prefrontal and temporal regions has decreased. As
chronic pain patients experience pain on a daily basis, their regulatory mechanisms for
pain-related stimuli might significantly differ. Ongoing chronic pain constitutes a constant
threat for the pain regulatory mechanisms. The pain-related mental imagery task might
have influenced the negative affect related to the ongoing chronic pain and that is why
the top-down regulatory mechanisms intensified. It has been shown previously that
spontaneous pain-related mental imagery might amplify the negative emotions related
to pain experiences in chronic pain patients (Berna, Tracey, & Holmes, 2012).
The other possible explanation is related to pain-related autobiographical memory
retrieval. It was previously found that the connectivity between the right inferior frontal
and temporal lobe structures, such as the amygdala and hippocampus, is related to
autobiographical memory retrieval (Greenberg et al., 2005). In order to become immersed
in the pain-related experience, subjects might have referred to their memories of specific
situations when they felt pain. In comparison to healthy controls, endometriosis patients
have easier access to pain-related memories from their past, access that can manifest
by more connectivity between frontotemporal structures when those memories are
retrieved. This interpretation would be in line with recent theories that link abnormal
memorization of pain experiences and the development of chronic pain syndromes. It
is not clear, however, why pain catastrophizing in healthy participants was negatively
correlated with the connectivity between frontal and temporal regions. This finding
might be, for example, related to the enhanced aversiveness of pain memories. A pain
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catastrophizing tendency was found to magnify the aversive value of pain stimuli (Brown,
Almarzouki, Brown, & Jones, 2019).
In summary, the common effect in individuals with high pain catastrophizing tendencies
and endometriosis patients with chronic pain was related to the alterations of the
frontotemporal connectivity. Identified patterns of beta oscillations connectivity can
be interpreted in the context of impaired emotional regulation or/and pain-related
autobiographical memory retrieval.
7.3.2 	Alterations of the somatosensory cortex connectivity associated with
chronic pain and pain catastrophizing
Another similarity between endometriosis patients and healthy pain catastrophizers was
related to the increased effective connectivity of the somatosensory cortex (see Figure 7.4).
Nevertheless, the lateralization of these patterns was different; healthy catastrophizers
were characterized by the effect being localized in the right somatosensory cortex, while
in endometriosis patients, effects were localized in the left somatosensory cortex. As
revealed in the study described in Chapter 3, pain catastrophizing tendencies in healthy
participants were associated with increased information flow from the right somatosensory
cortex to the right temporal cortex during the exposure to the pain-related mental
imagery. As described in Chapter 5, endometriosis patients with chronic pelvic pain were
characterized by increased beta information outflow from the left somatosensory cortex
to the right temporal cortex, orbitofrontal cortex, and left dorsolateral prefrontal cortex
during the resting-state.
Both the pain catastrophizing tendencies and the endometriosis-related chronic pain
were related to increased beta oscillations connectivity from the somatosensory cortices
to the right temporal cortex. The right temporal cortex was suspected of being specifically
involved in processing affective stimuli of negative value (Heller & Nitschke, 1997;
Wyczesany et al., 2011) and was found to be involved in processing emotional aspects of
the experience of pain (Knudsen et al., 2011). Thus, this pattern might be related to the
increased negative affect associated with pain-related mental imagery.
Pain catastrophizing tendencies were only positively correlated with beta oscillations
connectivity in one direction, from the left somatosensory cortex to the right temporal
cortex, when ruminating about pain. Endometriosis patients, on the other hand, were
characterized by an increase in the somatosensory cortex outflow to three different brain
regions during the resting-state. These effects of increased somatosensory cortex outflow
observed in endometriosis patients might be explained by the fact that participants were
experiencing ongoing pain. Alterations in functional connectivity of the somatosensory
cortices caused by sustained pain were previously found in fibromyalgia during the
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resting-state (Kim et al., 2015; Napadow et al., 2010). Additionally, increased connectivity
in the beta band between the somatosensory cortex and the frontal lobe was previously
found in migraine patients during the application of the electrical stimulus (Ren et al.,
2019).
In conclusion, our experiments revealed a characteristic increase of somatosensory cortex
outflow related to both pain catastrophizing tendencies and endometriosis-related chronic
pain. Increased connectivity between the somatosensory cortex and the right temporal
cortex might indicate that the somatosensory pain system in endometriosis patients
and individuals with high catastrophizing tendencies is more strongly connected to the
affective pain modulatory system. Moreover, the increased outflow of the somatosensory
cortex connectivity to three different brain regions observed in endometriosis patients
might be associated with persistent pain.

Figure 7.4 Somatosensory cortex connectivity patterns associated with pain catastrophizing in
healthy individuals (C) and with endometriosis-related chronic pain (D).

7
7.4 	Common effective connectivity patterns between depression and
chronic pain and nonclinical groups
Similarities between depressed patients, endometriosis patients and nonclinical groups
involved alterations in the frontotemporal effective connectivity.
7.4.1 	Similarities in the frontotemporal effective connectivity between
depression and chronic pain and subclinical groups
In all four main experiments forming this thesis, alterations in the frontotemporal effective
connectivity were found (see Figure 7.5). In the experiment described in Chapter 2,
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depressive rumination tendencies were related to decreased effective connectivity from
the left dorsolateral prefrontal cortex to the left temporal cortex. Depressed patients, as
described in Chapter 4, were also characterized by decreased frontotemporal connectivity
when induced to ruminate. In comparison to healthy controls, they were characterized by
decreased connectivity from the left temporal cortex to the right dorsolateral prefrontal
cortex and medial frontal cortex and from the orbitofrontal cortex to the left temporal
cortex. As discussed in Chapter 3, pain catastrophizing tendencies in healthy individuals
were negatively correlated with the connectivity from the right temporal cortex to
the bilateral dorsolateral cortices and the medial frontal cortex during the exposure
to the pain-related mental imagery. Finally, the study described in Chapter 5 showed
that endometriosis patients with ongoing pelvic pain were characterized by increased
connectivity from the left dorsolateral prefrontal cortex to the right temporal cortex when
thinking about pain.
All these effects were found during the emotional mental imagery tasks. In the case of
depressed patients, frontotemporal alterations were found when induced to ruminate.
Ruminators from the subclinical population with high ruminative tendencies were
characterized by frontotemporal connectivity alterations independent from the mental
imagery valence. Pain catastrophizing tendencies in the healthy population and
endometriosis were associated with the frontotemporal effects in the pain-related mental
imagery condition.
Interestingly, effects found in the studies described in Chapter 2, 3, and 4 were associated
with a decrease in the frontotemporal connectivity. However, the study on endometriosis
patients (Chapter 5) revealed an increase in the connectivity from the left dorsolateral
prefrontal to the right temporal cortex. As already described in paragraph 7.3.1 of
General Discussion, these findings might be related to the constant pain stimulation
which affects general brain connectivity in a long-lasting neural plasticity process.
These findings might confirm that depression and chronic pain share similar disturbances
in the emotional regulation brain circuit comprised of dorsolateral prefrontal and temporal
cortices. Depressed patients are characterized by ineffective emotional regulation,
especially when processing self-related depressive stimuli, while chronic pain patients
are characterized by ineffective emotional regulation when processing pain-related
stimuli. However, mechanisms underlying emotional control alterations might differ (see
paragraph 7.3.1 of General Discussion).
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Figure 7.5 Frontotemporal connectivity patterns associated with depressive rumination
tendencies in the non-clinical population (A), depressive rumination in depressed patients (B), pain
catastrophizing in healthy individuals (C) and with endometriosis-related chronic pain (D).

7.5 	Different effective connectivity patterns between depression and
chronic pain and nonclinical groups
Several remarkable differences in connectivity patterns between depressed individuals,
chronic pain patients, and the nonclinical group were found.
7.5.1 Different lateralization of the temporal cortex effects
Depressive rumination and pain-related imagery were found to be associated with
alterations of the temporal cortex effective connectivity. However, the lateralization of
these effects was different. The left temporal cortex was an important connectivity hub
in depressed patients during the ruminative states, while the right temporal cortex
was associated with the pain imagery in chronic pain patients. Similarly, the nonclinical
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group of individuals with high a tendency for depressive rumination was characterized
by left-lateralized effects on the temporal cortex when ruminating, while healthy pain
catastrophizers were characterized by alterations of the right temporal cortex during
exposure to the pain-related mental imagery (for more detail see Figure 7.6).
This lateralization effect might be attributed to the differences between depressive
rumination and pain-related mental imagery. Rumination has more cognitive and
language-related components, the latter is often associated with the left hemisphere of
the brain in right-handers (Knecht et al., 2000). Pain-related mental imagery in chronic
pain patients and individuals with high pain catastrophizing might be more closely
related to the negative affective state than to cognition or/and language, as the right
temporal cortex was previously suggested as being involved in negative emotional
arousal (Wyczesany et al., 2011).

