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Abstract

Schizophrenia is one of most debilitating and persistent mental disorders. The

current standard treatments help to improve psychotic symptoms, but are largely

unsuccessful at improving the long-term outlook of patients with schizophrenia. It

is now widely assumed that cognitive deficits are a core symptom of schizophre-

nia and to a large degree responsible for the poor long-term outcomes. Executive

functions have been shown to be severely impaired in schizophrenia. Due to the

variety of cognitive processes involved, executive functions are well-suited to inves-

tigate cognitive deficits in schizophrenia. There is still considerable uncertainty to

what extent a common, unitary neural mechanism underlies these cognitive deficits

or whether cognitive deficits are domain specific.

Thus, the present thesis aimed to explicate the role of brain oscillatory activity

for a) cognition in healthy subjects, specifically executive functioning and b) the

cognitive impairments prevalent in schizophrenia. In order to investigate common

and diverging patterns of brain activity of executive functioning in healthy controls

and schizophrenic patients, tasks assumed to reflect different executive functioning

domains were employed.

The first study used a cued delayed saccade task to probe for differences in

lateralized oscillatory activity under attentional demand in healthy controls and

schizophrenic patients. Results confirmed patterns of lateralized oscillatory activity
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in the alpha band of healthy controls. The pattern of lateralized activity was

found to be decreased in magnitude in schizophrenic patients, indicating deficient

attention allocation compared to healthy controls.

In the second study, a lateralized working memory Sternberg task was used

in healthy controls to further explicate the role of alpha oscillations in executive

functions. In line with study one, lateralized oscillatory activity was found in the

alpha band. This pattern varied with working memory load, as did a later bilateral

alpha power increase during the trial. In addition to posterior alpha activity, phase

synchrony in the theta band was found to mediate to communication between

upstream areas in the frontal cortex and visual areas.

A modified version of the second study’s Sternberg task was used to specify pu-

tative differences in oscillatory activity between healthy controls and schizophrenic

patients in the third study. Likely due to the shortened stimulus presentation no

lateralized oscillatory activity was evident in either group. Instead, aligned with

study two, bilateral load dependent alpha power increases were found in healthy

controls, but not schizophrenic patients. Further, communication was more de-

pendent on upstream areas in the temporal lobe in schizophrenic patients than in

healthy controls.

Overall, alpha oscillations were shown to be crucially involved across all tasks,

supporting their fundamental involvement in executive functions. Similarly, the

abnormal oscillatory activity in schizophrenia patients was consistently observed in

the alpha band. The results indicate an underlying aberrant excitatory/inhibitory

balancing in schizophrenia patients might be responsible for the observed cognitive

deficits. This interpretation opens up new venues for the therapy of schizophrenia

using pharmacological as well as cognitive remediation treatments.



Zusammenfassung

Die Schizophrenie stellt eine der tiefgreifendsten und persistierendsten psychis-

chen Störungen dar. Die derzeitigen Behandlungsmethoden sind vor allem geeignet

die mit der Störung einhergehenden psychotischen Symptome zu verbessern, schla-

gen jedoch grötenteils fehl in der Verbesserung von Langzeitergebnissen. Die An-

nahme, dass kognitive Defizite ein Kernsymptom der Schizophrenie darstellen und

einen großen Einfluss auf die Langzeitaussichten ausüben, erfährt hierbei mittler-

weile breite Zustimmung. In diesem Zusammenhang weisen schizophrene Patienten

besondere Defizite im Bereich exekutiver Funktionen auf. Aufgrund der Vielfalt

der assoziierten kognitiven Prozesse stellen die exekutiven Funktionen ein beson-

ders geeignetes Konstrukt dar um die Ganzheit kognitiver Defizite zu untersuchen.

Es besteht weiterhin beträchtliche Unsicherheit bezüglich des Grades zu welchem

den kognitiven Schwierigkeiten schizophrener Patienten ein gemeinsamer, einheit-

licher Prozess zugrunde liegt oder ob die Defizite spezifisch für einzelne Domänen

kognitiver Funktionen sind. Die vorliegende Dissertation hatte zum Ziel die Rolle

oszillatorischer Hirnaktivität im Rahmen von a) Kognitionen bei Gesunden, beson-

ders exekutiver Funktionen und b) die bei Schizophrenie auftretenden kognitiven

Einschränkungen, zu spezifizieren.

Für die Untersuchung der Ähnlichkeit bzw. Unterschiede von Hirnaktivität

wurden Aufgaben gewählt von denen angenommen wird, dass sie unterschiedliche

Domänen exekutiver Funktionen abbilden.
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In der ersten Studie wurde eine Sakkadenaufgabe mit verzögerter Antwort und

Hinweisreiz verwendet um die lateralisierte oszillatorische Aktivität unter Aufmerk-

samkeitsbelastung bei gesunden Kontrollen und schizophrenen Patienten auf Un-

terschiede zu prüfen. Die Ergebnisse bestätigten das Vorhandensein lateralisier-

ter oszillatorischer Aktivität im Alpha Frequenzband gesunder Kontrollen. Die

Abschwächung dieses Musters lateralisierter Aktivität bei schizophrenen Patien-

ten deutet auf eine defizitäre Bereitstellung von Aufmerksamkeitsressourcen hin.

In der zweiten Studie wurde eine lateralisierte Sternberg Arbeitsgedächtnisaufgabe

mit gesunden Versuchsteilnehmern durchgeführt um die Rolle oszillatorischer Akti-

vität im Rahmen exekutiver Funktionen weiter zu präzisieren. In Übereinstimmung

mit den Ergebnissen der vorherigen Studie wurde dabei lateralisierte oszillatorische

Aktivität im Alpha Frequenzband beobachtet. Dieses Aktivitätsmuster veränderte

sich in Abhängigkeit von der Arbeitsgedächtnislast. Ein ähnlicher Effekt wurde für

einen später während des Durchganges auftretenden bilateralen Anstieg der Alpha

Power beobachtet. Über den posterioren Anstieg der Alpha Aktivität hinaus wurde

eine - durch Phasensychronizität im Theta Frequenzband vermittelte - Kommuni-

kation zwischen dem Frontalkortex und den visuellen Regionen festgestellt.

Eine angepasste Version des Sternberg Paradigmas aus der zweiten Studie wurde

verwendet um vermutete Unterschiede oszillatorischer Aktivität zwischen Gesun-

den Kontrollen und schizophrenen Patienten in einer dritten Studie zu untersuchen.

Vermutlich verursacht durch die verkürzte Präsentationsdauer des Stimulusmate-

rials wurde in keiner der beiden Gruppen lateralisierte oszillatorische Aktivität

beobachtet. In Anlehnung an die zweite Studie fand sich ein bilateraler, arbeits-

gedächtnisabhängiger Anstieg von Alpha Power bei Gesunden Kontrollen, nicht

jedoch bei schizophrenen Patienten. Zudem war die neuronale Kommunikation

schizophrener Patienten stärker von höheren Arealen im Temporallappen abhängig

als dies bei Gesunden Kontrollen der Fall war.
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Insgesamt zeigte sich, dass Alpha Oszillationen über die verschiedenen Aufga-

ben hinweg von entscheidender Bedeutung waren, was deren grundsätzliche Funk-

tion im Rahmen exekutiver Funktionen unterstreicht. Dementsprechend fand sich

durchgehend gestörte oszillatorische Aktivität schizophrener Patienten im Alpha

Band. Diese Befunde legen nahe, dass den beobachteten Defiziten schizophrener

Patienten fundamentale Defizite im Ausgleich exzitatorischer und inhibitorischer

Aktivität zugrunde liegt. Durch diese Interpretation eröffnen sich neue pharmako-

logische wie auch kognitive Therapiemöglichkeiten.



Acknowledgements

First I would like to thank my supervisor, Brigitte Rockstroh, for her support

and mentorship during my time as a doctoral student. Her experience, incredible

endurance and care for students has inspired me, without her none of this would

have been possible. I am grateful that you believed in me and gave me the oppor-

tunity to work with you. Next I want to thank Tzvetan Popov, whose support,

knowledge and scientific spirit enabled and lifted me. The person you are is much

more than that though, thank you for taking me under your wing, keep doing you.

Gregory A. Miller also deserves a special mention for instilling me with the right

scientific rigor and seeing the bigger picture when things got murky. I will miss

our marathon sessions and engaging lunch talks.

Further I would like to thank all the people whose work allowed us to perform

the experiments conducted during my time in Konstanz. Ursula Lommen, Vera
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Chapter 1

Introduction

Historical attempts to define schizophrenia were centered around varying des-

criptions of delusions and psychotic symptoms. The Swiss psychiatrist Eugen Bleu-

ler (1911) described a separation of personality, thinking, memory and perception

as schizophrenia, implying what has now become folk knowledge of schizophre-

nia: a split of the mind. Schneider (1950) distinguished first- and second-rank

symptoms. First-rank symptoms include delusions of external agents controlling

one’s self, perceiving hallucinatory voices, thought insertion and withdrawal while

second-rank symptoms were symptoms overlapping with other mental disorders.

The distinction was never fully confirmed, but remnants found their way into mo-

dern classification systems such as the Diagnostic and Statistical Manual (DSM)

and International Classification of Diseases (ICD). These definitions indicate that

schizophrenia was defined according to its most readily observed symptoms.

The therapy of schizophrenia was largely unsuccessful until the first genera-

tion of dopamine D2 receptor blocking neuroleptic medication was discovered in

1950 which shifted the focus on the chemical imbalances in the brain (for histori-

cal context, see López-Muñoz et al., 2005). The new medication allowed for the

treatment of schizophrenia outside the context of a hospital by greatly reducing
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psychotic symptoms. While delusions and hallucinations are responsive to antipsy-

chotic medication, functional outcomes do not improve in substantial ways (Insel,

2010) indicating that a major part of the disorder remains untreated.

1.1 Prevalence and long-term outcomes

A systematic review of prevalence studies of schizophrenia by Simeone et al.

(2015) found 12-month prevalence to be about 0.33% and lifetime prevalence about

0.48%, while an international World Health Organization (WHO) study (Nuevo

et al., 2010) reported a lifetime diagnosis of schizophrenia in 1% of respondents.