Figure 7.6 Temporal patterns associated with depressive rumination tendencies in the non-clinical
population (A), depressive rumination in depressed patients (B), pain catastrophizing in healthy
individuals (C) and with endometriosis-related chronic pain (D).
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7.5.2 	Unique connectivity patterns associated with endometriosis-related
chronic pain
Endometriosis-related chronic pain was found to be characterized by increased
connectivity of the left somatosensory cortex during the resting-state (see Figure 7.7),
while depressed patients were characterized by increased connectivity of the right
parietal cortex (see Figure 7.8).

Figure 7.7 Left somatosensory cortex connectivity patterns associated with endometriosis-related
chronic pain

7

Figure 7.8 Right parietal connectivity patterns associated with depressive disorder
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Functional and structural alterations in the somatosensory cortex were previously reported
in chronic pain syndromes (Flor, Braun, Elbert, & Birbaumer, 1997; Kim, Kim, & Nabekura,
2017; Moseley & Flor, 2012). For example, chronic pelvic pain was previously found to
be associated with increases in grey matter in the trunk/hip area of the right primary
somatosensory cortex (Kairys et al., 2015) and, according to the authors, thickening of
this area can be explained as a consequence of recurrent nociceptive input (Borsook,
Erpelding, & Becerra, 2013; Kairys et al., 2015). Since it is plausible that an increase in the
brain volume of an area is accompanied by increased connections to other areas, our
findings of increased connectivity of the somatosensory cortex might also originate from
the ongoing painful input from the pelvis.
Depressive symptoms were found to be related to the increased beta information flow
from the right parietal cortex independently from the condition. As described in paragraph
7.2.2. of General Discussion, this connectivity pattern might serve as a cortical indicator
of the heightened non-specific emotional arousal in depressed patients.

7.6

Summary

The main goal of this dissertation was to find effective connectivity patterns associated
with repetitive negative thinking in depression, chronic pain, and nonclinical populations.
The main hypothesis on the overlap in connectivity patterns among the cognitive and
emotional brain networks was confirmed. Negative repetitive thinking in main EEG
experiments (Chapters 2, 3, 4, 5) was associated with the alterations of the frontotemporal
connectivity. These findings indicate that depression and chronic pain might indeed
share a biological basis related to the connectivity among emotional control circuit.
These alterations can also be found in individuals with high depressive rumination/pain
catastrophizing tendencies who are at a high risk of developing either depression or chronic
pain. More research needs to be conducted in order to clarify if these frontotemporal
connectivity alterations contribute to the comorbidity of affective disorders and chronic
pain. Ineffective communication between the frontal and temporal cortices may be
related to impaired emotional control and could lead to the vicious cycle of Repetitive
Negative Thinking and depressive / pain states. In accordance to the modified Örebro
Behavioral Emotion Regulation Model (see paragraph 1.3.3 of General Introduction),
impaired cognitive control over negative emotional states is a transdiagnostic factor in
both depression and chronic pain, and its manifestation is Repetitive Negative Thinking
(Linton & Bergbom, 2011).

General Discussion | 195

7.7

Limitations and directions for future research

The first limitation concerns our measurement of beta oscillations effective connectivity.
The DTF method is relatively resistant to the volume conduction phenomenon and the
topography of the DTF results were shown to be in agreement with previous anatomical,
physiological and imaging studies (Ginter, Blinowska, Kamiński, & Durka, 2001; Kaminski
& Blinowska, 2014; Kuś, Ginter, & Blinowska, 2006). However, the EEG method itself has
limited spatial accuracy which should be taken into account when interpreting the
results and the correspondence between electrodes and cortical areas should be treated
as approximations. The reader should also be aware of the fact that EEG measures
cortical activity and that the activity of deeper structures might not be represented in
the EEG signal collected from surface electrodes. It should be noted that although EEG
reflects neural signals that derive mostly from the cortical regions, it also provides direct
measurements of brain physiology (Bandettini, 2009). One of the advantages of EEG is
its excellent time-resolution which provides the opportunity to track the dynamics of
brain networks over very short durations (Hassan et al., 2015; VandeSteen, Almgren, Razi,
Friston, & Marinazzo, 2018).
Another general limitation is related to the experimental design. A follow-up study with
more experimental groups involving depressed patients, chronic pain patients, and
healthy controls could add more insight into the mutual biological basis of these two
diseases. Even better, the more complex study could involve depressed patients, chronic
pain patients, chronic pain patients with depression, and healthy controls. Moreover, a
future experiment should consist of resting-state and stimulated-state with four mental
imagery conditions (depressive, pain-related, neutral, and positive). In this thesis, not all
the experiments involved pain-related conditions and thus depressive and pain-related
conditions could not be directly compared. Additionally, the same set of brain structures
should be taken into consideration when studying the effective connectivity in each of
the groups. Thanks to this complex design, it would be possible to study similarities and
differences between various clinical groups and healthy controls in a more precise way
than in the present thesis.

7.8

Relevance of the research

As already mentioned in Chapter 1, both depressive disorder and chronic pain are
important societal problems. There is a great need for effective methods of prevention
for depressive episodes and chronic pain. Repetitive Negative Thinking tendencies
such as depressive rumination and pain catastrophizing are strong predictors for the
onset of depression and chronic pain, respectively. EEG connectivity patterns could
potentially serve as biomarkers of the risk for developing a depressive disorder or chronic
pain. In addition, the beta band information flow could also be monitored in patients
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diagnosed with chronic pain and/or depression. EEG is noninvasive, portable, available
at a reasonable price and better tolerated by patients than alternative ways of measuring
brain connectivity such as fMRI. For these reasons, the EEG has the potential to provide an
objective tool for assessing therapeutic outcomes in various clinical settings. Potentially,
pharmacotherapy or neurofeedback could be used to modify beta oscillations in patients
suffering from chronic pain or depression; however, but it remains to be investigated
whether changed beta oscillations will lead to a decrease of experienced pain or
depressive symptoms. In general, more studies need to be conducted in order to confirm
the pattern of beta oscillation connectivity changes in depression and chronic pain that
could be monitored by clinicians.
The results of this project might also broaden our knowledge of the disturbed cognitive
control over negative affective states in chronic pain and depression. Negative Repetitive
Thinking was found to be related to the alterations in the connectivity of the emotional
regulation brain network. This result suggests that emotional regulation abilities could be
an important target in therapies for depression and chronic pain.
Thanks to this project, state of the art regarding chronic pain, psychopathology, affective
neuroscience or basic psychology of emotion is expanded. Moreover, this thesis opens
up new directions in depression and chronic pain research aimed at exploring the beta
band connectivity alterations in these diseases. It also underlies the role of the emotional
regulation impairments in both of these conditions and could stimulate more research on
the overlapping brain connectivity patterns of these two diseases.
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Supplemental Material 2.1
Table 1 (Supplemental Material 2.1) The F-statistics and p-values for group effects (R/NR RUMINATORS / NONRUMINATORS) in three additional clusters characterized by the particularly low
residual variance (RMTmp - the right middle temporal gyrus; LPcs - left precuneus; LInsula - left insula).
R/NR
alpha
beta1
beta2
beta3

RMTmp
F(1,22) = 4.20
p = .052
F(1,22) =.60
p = .447
F(1,22) = 1.82
p = .191
F(1,22) = .97
p = .336

LPcs
F(1,27) = 3.95 p = .057
F(1,27) = 1.94 p = .176
F(1,27) = 2.44 p = .130
F(1,27) = 1.87 p = .183

LInsula
F(1,38) =3.57
p = .066
F(1,38) = .32
p =.577
F(1,38) = .06
p = .816
F(1,38) = .02
p = .892
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Supplemental Material 2.2
Table 1 (Supplemental Material 2.2) The F-statistics and p-values for channel*group interactive
effects in all directions examined in DTF analysis (R/NR - RUMINATORS / NONRUMINATORS; GG Greenhouse-Geisser correction applied); * p ≤ 0.05
Direction

R/NR

RDLPFC → RTmp

F(1,26.098) = .90; p = .355; GG

LDLPFC → RTmp

F(1,26.918) = 2.16; p = .159; GG

LTmp → RDLPFC

F(1,46) = .12; p = .733

RTmp → LDLPFC

F(1,40) = .13; p = .720

RDLPFC → LTmp
LDLPFC → LTmp

RTmp → RDLPFC
LTmp → LDLPFC

F(1,32.047) = .12; p = .736; GG
F(1,42) = 4.32; p = .050*
F(1,42) = .20; p = .660
F(1,44) = .12; p = .731
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Supplemental Material 3.1
Table 1 (Supplemental Material 3.1) Mixed effects statistics for all directions in alpha band.
PCS predicts DTF in specific condition

ANOVA:

Direction

M(log) vs
null

lTmp → lDLPFC

rDLPFC → Tmp

rTmp → rDLPFC

lDLPFC → rTmp
rTmp → lDLPFC

rDLPFC → lTmp
lTmp → rDLPFC

mPFC → lTmp

lTmp → mPFC

mPFC → rTmp

rTmp → mPFC

Depressive

Neutral

Positive

.051

std.
Beta
.02

p
value
.856

std.
Beta
-.05

p
value
.691

std.
Beta
-.08

p
value
.474

std.
Beta
-.10

p
value
.384

.001

-.15

.241

-.14

.248

-.03

.826

-.04

.742

p value
lDLPF → lTmp

Pain-related

.050

-.04

.746

-.13

.245

-.23

.045

.03

.791

.047

-.26

.011

-.24

.015

-.15

.123

-.06

.554

.591

.02

.882

-.07

.512

-.11

.327

-.10

.385

.048

-.25

.013

-.25

.015

-.18

.066

-.08

.390

.057

.03

.818

-.07

.160

-.04

.772

.16

.235

.017

-.12

.334

-.17

.162

-.13

.282

-.06

.626

.415

-.04

.754

-.16

.212

.03

.844

-.10

.754

.022

-.07

.563

-.07

.524

-.05

.670

-.07

.570

.223

-.04

.735

-.07

.547

-.06

.610

-.09

.406

.018

-.27

.007

-.28

.006

-.20

.043

-.08

.401

.008

-.18

.159

-.15

.257

-.31

.020

-.36

.007

.751

.19

.232

.02

.900

.09

.565

.04

.823

.002

-.23

.074

-.23

.081

-.39

.004

-.48

.001

OFC → lSi

lSi → OFC

rSi → OFC

.012

-.05

.789

-.03

.854

-.07

.702

-.12

.496

lSi → lTmp

.658

-.14

.282

-.10

.429

-.07

.552

-.13

.300

OFC → rSi

lTmp → lSi

.018

-.13

.219

-.08

.435

-.02

.868

-.03

.741

rSi → rTmp

.585

.04

.641

-.02

.856

-.02

.792

-.04

.673

.937

.04

.768

.04

.753

.02

.890

-.07

.632

rTmp → lSi

.002

-.24

.008

-.23

.009

-.25

.006

-.08

.351

rSi → lTmp

.001

-.03

.831

.02

.903

-.05

.595

-.06

.672

lSi → rTmp

lTmp → rSi

rTmp → rSi

.010

-.13

.226

-.17

.101

-.06

.528

-.08

.446

< .001

-.35

.001

-.39

.023

-.14

.145

-.06

.546
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Supplemental Material 3.2

Figure 1 (Supplemental Material 3.2) Scatterplots of relationships between correctness in each
experimental condition (pain-related; depressive; neutral; positive) and PCS.
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Supplemental Material 3.3

Figure 1 (Supplemental Material 3.3) Scatterplots of significant relationships between PCS and
DTF in the pain-related mental imagery conditions. Each point represents the DTF of one pair of
electrodes.

Supplemental Materials | 207

Supplemental Material 3.4
Table 1 (Supplemental Material 3.4) Mixed levels analyses detailed statistics for the rTmp → mPFC,
rTmp → rDLPFC, rSi → rTmp and rTmp → rDLPFC directions, with reference to all conditions (painrelated, depressive, positive, neutral): standardized Beta and p-value. Column ANOVA contains
p-values of the null model / M model(log) comparison.
ANOVA
M(log)
vs null

Ref =
depressive

Ref = positive Ref = neutral

Ref =
pain-related

Effects
std.
Beta

pvalue

std.
Beta

pvalue

std.
Beta

pvalue

std.
Beta

pvalue

PCS

-.06

.463

-.04

.655

-.14

.101

-.27

.003

PCS*neu

-.09

.252

-.11

.131

.14

.067

PCS*pos

.03

.722

.11

.134

.25

<.001

p value

rTmp →
mPFC

rTmp →
rDLPFC

rSi →
rTmp

rTmp →
lDLPFC

.001

PCS*dep

.007

-.03

.772

.09

.249

.23

.003

.523

.00

.998

-.09

.342

-.25

.007

-.10

.247

.18

.030

.10

.250

.28

<.001

PCS

-.06

PCS*neu

-.03

.706

PCS*pos

.07

.439

PCS*dep

.012

.439

.03

.704

.22

.011

.03

.741

.22

.006

-.21

.006

.00

.979

-.21

.006

PCS

.09

.235

.03

.722

PCS*neu

-.07

.339

-.00

.979

PCS*pos

-.07

.347

PCS*dep

.018

-.07

.07

.353

.07

.338

-.14

.068

-.09

.284

-.24

.009

.16

.037

.04

.604

.20

.009

.06

.642

.21

.005

PCS

-.05

.609

-.06

.499

PCS*neu

-.05

.464

-.04

.602

PCS*pos

-.02

.832

PCS*dep

.02

.831
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Supplemental Material 5.1
Manipulation check
The effectiveness of our procedure to induce mental imagery was tested to ensure
that desired ruminative states are invoked in individuals. As mood changes might be
an indicator of ongoing emotional mental imagery (Holmes & Mathews, 2005; Holmes,
Mathews, Dalgleish, & Mackintosh, 2006; O’Donnell, Di Simplicio, Brown, Holmes, & Burnett
Heyes, 2017), we decided to verify that our experimental conditions (positive, depressive,
neutral and pain-related) differed in subjective mood ratings. Subjects evaluated their
mood after each trial using the 10-point VAS scale (0 – extremely sad, depressed; 5 –
neutral; 10 – extremely happy). They also evaluated their performance on 0–2 scale, as
described previously. This verification of the procedure’s effectiveness was performed on
a sample of healthy, first-year student volunteers from Radboud University (18F, 3M; N
=21; mean age = 20.70).
Ratings from each subject were averaged across different conditions. 1 out of 22
participants was rejected due to having more than 50% of failures in mental imagery tasks.
As normality assumption was fulfilled, repeated measures ANOVA analysis was performed
to verify that conditions differed in subjective mood evaluations. Trials with 0 score
(“failure”) in the performance rating were rejected from the further analysis. Repeatedmeasures analysis of variance of the mood ratings of the healthy students, using the
10-point visual analogue scale revealed a significant condition effect (F(1.232, 25.868) =
71.122; p < .001, Greenhouse-Geisser correction applied) for the subjective mood ratings.
As shown by post-hoc pairwise comparisons with Bonferroni correction, all conditions
differed from each other: neutral from positive (p < .001), from depressive (p < .001) and
from pain-related (p < .001); positive from depressive (p < .001) and from pain-related (p
< .001); depressive from pain-related (p = .041). Positive mood ratings were higher than
those of the neutral ones, while depressive and pain related mood rating were lower than
those of the neutral ratings. Descriptive statistics for each condition are shown in Table 1
(Supplemental Material 5.1).
Table 1 (Supplemental Material 5.1) Descriptive statistics of subjective mood ratings in each
condition.
Condition

Mean

(SD)

N

Neutral

5.40

(.58)

21

Positive

7.31

(1.16)

21

Depressive

3.59

(1.00)

21

Pain-related

3.90

(.86)