In light of these figures — which are well below the lifetime prevalence for other

mental disorders as defined by the DSM-IV (Kessler et al., 2005) — it is perhaps

surprising that schizophrenia is considered a major health concern. The major re-

ason for its impact on public health is based on the substantially worse long-term

outcomes in schizophrenia compared to other mental disorders (Bukh et al., 2016;

Eisen et al., 2013; Grilo et al., 2007; Ouimette et al., 2003). After a five year period,

full recovery was observed in only 14% of patients with schizophrenia (Robinson

et al., 2004). An international study observed recovery in about 50% of cases

with schizophrenia after 15-25 years (Harrison et al., 2001). Even in patients with

positive trajectory of positive/negative symptoms, adequate social and vocational

functioning was observed in only 26%, strongly predicted by the level of cognitive

functioning (Robinson et al., 2004). In France, the UK and Germany, employment

in a two year cohort of schizophrenic patients (SZ) was varying between 8-12%

(Marwaha et al., 2007), highlighting the increased obstacles to social participa-

tion. The pervasive consequences of untreated impairments can be observed daily

in many major cities across the United States and Europe in the population of

homeless people (about 15% of homeless and schizophrenic patients Bäuml et al.,

2016; Folsom et al., 2005). Further emphasizing the profound impact of long-term



1 Introduction 3

outcome on the quality of life, years lived with disability as well as years lost to

premature mortality were reported to be highest in schizophrenia across all mental

disorders (Whiteford et al., 2013). Thus, while prevalence numbers are comparati-

vely low, the persistent long-term effects across various outcome measures observed

in schizophrenia make it one of the most chronic and debilitating mental disorders,

indicating a severe lack of adequate treatment related to long-term outcomes.

These numbers highlight that long-term social functioning has not improved in

line with the remission of acute psychosis. Studies showed that social functioning

was less dependent on positive symptoms than on the degree of cognitive functi-

oning (Harvey et al., 1998). Currently there is a dearth of standardized, effective

treatment for the cognitive deficits associated with schizophrenia as treatment with

neuroleptic medication shows modest success at best (Keefe et al., 2007; Swartz,

2007).

1.2 Cognitive deficits in schizophrenia

The number of studies on the topic of schizophrenia and cognition has expo-

nentially increased since the turn of the century (Hyman and Fenton, 2003). This

shift towards a more pivotal consideration of cognitive aberrations for the treat-

ment of schizophrenic patients is the consequence of a) poor long-term outcomes

despite pharmacological advances and b) the solidified link between abnormal cog-

nition and poor functional outcomes. Reports of altered cognitive functioning in

schizophrenia have been remarkably stable over time despite being paralleled by

fundamental changes to diagnostic criteria and instruments (Schaefer et al., 2013).

In schizophrenic patients, cognitive deficits are observed very early in the course

of the disorder and remain present across time in clinical and remitted states. The

persistence and onset of cognitive deficits supports a neurodevelopmental model

of schizophrenia (Censits et al., 1997; Howes and Murray, 2014; Insel, 2010). A
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review of longitudinal studies found the early cognitive deficits at a baseline to

be predictive of subsequent functional outcome at minimum six months to decades

later (Green et al., 2004). These deficits accounted for a majority of the variance in

return to school/work 9 months after clinical remission (Nuechterlein et al., 2011).

Specifically, the three most crucial cognitive domains were working memory (WM),

verbal memory and speed of processing, and attention and early perceptual pro-

cessing. These cognitive processes are known to be abnormal early in the course

of schizophrenia (Mesholam-Gately et al., 2009). In a meta-analysis of 285 cross-

sectional studies, verbal learning and processing speed as well as verbal memory

and verbal fluency were identified as substantially related to community functi-

oning. Ranking the domains of social functioning according to their relationship

with cognitive functions remains difficult on the basis of small effect size differences

and overlapping confidence intervals (Fett et al., 2011).

Cognitive impairments show considerable heritability, suggesting an endophe-

notype of schizophrenia exists (Miller and Rockstroh, 2013; Snitz et al., 2006). A

review of studies in unaffected adult relatives of schizophrenia patients by Snitz

et al. (2006) found small to medium effect size deficits in a variety of cognitive

tasks. Degraded performance compared to control participants remained even af-

ter accounting for age matching of study participants and aligning the psychiatric

exclusion criteria, suggesting a robust effect. The largest effect sizes were observed

in tasks that required high executive control, such as working memory, set shif-

ting and inhibition of a dominant response. Similar deficits were found in a study

differentiating genetic and non-genetic effects in relatives of schizophrenia patients

(Schulze-Rauschenbach et al., 2015). A study of individuals with ultra-high risk for

psychosis observed that significant cognitive deficits for memory and verbal lear-

ning were related to poor social functioning (Niendam et al., 2006). Verbal memory

specifically was more accurate in predicting social functioning than negative symp-
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toms. Interestingly, these cognitive deficits were not related to the actual clinical

symptom scores, suggesting that cognitive deficits should be treated independently

of the clinical manifestation.

Overall, these studies underscore the notion that altered cognition is a persistent

and fundamental deficit that is not necessarily bound to the acute psychotic state.

Abnormal cognition arises independently before the onset of clinical symptoms and

perseveres after clinical remission. Potentially contributing to the undertreatment

of cognitive deficits, schizophrenic patients were shown to be poor at assessing

their objective cognitive impairments (Balzan et al., 2014). Thus, due to a lack

of self-reporting, therapists might be unaware of the cognitive deficits that affect

everyday functioning of their patients. In spite of research showing that deficits

in perception and cognition constitute core symptoms of schizophrenia and are

essential to long-term outcome, the current diagnostic criteria as defined by ICD

and DSM underrepresent the cognitive impairments (Green et al., 2015).