21
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Discussion
The purpose of the mental imagery task that we used was to influence participants’
affective state by imaging various emotional-eliciting situations. We hypothesized that
pain may constitute a distinctively evocative emotional trigger for endometriosis patients
compared with a similar negative-mood-inducing condition. Thus, contrasting ‘negative’
and ‘pain-related’ mental imagery conditions was aimed at revealing potential differences
in emotional processing and emotional control circuits at the neural level. Interestingly,
previous research has shown that chronic pain patients generate different brain responses
to pain-related words in comparison to negative ones (Ritter et al., 2016) and have an
attentional bias towards specifically pain-related stimuli such as words (Dehghani, Sharpe,
& Nicholas, 2004).
The present study compared differences in connectivity patterns among endometriosis
patients and healthy subjects. For this reason, we decided to induce pain-related mental
imagery related to common situations associated with experiencing pain to which healthy
subjects could also relate. Instructing endometriosis patients to imagine chronic pelvic
pain, which they experience on a daily basis (and could also experience at the moment
of testing), seems somewhat contradictory. What is more, instructing participants to
repeatedly imagine the same kind of pain would significantly reduce variability in
pain-related condition compared with other mental imagery conditions, where each
trial involved a different imaginary situation. Moreover, control participants might not
be familiar with this kind of pain and unable to imagine it. Finally, we believe that by
inducing mental imagery associated with various (and fairly common) instances of pain
experience, we were able to activate the mental representation of pain at a more general
level. It appears quite obvious that the specific mental representation of chronic pelvic
pain will produce a distinctive and strong negative emotional experience that will be
qualitatively different from any other kind of negative experience. On the contrary, until
now, it remained unknown whether chronic pain condition produces more generalized
changes in pain processing, regardless of the kind of pain experienced (or imagined, as
it was in our case). Hence, our findings appear to provide even stronger evidence that
endometriosis patients experience and process pain differently, even if such pain is only
imagined or is unrelated to their medical condition.
As we asked our participants to imagine various pain-related situations that were not
strictly associated with endometriosis-related pain, we did not incorporate any trialby-trial assessment of the current experience of chronic pelvic pain. Nonetheless, we
acknowledge that it would be an interesting extension of our study to directly investigate
whether the activation of the mental representation of pain (for instance, via induction of
pain-related mental imagery) can affect the current experience of endometriosis-related
chronic pelvic pain. On the other hand, the danger arises that such a practice would divert
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participants’ attention away from the mental imagery task towards the ongoing pain and
thereby potentially bias processing in the subsequent mental imagery condition. It is
precisely this latter reason that persuaded us not to measure patients’ pain on a trial by
trial basis.
Our manipulation check was conducted in an independent sample of healthy students.
We decided not to incorporate any additional self-report measurements of subjective
emotional experience (except for the performance self-assessment) in the main procedure.
This decision was motivated by recent studies which demonstrated that assessing one’s
own affective state in response to emotionally evocative stimuli may constitute an implicit
form of emotion regulation and may significantly reduce neural processing in emotionrelated brain areas (Phan et al., 2004; Taylor, Phan, Decker, & Liberzon, 2003). As a mood
induction paradigm produces much subtler and fluctuant changes in one’s affective state
than presenting participants with emotionally-salient stimuli, we suspected that this
additional cognitive task could generate unnecessary cognitive load, diminishing the
strength of one’s emotional responding.
Dehghani, M., Sharpe, L., & Nicholas, M. K. (2004). Modification of attentional biases in
chronic pain patients: A preliminary study. European Journal of Pain, 8(6), 585–594.
Holmes, E. A., & Mathews, A. (2005). Mental imagery and emotion: A special relationship?
Emotion, 5(4), 489–497.
Holmes, E. A., Mathews, A., Dalgleish, T., & Mackintosh, B. (2006). Positive Interpretation
Training: Effects of Mental Imagery Versus Verbal Training on Positive Mood. Behavior
Therapy, 37(3), 237–247.
O’Donnell, C., Di Simplicio, M., Brown, R., Holmes, E. A., & Burnett Heyes, S. (2017). The role
of mental imagery in mood amplification: An investigation across subclinical features of
bipolar disorders. Cortex, 105, 104-117.
Phan, K. L., Taylor, S. F., Welsh, R. C., Ho, S. H., Britton, J. C., & Liberzon, I. (2004). Neural
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Supplemental Material 5.2
Mathematical foundation of the Directed Transfer Function
In the multivaried autoregressive (MVAR) model, each data sample in k channels and
at time t can be represented as a weighted sum of p previous samples with a random
component added:
p

X(t ) = å A( j ) X(t - j ) + E(t )
j =1

where X(t) is the data values vector and E(t) is the random component values vector at
time t. A(j) is the MVAR model coefficients matrix and p is the model order which is equal
to the number of past samples used to model the signal. We fitted the MVAR model to the
EEG data. The MVAR model can be transformed into the frequency domain:

𝑋𝑋(𝑓𝑓) = 𝐴𝐴'( (𝑓𝑓)𝐸𝐸(𝑓𝑓) = 𝐻𝐻(𝑓𝑓)𝐸𝐸(𝑓𝑓)
2

𝐻𝐻(𝑓𝑓) = ( + 𝐴𝐴(𝑚𝑚)exp(−2𝜋𝜋imf𝛥𝛥𝛥𝛥))'(
345

where X(f), A(f) and E(f) are the Fourier transforms of X(t), A(j) and E(t) matrices, respectively.
The matrix H(f)= A−1(f) is called the transfer matrix. The DTF function can be expressed as:

𝛾𝛾ij" (𝑓𝑓) = |𝐻𝐻ij (𝑓𝑓)|"

where γij(f) describes the causal influence of channel j on channel i at frequency f.

8
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Supplemental Material 5.3
Table 1 (Supplemental Material 5.3) Mixed effects models statistics for alpha band during resting-state.
Resting-state
Endometriosis group with reference to control
M log versus M null model ANOVA;
Direction
p-value
lSS to lTMP
408
rSS to lTMP

.589

rSS to rTMP

.618

lSS to rTMP

.720

lDLPFC to rSS

.216

rDLPFC to rSS

.574

lDLPFC to lSS

.766

rDLPFC to lSS

.923

rSS to MFC

.290

lSS to MFC

.405

lSS to OFC

.795

rSS to OFC

.828

Table 2 (Supplemental Material 5.3) Mixed effects models statistics for alpha band during stimulatedstate.

Direction
lDLPFC to lTMP

Stimulated-state
Endometriosis group with reference to control
Ref = pain condition;
M versus M null model ANOVA; p-value
p-value
.051
.166

rDLPFC to rTMP

.050

.395

rDLPFC to lTMP

.057

.054

lDLPFC to rTMP

.591

.252

lTMP to lDLPFC

.001

.972

lTMP to rDLPFC

.017

.657

rTMP to lDLPFC

.047

.833

rTMP to rDLPFC

.046

.881
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Supplemental Material 5.4
Additional analyses on local beta power (14-25 Hz) were performed. Resting-state
fragments of 90-s and each 30-s fragment associated with the imagery task were divided
into 2-s epochs with a 0.5-s overlap. Spectral power density (expressed in μV2/Hz) was
computed using the FFT algorithm, with 10% Hanning window applied to each 2-s epoch
and then averaged. The obtained power spectral density values were aggregated into
the beta band (14-25 Hz) for each of the electrodes and then averaged within each ROI.
Final analyses were performed in the IBM SPSS 24 Statistics Software. In the resting-state
analysis, we were looking for the differences in beta power between endometriosis and
control groups using t-tests. In the stimulated-state, we were looking for the significant
interactive effects between group and condition using repeated-measures ANOVA.
However, none of the analyses revealed significant differences in beta power density in
any of the ROIs. Detailed statistics can be found in Table 1 and Table 2 below.
Table 1 (Supplemental Material 5.4) Local beta (14-25 Hz) power density values in each ROI in
endometriosis and control groups during the resting-state EEG.
Resting-state
ROI

Endometriosis

Control

p value

lTMP

Mean
40.30

(SD)
2.21

Mean
40.40

(SD)
2.83

rTMP

40.19

3.04

40.13

40.16

.956

lSS

41.90

2.64

41.50

2.58

.657

.973

rSS

41.87

2.75

41.23

2.66

.486

OFC

41.56

2.50

40.63

2.70

.293

MFC

42.22

2.59

41.91

2.36

.710

lDLPFC

41.72

2.30

41.47

2.47

.756

rDLPFC

41.84

2.47

41.16

3.28

.738
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Table 2 (Supplemental Materia 5.4) Local beta (14-25 Hz) power density values in each ROI in
endometriosis and control groups during stimlated-state EEG.
Stimulated-state
ROI

condition
Neutral

lTMP

rTMP

lSS

rSS

OFC

MFC

lDLPFC

rDLPFC

Endometriosis

Control

Mean

(SD)

Mean

(SD)

38.81

1.87

39.37

3.16

Positive

38.24

2.14

39.42

2.95

Depressive

38.97

1.97

39.53

2.94

Pain

38.85

1.91

39.07

2.98

Neutral

39.17

2.38

40.30

4.80

Positive

39.54

2.64

40.59

5.06

Depressive

39.30

2.54

40.57

4.66

Pain

39.08

2.61

40.19

4.96

Neutral

41.09

2.84

40.86

2.64

Positive

41.29

2.94

41.03

2.59

Depressive

41.36

3.01

41.20

2.65

Pain

41.11

2.92

40.80

2.64

Neutral

41.21

2.79

40.63

2.57

Positive

41.44

2.91

40.88

2.48

Depressive

41.44

2.96

40.98

2.55

Pain

41.22

2.87

40.56

2.57

Neutral

40.93

2.50

40.03

2.20

Positive

40.80

2.16

40.12

2.26

Depressive

41.11

2.33

40.32

2.38

Pain

40.91

2.35

40.03

2.84

Neutral

41.65

2.58

41.22

2.40

Positive

41.72

2.78

41.40

2.35

Depressive

41.76

2.77

41.57

2.40

Pain

41.61

2.76

41.32

2.33

Neutral

41.09

2.41

40.85

2.55

Positive

41.12

2.53

40.97

2.51

Depressive

41.20

2.45

41.12

2.60

Pain

40.98

2.46

40.86

2.50

Neutral

41.26

2.56

41.12

2.58

Positive

41.35

2.70

41.32

2.57

Depressive

41.43

2.63

41.45

2.50

Pain

41.16

2.61

41.23

2.54

p value
Greenhouse-Geisser
correction applied

.389

.897

.829

.766

.860

.505

.805

.773
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Supplemental Material 5.5
Table 1 (Supplemental Material 5.5) Beta band connectivity during resting-state - mixed effects
statistics for other directions.