One of the main challenges in further understanding the cognitive deficits see-

mingly inherent to schizophrenia is the heterogeneity of domains affected. Aber-

rations were found in domains of cognitive functioning such as attention, working

memory, verbal and nonverbal memory, processing speed, inhibition and vigilance

with some studies finding deficits in all measured cognitive variables (Fioravanti

et al., 2012; Forbes et al., 2009; Nuechterlein et al., 2011; Mesholam-Gately et al.,

2009). The practicality and insight gained from trying to dissociate the domains

and regard them independently is arguable. In support of a more systemic view of

altered cognition in schizophrenia, deficits in one part of executive functioning (EF)

were found to be representative of deficits in other cognitive domains (Barch and

Ceaser, 2012). Executive functioning was also linked to prefrontal cortex (PFC)

driven cognitive control of context processing (Braver, 2012) and is one of the core
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cognitive processes abnormal in schizophrenia. Studying the aberrations present

in EF might therefore be relevant for the generalized abnormal cognition in schi-

zophrenia.

1.3 Executive functions

Executive functions are regarded as essential for planned, controlled behavior

and as such for vocational and private success (Jurado and Rosselli, 2007). Execu-

tive function skills have further been shown to be positively related to IQ, quality of

life, marital harmony and physical health, underscoring the ecological validity of the

construct (c.f. Diamond, 2013; Friedman et al., 2011). Although various attempts

have been made at defining executive functions (Baddeley and Hitch, 1974; Banich,

2004; Delis et al., 2001; Elliott, 2003), no universal definition exists. Most resear-

chers agree on the complexity of EF and its importance for human goal-directed

behavior. It remains unclear whether a unitary process directing executive functi-

ons exists (theory of unity) or functions are more diversified, thereby reflecting the

inconsistencies in the literature on EF and cognitive impairments in schizophrenia

in general. Considerations based on findings from frontal lobe patients (i.e. dysexe-

cutive syndrome; Baddeley and Wilson, 1988) of deficits in a variety of processes

(Norris and Tate, 2000) suggest a commonality of executive function mechanisms

that extends across different cognitive domains (Duncan et al., 1996). In contrast,

Godefroy et al. (1999) observed selective deficits of different control processes,

concluding that executive functions should be conceptualized as separable enti-

ties, thus rejecting the idea of a unitary underlying process. In further support

of a non-unitary hypothesis, studies have consistently shown positive relationships

among different executive function tasks to be too low for a common phenomenon

(Friedman et al., 2011) controlling them (although see Friedman and Miyake, 2017;

Hughes and Graham, 2002, for task impurity problem). In their seminal work, Miy-
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ake et al. (2000) used latent variable analysis to identify the now commonly used

constructs of prepotent response inhibition, working memory updating, and task-

set shifting as higher-order factors of individual executive function tasks. Neither

a one-factor nor a three-independent-factor model fit the data as well as a model of

these three partially related factors did, supporting the unity and diversity model,

first described by Teuber (1972) as “all of the superficially different symptoms [of

frontal lobe patients] have a family resemblance” (p. 645). Results matching a

unity and diversity approach were also found in studies in young adults (Fournier-

Vicente et al., 2008; Ito et al., 2015), older adults (Fisk and Sharp, 2004; Vaughan

and Giovanello, 2010), clinical populations (Willcutt et al., 2001) and children and

adolescents (Usai et al., 2014) underscoring its universality.

Due to intercorrelated single EF tasks and domains (Miyake et al., 2000), the

overarching construct of executive functions is likely to be already reflected by

single tasks of executive functions (for instance, domain and task overlap has been

described in Stroop, Sternberg and spatial delayed response tasks; Barch et al.,

2012; Carter et al., 2012; Diamond, 2013; Hanslmayr et al., 2008; Miyake et al.,

2000). In addition, attention may be an overarching phenomenon contributing

to all executive functioning domains (Stuss and Alexander, 2007) and specifically

working memory (Engle et al., 1999; Kane and Engle, 2003). Critically, the within-

subject intercorrelations of tasks hypothesized to measure a common disturbance

in executive functioning were found to be high, while correlations with control

measures remained at a low level suggesting that the overlap is specific to EF

(Cohen et al., 1999).

In summary, the above findings crucially highlight the commonality of impair-

ments in attention, working memory, inhibition and language processing. As such,

deficits in one domain extend to other aspects of cognition often regarded separate

entities. For the study of executive functions in healthy subjects and schizophre-

nic patients this implies it is likely unfeasible to completely dissociate domains of
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executive functions or prove executive functions to be a unitary phenomenon when

using single tasks. Conversely — and maybe more importantly — insights from

single tasks can extend across different executive function domains, potentially hel-

ping to further the understanding of the commonality and diversity in executive

functions and thereby the underlying neural mechanisms and aberrations present in

schizophrenic patients. The present dissertation thus aimed to exploit overarching

characteristics of single tasks in order to investigate the basic neural processes of

executive functioning in healthy controls (HC) and in schizophrenic patients.