Direction

Resting state
Endometriosis group with reference to control
Std Beta
Intercept

p-value

lSS to lTMP

.01

510

.653

rSS to lTMP

-.05

264

.564

rSS to rTMP

.07

539

.392

lSS to MFP

.19

751

.119

rSS to MFP

.04

690

.488

lDLPFC to rSS

.05

230

.856

rDLPFC to rSS

.16

330

.179

rDLPFC to lSS

.14

294

.425

rSS to OFC

.00

391

.418
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Table 2 (Supplemental Material 5.5) Beta band connectivity during stimulated-state - mixed
effects statistics for other directions.
Stimulated state
Endometriosis group with reference to control
Direction
lDLPFC
to
lTMP

rDLPFC
to
rTMP

rDLPFC
to
lTMP

lTMP to lDLPFC

lTMP to rDLPFC

rTMP to lDLPFC

rTMP to rDLPFC

Valence

Std Beta

Intercept

p-value

neutral

.01

120

.768

positive

-.02

114

.811

depressive

.00

139

.986

pain

.11

126

.221

neutral

.11

99.7

.269

positive

.03

117

.307

depressive

-.02

110

.941

pain

.16

113

.102

neutral

.09

69.3

.499

positive

.05

69.1

.188

depressive

-.08

73.6

.833

pain

.18

69.2

.118

neutral

.09

260

.186

positive

.04

255

.757

depressive

.14

248

.282

pain

.15

332

.419

neutral

.07

210

.071

positive

0.05

221

.995

depressive

.18

274

.162

pain

.11

276

.640

neutral

.13

315

.180

positive

.11

305

.126

depressive

.08

283

.344

pain

.06

311

.317

neutral

.09

310

.151

positive

.09

348

.153

depressive

.09

356

.375

pain

.08

355

.207
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Supplemental Material 5.6