1.3.1 Executive functions in schizophrenia

Schizophrenic patients show deficits across all domains of executive functions

(Barch, 2005; Minzenberg et al., 2009). Among executive functions, working me-

mory is one of the major disturbed domains. A popular conceptualization by

Baddeley (1986) posits working memory to consist of a central executive system

that is supported by two subsystems of limited capacity, a phonological loop and a

visuospatial sketchpad. On a more general level, working memory is often referred

to as a system for maintenance or manipulation of task-relevant information (Lee

and Park, 2005; Kim et al., 2004). Working memory deficits constitute a core de-

ficiency in schizophrenia (Goldman-Rakic, 1994). Working memory impairments

rank among the most consistently reported executive function deficits (Cohen and

Servan-Schreiber, 1992; Gold et al., 1997; Heinrichs and Zakzanis, 1998; Kim et al.,

2004; Lee and Park, 2005; Schaefer et al., 2013). The working memory deficits in

schizophrenia are not specific to sub-domains — abnormal functioning is reported

across all domains (Forbes et al., 2009). The side effects of treatment with neu-

roleptic medication are unlikely to cause these deficits as drug-näıve patients with

schizophrenia exhibit the same aberrations (Fatouros-Bergman et al., 2014).
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With similar consistency as in working memory studies, attention deficits have

been reported in schizophrenic patients (Berkovitch et al., 2017; Heinrichs and Zak-

zanis, 1998; Kreither et al., 2017; Park et al., 2002; Vöhringer et al., 2013). Deficits

in attention and working memory are thought to be interrelated (Barch and Car-

ter, 1998; Leonard et al., 2013). Thus, considering the co-dependency of working

memory and attention and their impairment in schizophrenia, the two cognitive

domains are suitable candidates to study in order to further the understanding of

the neural basis of executive functions in healthy subjects and the impairments in

schizophrenia.

1.3.2 Neural basis of executive functions

Considering the inconsistent conceptualizations and behavioral findings in stu-

dies of executive function, the exploration of its neural underpinnings could help

to further specify the construct. Accordingly, the concept of executive functions

first came about due to frontal lobe patients that showed deficits in planning and

controlled behavior in addition to symptoms of amnesia (Baddeley and Wilson,

1988; Duncan et al., 1996; Luria, 1976). Yet, due to the extent and regional va-

riation of brain damage, the impact of lesion studies remains limited (Stuss and

Alexander, 2000). Modern brain imaging techniques such as functional magnetic

resonance imaging (fMRI) and electroencephalography (EEG)/ magnetoencepha-

lography (MEG) offer distinct advantages with regards to the generalizability of

findings over the study of neurologically damaged patients. Studies investigating

brain activity patterns during executive function tasks commonly found location

varying activity in the frontal cortex, supporting the idea of a central role of the

PFC in executive control (c.f. Jurado and Rosselli, 2007; Hanslmayr et al., 2008;

Lie et al., 2006; Minzenberg et al., 2009; Snyder et al., 2014; Wagner et al., 2006).

Reports of dominant frontal activity thus suggest a unitary approach to executive

functions. Yet, other studies showed thalamic and subcortical regions to be con-
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nected to frontal involvement in executive functioning (Lewis et al., 2004; Monchi

et al., 2006; Rubin et al., 2014). Executive functioning associated activity was also

found in cortical areas outside the frontal lobe, emphasizing the role of sensory re-

gions (Jensen et al., 2002; Popov et al., 2017; Sauseng et al., 2009; van Dijk et al.,

2010; Wöstmann et al., 2016). In a study specifically probing the neural correlates

of unity and diversity in the executive system, Collette et al. (2005) used multiple

tasks reflecting the executive function domains identified by Miyake et al. (2000) in

order to assess common and diverging patterns of brain activity using conjunction

analyses. Common brain activity was identified, but each executive function dom-

ain also retained unique brain activations. Thus, these results support a unity and

diversity model of executive functions, also stressing the relevance of brain regions

outside the frontal cortex, specifically parietal regions.

Neural basis of executive functions in schizophrenia

Understanding the neural basis of executive function deficits is specifically re-

levant in schizophrenia due to the fundamental anatomical and functional chan-

ges that accompany the disorder’s progression (Shepherd et al., 2012; van Erp

et al., 2016). Moreover, given that the conceptualizations of executive functions

are rooted in brain functioning, exploration of the neural correlates of executive

functioning deficits in schizophrenia offers crucial insights not present in cogni-

tive testing. Hemodynamic response fMRI studies reveal extensive impairments

of executive functions localized to subcortical, posterior-parietal and frontal areas

(Eryilmaz et al., 2016; Meyer-Lindenberg et al., 2001; Poppe et al., 2016; Potkin

et al., 2009; Quintana et al., 2003). Activation of nodes in dorsolateral prefrontal

cortex (DLPFC) and rostral/dorsal anterior cingulate cortex (ACC) during exe-

cutive function tasks was reported to be qualitatively similar, but quantitatively

abnormal in schizophrenic patients compared to healthy controls with additional

aberrations in the mediodorsal nucleus of the thalamus. These results highlight
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that schizophrenia patients likely use the same processes and strategies found in

healthy subjects, but their implementation is deficient. Additionally, compensa-

tory overactivations were found in other areas of the PFC such as ventrolateral

PFC according to a meta-analysis by Minzenberg et al. (2009). The overall incon-

sistent findings of hypo- and hyperactivated brain areas in schizophrenic patients

compared to healthy controls could be related to efficaciously meeting task de-

mands by alternate areas of a network spanning posterior-parietal and prefrontal

cortex. Improved performance was observed in patients whose activity patterns

were more similar to those of healthy controls in a verbal working memory task

(Eryilmaz et al., 2016). These studies focus the brain dynamics revealed by fMRI,

showing regional and activity differences. Studying temporal dynamics underlying

brain activity in executive functions could contribute substantially to the explica-

tion of both — general executive functioning (Collette et al., 2006) and thereby

the deficits observed in schizophrenia patients. Uhlhaas and Singer (2012) point to

the shortcomings of a narrow, region based view of neuronal activity that neglects

the “putative importance of interactions between distributed neuronal ensembles

and the role of large-scale temporal coordination in cognitive executive processes”

(p. 964). Neuroimaging research using EEG and MEG is well suited to uncovering

the role of the temporal structure of executive functions due to its high temporal

resolution (Lopes, 2013).

1.3.3 Oscillatory Mechanisms underlying executive functi-

ons

Neural oscillations are accepted “as the critical middleground” integrating sin-

gle neuron activity and behavior (Buzsáki and Draguhn, 2004, p. 1926), making

them an ideal candidate for the study of executive function and by extension of
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schizophrenia. The simultaneously local and distributed nature of these oscillati-

ons, mediated by their power and phase, parallels the unity plus diversity account

of executive functions.

Executive function studies employing EEG/MEG found oscillatory activity to

be relevant across an array of tasks such as Stroop (Hanslmayr et al., 2008; Zhao

et al., 2014), spatial delayed response (van Dijk et al., 2010; Thut et al., 2006),

working memory (Ince et al., 2009; Jensen et al., 2002; Lozano-Soldevilla et al.,

2014; Sauseng et al., 2009, 2010), attention (Marshall et al., 2015b; Popov et al.,

2017; Sauseng et al., 2005; van Dijk et al., 2008, 2010; Worden et al., 2000) and

memory tasks (Fellner et al., 2016; Hanslmayr and Staudigl, 2014; Klimesch et al.,

1999). Relevant frequencies encapsulate bands across delta (1-2 Hz), theta (2-8

Hz), alpha (8-14 Hz), beta (15-30 Hz) and gamma (30-100 Hz), highlighting their

central role (for an overview, see Uhlhaas and Singer, 2010).

In order to understand findings from executive function studies in healthy sub-

jects and schizophrenic patients, it is important to consider the theoretical accounts

of oscillatory mechanisms. These often emphasize distinct roles of high (> 30 Hz)

and low (< 15 Hz) frequency activity.

Synchronous oscillatory activity

Fries (2005, 2015) suggests a framework called communication through cohe-

rence (CTC) in which oscillations subserve the brain’s need for dynamic computa-

tions in lieu of anatomical changes (Fig 1.1A) on short time scales. This framework

stresses the importance of temporal structure for local and distributed communi-

cation by focusing on the phasic nature of oscillations. Within and between brain

regions, neuronal assemblies establish systematic phase relationships at a given fre-

quency to facilitate the communication that underlies cognition (Fig 1.1B; Fries,

2015). The phase relationships enable and prevent neural communication by ex-

ploiting the rapid cycling of inhibition and excitation. Synchrony is assumed to
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be implemented at different frequencies that reflect the computational scale and

function. Based on studies of the basic physiology and function of gamma os-

cillations (Michalareas et al., 2016; van Kerkoerle et al., 2014), it is thought to

reflect feedforward signaling (Fries, 2015). Gamma oscillations up to 100 Hz are

assumed to be generated by local networks of fast-spiking gamma-Aminobutyric

acid (GABA) interneurons acting as pacemakers (Buzski and Wang, 2012). Ad-

ministration of lorazepam, a GABA upregulating benzodiazepine, has been shown

to increase gamma oscillatory power (Lozano-Soldevilla et al., 2014) supporting

assumptions of the underlying physiology. Similarly, the inhibition of parvalbu-

min expressing GABAergic interneurons suppressed 30-100 Hz oscillations (Sohal

et al., 2009). Alpha band activity therein is mainly conceptualized as a feedback,

top-down control of low-level gamma oscillations (Fries, 2015). Cross-frequency

coupling may also be a relevant factor, reflecting the coordination of cognitive pro-

cessing between different oscillatory frequencies (Bonnefond et al., 2017; Jensen

and Colgin, 2007; Palva et al., 2005) in that top down influences are thought to be

mediated via the alpha/beta band (Fries, 2015).

Oscillatory power fluctuations

It remains unclear whether synchronous activity between brain regions is suffi-

cient to explain the role of oscillatory activity as another major aspect of oscillations

lies in the fluctuation of their amplitudes. In addition to the rapid rhythmic cycling

implemented by the phase of an oscillation, the slower oscillatory power response is

central to cognitive processing. Fundamental functions of oscillations are realized

by states of desynchronization (decrease of power) and synchronization (increase

of power), specifically in the alpha frequency band (Hanslmayr et al., 2011; Jensen

and Mazaheri, 2010; Klimesch et al., 2007; Klimesch, 2012; Scheeringa et al., 2009;
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Figure 1.1: Modes of communication. A. Synaptic plasticity enabling neural communi-
cation by strengthening and weakening the bonding between respective nodes. B. Neural
synchrony enabling communication by aligning the phases of two different nodes (CTC).
C. Gating of information to relevant node by functionally inhibiting pathways to irrele-
vant node (gating by inhibition). Reprinted from Jensen (2010).