Figure 1 (Supplemental Material 5.6) Linear mixed models plots of DTF differences between
endometriosis patients and controls during resting state (first row) and differences between
endometriosis and controls in DTF of each valence (neutral, positive, negative, pain-related) during
stimulated state (second row).
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Summary of the dissertation
Chronic pain and depression are both highly prevalent diseases that often co-occur,
share similar symptoms, and may exacerbate each other. These observations suggest
that depression and chronic pain may have common underlying biological mechanisms,
contributing to their comorbid incidence and interplay. There is growing evidence
suggesting that chronic pain may lead to anatomical and functional alterations within
regions involved in cognitive and emotional modulation of pain. Those changes
contribute to the maintenance of pain, which creates a vicious circle of the intensified
pain experience. Attenuated cognitive and emotional control is also characteristic for
patients suffering from a major depressive disorder and it results in an inability to regulate
depressed mood. In both depression and chronic pain, impaired emotional regulation
of negative stimuli might manifest in the form of Repetitive Negative Thinking. While a
depressed individual has a tendency for depressive rumination, chronic pain patients
tend to catastrophize about pain. Although the content of depressive rumination and pain
catastrophizing differ, their function might be shared. The neuronal basis of Repetitive
Thinking in chronic pain and depression might also overlap, revealing similar functional
brain changes in both diseases. In this dissertation, the neuronal correlates of Repetitive
Negative Thinking were analyzed in clinical and non-clinical groups. Negative thinking
was experimentally induced in the laboratory, and EEG was used to measure brain activity.
Experimental hypotheses were mostly related to information flow patterns among the
emotional control brain circuit which are mutual for the emotional control of pain as well
as of the depressive, self-relevant stimuli. Connectivity was studied between cortical brain
structures such as dorsolateral prefrontal cortices, the orbitofrontal cortex, the medial
frontal cortex, temporal cortices, and parietal regions. Communication between brain
structures was measured using the effective connectivity of beta oscillations.
Chapter 2 presents an EEG study that was performed on non-clinical groups and was
aimed at exploring neuronal correlations of depressive rumination. Participants with a
high tendency to ruminate (called RUMINATORS) were compared to those who are very
low on the rumination scale (called NONRUMINATORS). The experimental procedure
involved the induction of a depressive rumination state as well as positive and neutral
emotional mental imagery. It was hypothesized that both groups would differ according
to the level of activation and effective connectivity among the structures involved in
emotional control, especially during depressive rumination. It was found that RUMINATORS
in comparison to NONRUMINATORS are characterized by decreased activation of the
dorsolateral prefrontal cortex and decreased beta information flow from the bilateral
dorsolateral prefrontal cortices to the left temporal cortex. Moreover, RUMINATORS
were characterized by increased activation of the left temporal cortex in the depressive
rumination condition. These patterns might be related to stronger emotional reactivity in
the face of negatively valenced, self-referential stimuli and inability to regulate this overactivation by dorsolateral prefrontal cortices.
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The EEG study described in Chapter 3 study aimed at exploring the relationship between
pain catastrophizing tendencies and effective connectivity patterns of the pain systems
(somatosensory, cognitive, and affective) in healthy participants. EEG data were collected
during the induced pain-related negative, depressive, positive, and neutral mental
imagery conditions. It was found that pain catastrophizing tendencies were negatively
related to the information flow from the right temporal cortex to the frontal regions
and positively correlated with information flow from the right somatosensory cortex to
the right temporal cortex. The first effect could be related to the ineffective prefrontal
modulation of heightened emotional responses in healthy catastrophizing individuals
and the latter could imply stronger connections between the regions processing the
sensory and attentional aspects of pain and those involved in affective responses to pain.
All the effects were found in the pain imagery condition only, which suggests that there
is a relationship between catastrophizing tendencies and altered cortical pain systems
dynamics when thinking about pain.
Chapter 4 describes an EEG study on clinically depressed patients and matched controls. Aim
of this EEG study was to explore the cortical connectivity of the depressive rumination state
in clinically depressed patients. Depressed patients were induced to ruminate and compared
to healthy controls in terms of connectivity patterns within the emotional regulation brain
circuit. It was hypothesized that depressed patients would be characterized by a decreased
information flow from frontal regions, which could imply top-down emotional control
deficits, and that this effect would be most pronounced during depressive rumination.
It was revealed that when ruminating, depressed patients were characterized by the
decreased effective connectivity from the left temporal cortex to the left bilateral parietal
cortices and from the orbitofrontal cortex to the left temporal cortex. These connectivity
patterns confirm the hypothesis related to less effective emotional regulation in depressed
patients when ruminating. Moreover, depressed patients were characterized by increased
connectivity from the right parietal cortex in all conditions compared to healthy controls
and this effect might be related to increased nonspecific emotional arousal.
Chapter 5 covers the EEG study that was performed on a group of female patients
suffering from endometriosis-related chronic pelvic pain and on matched controls. This
study examined effective connectivity within cortical pain systems. The EEG activity was
measured during resting-state and during pain-related, depressive, positive and neutral
mental imagery. During rest, endometriosis patients that are suffering from ongoing
pain were expected to be characterized by an increased information flow between
somatosensory cortex and regions involved in emotional and cognitive control of pain.
When ruminating about pain, it was hypothesized that endometriosis chronic pain
would be related to the differences in the frontotemporal emotional control circuit
connectivity. It was revealed that during rest endometriosis was associated with increased
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connectivity from the left dorsolateral prefrontal cortex to the left somatosensory cortex
and from the left somatosensory cortex to the orbitofrontal cortex and the right temporal
cortex. This finding might be related to the sustained activation of the somatosensory
system resulting from chronic pelvic pain. While ruminating about pain, endometriosis
patients were characterized by increased effective connectivity from the left dorsolateral
prefrontal cortex to the right temporal cortex. This effective connectivity pattern might
be interpreted in the context of ineffective emotional regulation when processing painrelated stimuli or different memorization of pain-related stimuli.
The EEG study presented in Chapter 6 was performed on healthy individuals and was
aimed to explore EEG cortical connectivity patterns associated with the main experimental
task which, with minor modifications, was used in all the other studies that are part of
this thesis. This was the first experiment and it served as a manipulation check for the
experimental procedure on inducing emotional mental imagery. The study examined EEG
cortical connectivity changes related to each experimental condition in theta, alpha, and
beta bands. Connectivity was studied between the cortical areas that are known to be
involved in affective processing, such as the orbitofrontal cortex, dorsolateral prefrontal
cortex, parietal cortex, and temporal areas. Three regions were revealed as main network
hubs, where the information outflow changed specifically with the valence: the anterior
orbitofrontal cortex, the right posterior and the right temporal area. Most pronounced
changes were observed in beta oscillations connectivity.
The main hypothesis of this thesis regarding overlap in connectivity patterns among the
cognitive and emotional brain networks was confirmed. Negative repetitive thinking
in the main EEG experiments presented in Chapters 2, 3, 4, 5 was associated with the
alterations of the frontotemporal connectivity. Even though chronic pain was associated
with increased connectivity while depression with the decreased information flow in this
circuit, both diseases were characterized by dysregulation of the frontotemporal loop.
These findings indicate that depression and chronic pain might indeed share a biological
basis related to the connectivity among the emotional control circuit. These alterations
can also be found in individuals with high depressive rumination/pain catastrophizing
tendencies who are at a high risk of developing either depression or chronic pain. In
accordance with the modified Örebro Behavioral Emotion Regulation Model, impaired
cognitive control over negative emotional states is a trans-diagnostic factor in both
depression and chronic pain, and its manifestation is Repetitive Negative Thinking.
Results presented in this thesis might help to improve the effectiveness of the therapy
for depression and chronic pain and help to reduce the risk of developing these diseases.
Emotional regulation abilities could be an important target in therapies and preventive
actions for depression and chronic pain.
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Nederlandse Samenvatting
Chronische pijn en depressie zijn beide veel voorkomende ziekten die vaak samen
voorkomen, vergelijkbare symptomen hebben en elkaar kunnen versterken. Deze
observaties suggereren dat depressie en chronische pijn gemeenschappelijke
onderliggende biologische mechanismen hebben, die bijdragen aan hun comorbide
incidentie en elkaar wederzijds versterken. Onderzoek laat zien dat chronische pijn kan
leiden tot functionele en anatomische veranderingen in hersenstructuren die betrokken
zijn bij cognitieve en emotionele pijnmodulatie. Deze hersenafwijkingen dragen bij tot
het in stand houden van pijn en dit creeert een vicieuze cirkel die leidt tot een intensere
pijnervaring. Verzwakte cognitieve en emotionele controle is ook kenmerkend voor
mensen die lijden aan een depressieve stoornis en het resulteert in het onvermogen
om een depressieve stemming te controleren. Bij zowel depressieve stoornissen als
chronische pijn manifesteert de verslechterde emotionele regulatie van negatieve
stimuli zich in de vorm van herhaald negatief denken (rumineren). Depressieve mensen
ervaren opdringerige, negatieve gedachten over zichzelf of over de gebeurtenissen die
ze ervaren, en blijven maar denken over de oorzaken en gevolgen van hun depressieve
stemming. Personen die lijden aan chronische pijn hebben de neiging om na te denken
over pijn en hoe dit hun leven en welzijn nadelig beïnvloedt. Hoewel de inhoud van
rumineren bij depressieve personen en van chronische pijnpatienten verschillend is,
vallen beide constructen samen vanwege hun gemeenschappelijke kenmerk. Daarom,
zo wordt veronderteld, kan de neuronale achtergrond van de neiging tot rumineren bij
depressie en chronische pijn worden gekenmerkt door vergelijkbare activeringspatronen
en communicatie tussen hersenstructuren. In dit proefschrift worden de neuronale
correlaten van depressief rumineren en catastrofaal denken over pijn in klinische en nietklinische groepen onderzocht. Hersenactiviteit werd gemeten tijdens experimentele
opgewekte gedachten. Onderzoekshypothesen betroffen het bestaan van patronen in
de informatiestromen tussen hersenstructuren die deel uit maken van het emotionele
controle netwerk dat gemeenschappelijk is voor de emotionele controle van pijn en
voor het individu relevante depressieprikkels, en dan met name tussen dorsolaterale
prefrontale, orbitofrontale, mediale frontale, temporale, en pariëtale gebieden.
Functionelle verbindingen tussen hersenstructuren werden gemeten aan de hand van de
bèta-activiteit van de hersenen.
In hoofdstuk 2 wordt een exploratieve EEG studie gepresenteerd naar de neuronale
correlaten van depressief rumineren bij een niet-klinische groep. Bij het experiment waren
mensen betrokken met een hoge (‘Rumineerders’) en lage (‘non-Rumineerders’) neiging
tot rumineren. Als onderdeel van de experimentele procedure werd depressief rumineren
geïnduceerd en als onderdeel van de experimentele controle - positieve en neutrale
gedachten. De belangrijkste onderzoekshypothese betrof het bestaan van verschillen
tussen de beide groepen op het gebied van activering en effectieve communicatie binnen
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de emotionele controle netwerken, en vooral tijdens depressief rumineren. De resultaten
van de studie bevestigen de hypothesen betreffende de ontregeling van de emotionele
controle netwerken bij mensen met een hoge neiging tot rumineren. Deze groep werd
gekenmerkt door verminderde activiteit van de dorsolaterale prefrontale cortex en een
verminderde bèta informatiestroom van de bilaterale dorsolaterale prefrontale cortex
naar de linker temporaal kwab. Bovendien werden ‘rumineerders’, vergeleken met ‘nonRumineerders’, gekenmerkt door een hogere activiteit in de linker temporale schors
tijdens depressief rumineren. Deze patronen kunnen in verband gebracht worden met
een verhoogde emotionele reactiviteit bij het verwerken van negatieve voor het individu
relevante prikkels en die niet effectief worden gereguleerd door de dorso-laterale
prefrontale hersenschors.
In hoofdstuk 3 is er een ander EEG-onderzoek uitgevoerd op een niet-klinische groep.
Het doel van de studie was om verbanden te detecteren tussen patronen van effectieve
communicatie binnen hersen systemen betrokken bij het verwerken van pijnprikkels
en de neiging tot catastrofaal denken over pijn. Als onderdeel van het EEG-experiment
werden pijn gerelateerde negatieve, depressieve, neutrale, en positieve mentale
beelden opgeroepen en werd effectieve connectiviteit in het bereik van bèta-golven
onderzocht. De neiging tot catastrofale gedachten over pijn bleek negatief geassocieerd
te zijn met een verminderde informatiestroom van de rechter temporale kwab naar
de frontale gebieden en een verhoogde informatiestroom in het bèta domein van de
rechter somatosensorische schors naar de rechter temporale kwab. De eerste van deze
patronen kan in verband gebracht worden met een ineffectieve modulatie van een sterke
affectieve reactie in gezonde personen die catastrofaal denken over pijn, en de tweede
met een sterkere verbinding tussen structuren die verantwoordelijk zijn voor het coderen
van de sensorische en aandacht trekkende aspecten van pijnprikkels, en regio’s die de
emotionele reactie op de ervaren pijn verwerken. De bovengenoemde effecten werden
alleen gedetecteerd in de toestand van reflecties op pijn, wat suggereert dat er een
verband bestaat tussen catastrofaal denken over pijn en de veranderde dynamiek van
informatieverwerking tijdens het denken over pijn.
In hoofdstuk 4 wordt een studie gerapporteerd bij een groep mensen met de diagnose
depressie en bij een controlegroep die qua geslacht, leeftijd en opleiding vergelijkbaar is.
Depressief rumineren evenals neutrale en positieve gedachten werden opgewekt terwijl
het EEG afgeleid werd. De hypothese was dat depressieve mensen een verminderde
effectieve connectiviteit tussen de frontale en andere gebieden van het emotionele
controle netwerk hebben, wat kan worden geassocieerd met minder effectieve centrale
emotionele controle. Verwacht werd, dat dit effect het sterkst zou zijn in de toestand
van depressieve ruminaties. Gevonden werd dat depressieve mensen tijdens depressief
rumineren gekenmerkt worden door een verminderde effectieve connectiviteit in het
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bèta bereik van de linker temporale naar de rechter dorsale laterale, mediale prefrontale
en linker pariëtale schors, en van de orbitofrontale naar de linker temporale schors. Deze
patronen bevestigen de hypothese met betrekking tot communicatiestoornissen binnen
het emotionele controle netwerk tijdens depressieve gedachten bij depressieve mensen.
Bovendien werden depressieve mensen gekenmerkt door een verhoogde uitstroom van
informatie van de rechter pariëtale kwab naar een aantal hersenstructuren, ongeacht
de experimentele toestand, die zou kunnen worden geassocieerd met verhoogde, nietspecifieke emotionele opwinding.
In hoofdstuk 5 wordt er EEG-onderzoek besproken bij een groep vrouwelijke patiënten
die lijden aan chronische pijn, in dit geval endometriose. Opnieuw werden de patronen
van effectieve communicatie tussen corticale pijnsystemen in de klinische en gezonde
groep geanalyseerd. Het experiment bestond uit het meten van hersenactiviteit in
rust en tijdens gedachtes aan pijn, depressie, dan wel aan positieve of neutrale zaken.
Verwacht werd dat pijnpatiënten in rust gekenmerkt zouden worden door een verhoogde
informatiestroom tussen de somatosensorische schors die voornamelijk codeert voor de
fysieke aspecten van de pijnervaring, en hersengebieden die de emotionele en cognitieve
componenten van de pijnervaring verwerken. Tijdens de pijnbeeldvorming werd
verwacht dat een verstoorde informatiestroom binnen het frontotemporale emotionele
controle netwerk zou worden waargenomen. De studie toonde aan dat de klinische
groep in rust inderdaad gekenmerkt werd door een verhoogde informatiestroom in het
bèta domein tussen de linker somatosensorische schors en gebieden die betrokken zijn
bij cognitieve en emotionele pijnregulatie, d.w.z. de linker dorsale laterale prefrontale,
orbitofrontale en rechter temporale schors. Dit patroon van effectieve communicatie kan
in verband gebracht worden met de aanwezigheid van chronische pijn en langdurige
activering van het somatosensorische pijnsysteem van de hersenen. Tijdens de gedachtes
aan pijn werd een verhoogde effectieve connectiviteit waargenomen van de linker
prefrontale dorsale laterale schors naar het rechter temporale gebied. Dit patroon kan
worden geïnterpreteerd in de context van verminderde emotionele regulatie tijdens
de verwerking van pijninformatie of een andere loop van geheugenprocessen met
betrekking tot pijnstimuli.
Het zesde hoofdstuk bespreekt een EEG-studie uitgevoerd bij gezonde mensen, die
veranderingen in effectieve communicatie analyseerde tijdens de uitvoering van de
belangrijkste experimentele taak, die, met kleine veranderingen, werd gebruikt in de
andere, in dit proefschrift beschreven studies. Dit experiment werd als eerste uitgevoerd
en was ook gericht op het valideren van de experimentele procedures die in dit proefschrift
gebruikt zijn. Het betrof het oproepen van diverse emotionele beelden en het registreren
van het EEG en het berekenen van de veranderingen in effectivieve connectiviteit tussen
bepaalde hersengebieden. Veranderingen in informatiestroom in theta-, alfa- en bèta-
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golven tussen hersengebieden, zoals de orbitofrontale, dorsale laterale prefrontale,
pariëtale en temporale schors, die geassocieerd zijn met emotionele ervaringen werden
bestudeerd. Aangetoond werd dat de informatiestroom uit drie van deze gebieden
veranderde tesamen met de emotionele valentie: de voorste orbitofrontale, de rechter
pariëtale en de rechter temporale hersenschors. De sterkste veranderingen in de
informatiestroom werden waargenomen in het bereik van bèta-golven.
De belangrijkste hypothese van dit proefschrift met betrekking tot een gemeenschappelijke
basis voor repetitieve, negatieve gedachten bij depressieve stoornissen, chronische pijn
en gezonde mensen is grotendeels bevestigd. In de vier belangrijkste EEG-onderzoeken
gepresenteerd in de hoofdstukken 2, 3, 4 en 5 werden veranderingen waargenomen
in de informatiestroom tussen de frontale en temporale schors. Hoewel bij chronische
pijn een toename van effectieve communicatie op deze gebieden is waargenomen en
bij depressie een afname, is de gemene deler de verstoring van de informatiestroom
in het fronto-temporele reguleringsnetwerk. Deze resultaten wijzen erop dat er een
gemeenschappelijke cerebrale basis is voor depressie en chronische pijn geassocieerd met
een verminderde emotionele regulatiecapaciteit. Soortgelijke hersenactiveringspatronen
zijn ook geïdentificeerd bij gezonde personen die een hoog risico lopen op het ontwikkelen
van depressie en chronische pijn vanwege hun hoge neiging tot negatieve gedachten.
Volgens het gemodificeerde Örebro-model zijn verminderde cognitieve controle en
emotionele toestanden bij depressie en bij chronische pijn transdiagnostisch en kunnen
zich, afhankelijk van de ziekte, manifesteren in de vorm van depressieve ruminatie of
catastrofaal denken over pijn.
De resultaten van het onderzoek gepresenteerd in het kader van dit proefschrift kunnen
bijdragen aan het verhogen van de effectiviteit van depressie en chronische pijntherapie,
evenals aan preventieve maatregelen die het risico op het ontwikkelen van deze ziekten
verminderen. Emotionele regulatieprocessen zijn belangrijk bij de behandeling van
depressie en chronische pijn.
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Streszczenie rozprawy doktorskiej
Zaburzenie depresyjne i ból chroniczny są szeroko rozpowszechnione w społeczeństwie,
często towarzyszą sobie nawzajem, mają podobne objawy i zaostrzają wzajemnie swój
przebieg. Na podstawie tych obserwacji można przypuszczać, że u podłoża obu schorzeń
leżą podobne biologiczne mechanizmy, które przyczyniają się do ich współwystępowania
i wzajemnego oddziaływania. Badania wskazują, iż stany chronicznego bólu mogą
prowadzić do nieadaptacyjnych zmian funkcjonalnych i anatomicznych w obrębie
sieci struktur mózgowych zaangażowanych w emocjonalną modulację bólu. Te
mózgowe anomalie doprowadzają z kolei do pogłębiania doświadczeń bólowych, co
skutkuje powstaniem błędnego koła samonapędzającego się bólu. Osłabienie kontroli
emocjonalnej jest charakterystyczne także dla osób cierpiących na zaburzenie depresyjne
i skutkuje nieumiejętnością regulacji obniżonego nastroju. Zarówno w zaburzeniach
depresyjnych, jak i w bólu chronicznym, manifestacją osłabionej regulacji emocjonalnej są
nieadaptacyjne wzorce powtarzającego się negatywnego myślenia takie jak depresyjne
ruminacje bądź myślenie katastroficzne na temat bólu. Osoby depresyjne doświadczają
natrętnych, negatywnych myśli dotyczących ich samych oraz przyczyn i konsekwencji ich
obniżonego nastroju. Jednostki cierpiące na ból chroniczny mają skłonność do myślenia
o bólu oraz o tym, jak negatywnie wpływa on na ich życie i samopoczucie. Mimo że
treść depresyjnych ruminacji i myśli katastroficznych na temat bólu jest odmienna, oba
konstrukty są zbieżne ze względu na swoje funkcje. Neuronalne podłoże skłonności do
powtarzającego się negatywnego myślenia w depresji i bólu chronicznym może więc
charakteryzować się podobnymi wzorcami aktywacji i komunikacji między strukturami
mózgowymi. W ramach niniejszej rozprawy doktorskiej zbadano neuronalne podłoże
depresyjnych ruminacji i myślenia katastroficznego na temat bólu w grupach klinicznych
i nieklinicznych. Aktywność mózgowa mierzona była w trakcie negatywnych myśli
wywoływanych eksperymentalnie. Hipotezy badawcze dotyczyły istnienia wzorców
przepływu informacji między strukturami mózgowej sieci kontroli emocjonalnej, które
są wspólne dla kontroli emocjonalnej bodźców bólowych, jak i bodźców depresyjnych
odnoszących się do „ja”. Komunikacja wyrażona została miarą efektywnej łączności w
zakresie mózgowych fal beta i mierzona była między strukturami korowymi takimi jak
grzbietowo-boczna kora przedczołowa, kora oczodołowo-czołowa, przyśrodkowa kora
czołowa, kora skroniowa i kora ciemieniowa.
W rozdziale drugim przedstawiono badanie EEG przeprowadzone na grupie nieklinicznej
dotyczące neuronalnych korelatów depresyjnych ruminacji. W eksperymencie wzięły
udział osoby o skrajnie wysokiej („Ruminatorzy”) i niskiej („Nieruminatorzy”) skłonności do
ruminacji. W ramach procedury eksperymentalnej indukowano depresyjne ruminacje oraz
w ramach kontroli eksperymentalnej – pozytywne i neutralne rozmyślania. Główna hipoteza
badawcza dotyczyła istnienia różnic międzygrupowych w zakresie aktywacji i efektywnej
łączności w obrębie sieci kontroli emocjonalnej, szczególnie w trakcie depresyjnych
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ruminacji. Wykazano, że osoby o wysokiej skłonności do ruminacji charakteryzowały
się zmniejszoną aktywacją struktury biorącej udział w odgórnej kontroli emocjonalnej
– lewej grzbietowo-bocznej kory przedczołowej oraz zmniejszonym przepływem
informacji z grzbietowo-bocznej kory przedczołowej do lewej kory skroniowej. Co więcej,
„Ruminatorzy” w porównaniu do osób „Nieruminujących” charakteryzowali się zwiększoną
aktywnością lewej kory skroniowej w trakcie depresyjnych ruminacji. Te wzorce mogą być
związane ze zwiększoną reaktywnością emocjonalną w trakcie przetwarzania bodźców
negatywnych dotyczących „ja”, która nie jest efektywnie regulowana przez obszary kory
przedczołowej.
W rozdziale trzecim zaprezentowano kolejne badanie EEG przeprowadzone na grupie
nieklinicznej. Celem badania było wykrycie związków między wzorcami efektywnej
łączności w obrębie mózgowych systemów bólowych a skłonnością do myślenia
katastroficznego na temat bólu. W ramach eksperymentu EEG wywołano neutralne,
pozytywne, depresyjne i bólowe wyobrażenia. Wykazano, że skłonność do katastroficznych
myśli na temat bólu związana była ze zmniejszonym przepływem informacji z prawej
kory skroniowej do obszarów czołowych oraz ze zwiększonym przepływem informacji w
zakresie fal beta z prawej kory somatosensorycznej do prawej kory skroniowej. Pierwszy
z wymienionych wzorców może wiązać się z nieefektywną modulacją silnej odpowiedzi
afektywnej, a drugi z silniejszym połączeniem między strukturami odpowiadającymi
za kodowanie intensywności i lokalizacji doświadczanego bólu oraz rejonów
przetwarzających odpowiedź emocjonalną na doświadczany ból. Powyższe efekty
wykryto jedynie w warunku rozmyślań na temat bólu, co sugeruje istnienie zależności
między skłonnością do myślenia katastroficznego na temat bólu a zmienioną dynamiką
mózgowego przetwarzania informacji bólowych.
W rozdziale czwartym opisano badanie przeprowadzone na grupie osób z diagnozą
zaburzeń depresyjnych i na dopasowanej grupie kontrolnej. W trakcie eksperymentu EEG
indukowano depresyjne ruminacje oraz neutralne i pozytywne rozmyślania. Postawiono
hipotezę, że osoby cierpiące na depresję będą charakteryzowały się zmniejszoną efektywną
łącznością między obszarami kory czołowej i pozostałymi obszarami sieci kontroli
emocjonalnej, co związane byłoby z mniej efektywną odgórną kontrolą emocjonalną.
Spodziewano się, że efekt ten będzie najsilniejszy w warunku depresyjnych ruminacji.
Wykazano, że w trakcie depresyjnych ruminacji, osoby depresyjne charakteryzowały się
zmniejszoną efektywną łącznością z lewej kory skroniowej do lewej kory grzbietowobocznej i obustronnej kory ciemieniowej oraz z kory oczodołowo-czołowej do lewej skory
skroniowej. Te wzorce potwierdzają hipotezę dotyczącą zaburzeń komunikacji w obrębie
sieci regulacji emocjonalnej w trakcie depresyjnych rozmyślań u osób depresyjnych.
Ponadto, osoby depresyjne charakteryzowały się zwiększonym wypływem informacji
z prawej kory ciemieniowej do szeregu struktur mózgowych niezależnie od warunku