Tuladhar et al., 2007). Therefore it is essential to explore contributions media-

ted by oscillatory power to study executive functioning in healthy subjects and

schizophrenic patients.

Alpha band activity as recorded with EEG and MEG had long been regarded

as indicative of a brain region that was switched off or not relevant to a current

task (Pfurtscheller et al., 1996). In contrast, current theories largely hypothesize

alpha power to be reflecting functional inhibition (Jensen and Mazaheri, 2010;

Klimesch et al., 2007; Klimesch, 2012), a topic of major relevance in the study of

executive functions and schizophrenia. Alpha band activation is singular among

frequency bands in that it is the only frequency band that characteristically shows

event-related desynchronization (ERD) and event-related synchronization (ERS)

(Klimesch et al., 1999; Jensen et al., 2002) while other frequencies are characterized

by event-related synchronization only (Klimesch, 2012). This characteristic is likely

owed to the up- and downregulation of functional inhibition via the alpha band.
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The gating-by-inhibition framework by Jensen and Mazaheri (2010) postulates

that a central function of alpha oscillations is the routing of information through

the cortex. More specifically, “information is routed by functionally blocking off

the task-irrelevant pathways: gating by inhibition” (p. 11) via modulations of al-

pha power (Fig 1.1C; Jensen and Mazaheri, 2010). This approach neither relies

on plasticity driven changes in synaptic connections (Fig 1.1A) nor solely on the

precise timing of phasic changes in the oscillation (Fig 1.1B) that is fundamen-

tal to other theoretical considerations (Fries, 2005, 2015). Reports of task-related

increases in alpha power serving to block irrelevant information and maintain re-

levant information further support the idea of functional inhibition via changes in

alpha power (Händel et al., 2011; Jensen et al., 2002; Popov et al., 2017; van Dijk

et al., 2010). The specificity of alpha power modulations also extends to enga-

gement of the dorsal and ventral stream (Jokisch and Jensen, 2007), suggesting

the involvement of higher-level attentional and cognitive control aspects (see also

Popov et al., 2017). One putative mechanism underlying the inhibitory function

of alpha is the assumption of an inhibitory pulse every 100 ms that serves to break

ongoing gamma oscillations into chunks (Jensen and Mazaheri, 2010; Mathewson

et al., 2011; Mazaheri and Jensen, 2010). In general, theories of neural synchrony

emphasizing the role of oscillatory phase and those focusing on the power modu-

lation of oscillations are not necessarily mutually exclusive and in some cases are

best viewed as extensions of each other (Bonnefond et al., 2017).

The inhibitory nature of alpha oscillations underlying these frameworks is sup-

ported by two lines of evidence. First, in line with the assumed inhibitory nature

of alpha oscillations, fluctuations of the fMRI BOLD-signal were reported to be

inversely related to alpha power (i.e. decreases in alpha power were paralleled

by increases in the BOLD signal; Goldman et al., 2002; Laufs et al., 2003, 2006).

Second, alpha oscillations can be successfully modeled from the activity of GABA-

ergic inhibitory and pyramidal cell layer 5 AMPA excitatory neurons (Jones et al.,
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2000). Haegens et al. (2015) found multiunit activity to be locked to the phasic mo-

dulation of the alpha rhythm in supragranular, granular and infragranular layers of

pyramidal cells across sensory cortices, indicating a general, modality-independent

mechanism of alpha generation that supports feedback as well as feedforward pro-

cessing beyond input suppression (see van Kerkoerle et al., 2014, for an physiological

model of feedback activity).

The pacemaking origins of (cortical) alpha oscillations are hypothesized to be

in the thalamus (pulvinar, lateral geniculate nucelus, thalamic reticular nucleus;

Bonnefond et al., 2017), thought to either modulate cortical generation of alpha

oscillations (Bonnefond et al., 2017) or directly modulate cortical gamma oscilla-

tions (Roux et al., 2013). Although there are a substantial number of indications,

the exact mechanism remains unclear.

The properties of alpha oscillations in particular lend themselves to the study

of executive function in healthy subjects and schizophrenic patients as they are

thought to directly reflect the physiological levels of inhibition that putatively

mediate executive functions. For the study of oscillations in executive functions,

tasks manipulating spatial attention are particularly suitable to investigate the

inhibitory characteristics of alpha oscillations. Typically, subjects are instructed to

covertly attend relevant information that is presented in one hemifield while either

no information or distracting information is presented in the other hemifield.

During the attentional shift, alpha power is increased in visual areas irrelevant

for stimulus processing (i.e. ipsilateral) while power is decreased in task-relevant

visual regions (i.e. contralateral; Marshall et al., 2015b; Popov et al., 2017; Rihs

et al., 2007; Sauseng et al., 2005; Thut et al., 2006; van Dijk et al., 2010; Worden

et al., 2000), thus reflecting the idea of functional inhibition (see Figure 1.2 for

underlying anatomy). Decreases in alpha power reflect a richer representation of

information in the brain as the amount of information is inversely related to the

degree of synchrony (Hanslmayr et al., 2012) while increases in alpha can index
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Figure 1.2: Human visual pathway (Nieto, 2017).

successful suppression of irrelevant stimulus information (Sauseng et al., 2009).