Summary of the dissertation | Nederlandse samenvatting| Streszczenie rozprawy doktorskiej | 229

eksperymentalnego, co mogło wiązać się ze zwiększonym, niespecyficznym pobudzeniem
emocjonalnym charakteryzującym osoby depresyjne.
W rozdziale piątym omówiono badanie EEG przeprowadzone na grupie pacjentek
cierpiących na ból chroniczny związany z endometriozą i na dopasowanej grupie
kontrolnej. W ramach badania przeanalizowano wzorce efektywnej łączności w
obrębie korowych systemów bólowych. Eksperyment składał się z pomiaru aktywności
mózgowej w stanie spoczynkowym oraz w trakcie wyobrażeń bólowych, depresyjnych,
pozytywnych, i neutralnych. Przewidywano, że w trakcie spoczynku pacjentki bólowe będą
charakteryzować się zwiększonym przepływem informacji między korą somatosensoryczną
kodującą głównie fizyczne aspekty doświadczenia bólu, oraz regionami mózgu
przetwarzającymi emocjonalne i poznawcze komponenty doświadczenia bólowego.
W trakcie wyobrażeń bólowych spodziewano się zaobserwować zaburzony przepływ
informacji w obrębie czołowo-skroniowej sieci kontroli emocjonalnej. Badanie wykazało,
że w trakcie spoczynku grupa kliniczna charakteryzowała się zwiększonym przepływem
informacji w zakresie fal beta między lewą korą somatosensoryczną oraz obszarami
biorącymi udział w poznawczej i emocjonalnej regulacji bólu tzn. lewą grzbietowo-boczną
korą przedczołową, korą oczodołowo-czołową i prawą korą skroniową. Ten wzorzec
efektywnej łączności może wiązać się z obecnością przewlekłego bólu i długotrwałej
aktywacji mózgowego systemu somatosensorycznego. W trakcie wyobrażeń na temat
bólu zaobserwowano zwiększoną efektywną łączność z lewej grzbietowo-bocznej
kory przedczołowej do prawej kory skroniowej. Ten wynik może być interpretowany w
kontekście osłabienia regulacji emocjonalnej w trakcie przetwarzania informacji bólowych
bądź odmiennego przebiegu procesów pamięciowych dotyczących bodźców bólowych.
W rozdziale szóstym omówiono eksperyment EEG wykonany na osobach zdrowych, w
którym badano zmiany w zakresie efektywnej łączności podczas wykonywania głównego
zadania eksperymentalnego, które, z niewielkimi zmianami, zastosowane zostało w
pozostałych badaniach opisanych w ramach tej dysertacji. Niniejszy eksperyment został
przeprowadzony jako pierwszy i miał także na celu walidację zastosowanej w ramach
doktoratu procedury eksperymentalnej polegającej na wywoływaniu emocjonalnych
wyobrażeń. Zbadano zmiany przepływu informacji w zakresie fal theta, alfa i beta
między obszarami mózgu związanymi z doświadczeniami emocjonalnymi, czyli: korą
oczodołowo-czołową, grzbietowo-boczną korą przedczołowaą korą ciemieniowa i
skroniową. Wykazano, że wraz z walencją emocjonalną zmieniał się przepływ informacji
z trzech obszarów, tj. przedniej kory oczodołowo-czołowej, prawej kory ciemieniowej i
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prawej kory skroniowej. Najsilniejsze zmiany w przepływie informacji zaobserwowano w
zakresie fal beta.
Główna hipoteza pracy dyplomowej dotycząca wspólnego podłoża powtarzających
się, negatywnych myśli w zaburzeniach depresyjnych, bólu chronicznym i u osób
zdrowych została potwierdzona. W czterech głównych badaniach EEG zaprezentowanych
w rozdziałach nr 2,3,4 i 5 zaobserwowano zmiany w zakresie przepływu informacji
między korą czołową i skroniową. Mimo że w bólu chronicznym wykryto zwiększenie
efektywnej łączności w tych rejonach, a w depresji jej obniżenie, wspólnym wzorcem
jest dysregulacja sieci czołowo-skroniowej. Te wyniki mogą wskazywać, że istnieje
wspólne mózgowe podłoże depresji i bólu chronicznego, związane z obniżoną zdolnością
regulacji emocjonalnej. Analogiczne wzorce aktywacji mózgowej zidentyfikowane zostały
także u osób zdrowych, charakteryzujących się wysokim ryzykiem rozwinięcia depresji
i bólu chronicznego ze względu na wysoką skłonność do negatywnych myśli. Zgodnie
ze zmodyfikowanym modelem Örebro, osłabiona kontrola poznawcza and stanami
emocjonalnymi w depresji i w bólu chronicznym ma charakter trans diagnostyczny i w
zależności od choroby, może manifestować się w formie depresyjnych ruminacji bądź
myślenia katastroficznego na temat bólu.
Wyniki badań zaprezentowanych w ramach niniejszej pracy doktorskiej mogą przyczynić
się do zwiększenia efektywności terapii depresji i bólu chronicznego oraz działań
prewencyjnych zmniejszających ryzyko rozwinięcia tych chorób. Procesy regulacji
emocjonalnej są istotnym punktem oddziaływania w ramach terapii depresji czy bólu
chronicznego.
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially
recognised as a national graduate school in 2009. The Graduate School covers training at
both Master’s and PhD level and provides an excellent educational context fully aligned
with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related
disciplines. Selective admission and assessment centers guarantee the enrolment of the
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London, MPI
Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois, North
Western University, Northeastern University in Boston, ETH Zürich, University of Vienna
etc.. Positions outside academia spread among the following sectors: specialists in a
medical environment, mainly in genetics, geriatrics, psychiatry and neurology. Specialists
in a psychological environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy. Positions in higher education as coordinators or lecturers. A
smaller percentage enters business as research consultants, analysts or head of research
and development. Fewer graduates stay in a research environment as lab coordinators,
technical support or policy advisors. Upcoming possibilities are positions in the IT sector
and management position in pharmaceutical industry. In general, the PhDs graduates
almost invariably continue with high-quality positions that play an important role in our
knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/