Converging results were obtained from studies of lateralized auditory attention

(Müller and Weisz, 2012; Wöstmann et al., 2016). Lateralized alpha patterns also

extended across modality, for instance lateralizing alpha in visual cortex in anti-

cipation of auditory stimulation after a visual cue (Frey et al., 2015). Employing

a lateralized task design therefore allows directly contrasting the inverse effects

of target stimulus location on alpha power modulation in task-relevant and task-

irrelevant brain regions by exploiting the anatomical pathways (Fig 1.2). In the

context of schizophrenia these properties allow for a more systemic view of the

involved dysfunctions involving up- and downregulation of inhibitory levels.

Working Memory Working memory is central to executive functions, consis-

tently reported to be impaired in schizophrenia and allows for easy experimental

manipulation of cognitive load. Given that, working memory is well-suited to un-

covering the neural underpinnings of executive functioning in healthy controls and

schizophrenic patients. By identifying the prominent oscillatory activity in healthy

controls and the putatively aberrant patterns in schizophrenia, the underlying neu-
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ral mechanisms of the disorder might be further clarified. Generally, WM studies

reported alpha oscillations to be increased during retention of the stimulus mate-

rial (Jensen et al., 2002; Tuladhar et al., 2007; Scheeringa et al., 2009) indicating a

shutout of irrelevant, novel input from cortical processing (but see Klimesch, 2012,

for a diverging account). Others also found decreases in alpha power in WM tasks

(Erickson et al., 2017) when the task required orienting toward novel, external sti-

muli. When the stimulus material was presented laterally in a WM task, alpha

power was modulated not only dependent on the hemifield in which stimuli were

presented, but also dependent on working memory load (Sauseng et al., 2009).

Common to all these studies of visual working memory is alpha activation most

prominently in occipital areas. Still, it remains unclear whether increases in alpha

power simply reflect functional inhibition of a brain region or whether they actively

contribute to WM maintenance (Roux and Uhlhaas, 2014).

Additionally, oscillatory activity in the theta and gamma band has been impli-

cated in working memory processes (for a review, see Roux and Uhlhaas, 2014).

Gamma power in working memory processing was found to be parametrically mo-

dulated by working memory load (Alekseichuk et al., 2016; Honkanen et al., 2015;

Howard et al., 2003; Palva et al., 2010; Yamamoto et al., 2014), localizing to key

nodes of the WM network (Roux and Uhlhaas, 2014). Dissociating this activity

pattern from load-dependent alpha-power increases remains difficult, specifically

due to the tightly interwoven physiology (Fries, 2015; van Kerkoerle et al., 2014).

The role of theta oscillations in cognition has long been the subject of study, most

prominently in the hippocampus (Colgin, 2013; Diba and Buzsáki, 2007), but also

for cortical areas (Sauseng et al., 2010). Theta oscillations have been hypothesized

to be related to the approximately seven items that humans can store in working

memory (Jensen and Lisman, 1998), supported by some studies observing a re-

lationship of frontal midline theta power and working memory load (Jensen and

Tesche, 2002; Meltzer et al., 2007; Schmiedt et al., 2005) and cross-frequency cou-
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pling of theta phase and gamma amplitude (Axmacher et al., 2010; Lisman and

Jensen, 2013). Theta is assumed to mediate the temporal structure of stimulus

sequences (Roux and Uhlhaas, 2014).

1.3.4 Oscillatory dynamics of EF in schizophrenia

In schizophrenia, oscillatory activity was found to be abnormal across a variety

of (cognitive) processes indicating its relevance to the disorder’s understanding.

Steady-state evoked potentials (Goldstein et al., 2015; Light et al., 2006; Thuné

et al., 2016), induced oscillations (Carolus et al., 2014; Popov et al., 2017; Sauseng

et al., 2009; van Dijk et al., 2010) and resting state oscillations (Fehr et al., 2001;

Hanslmayr et al., 2013; Kam et al., 2013; Narayanan et al., 2014; Northoff and

Duncan, 2016) have been shown to be impaired (see Abeles and Gomez-Ramirez,

2014; Uhlhaas and Singer, 2010, for reviews). Deficits extend to both, aberrant

power modulation and neural network synchrony (Barr et al., 2017; Berger et al.,

2016; Griesmayr et al., 2014; Light et al., 2006; Kirihara et al., 2012; Popov et al.,

2015). Both, oscillatory power and phasic relationships are generally highly heri-

table (Linkenkaer-Hansen et al., 2007) extending support for the hypothesis of an

endophenotype of oscillatory markers in schizophrenia (Uhlhaas and Singer, 2012).

Schizophrenic patients show specific impairments in alpha band activity. Aber-

rant patterns of alpha activity were found in resting state (Goldstein et al., 2015;

Kam et al., 2013; Rupert and Watters, 2017) as well as task modulated activity

(Bachman et al., 2008; Erickson et al., 2017; Haenschel et al., 2010; Lee et al.,

2017; Popov et al., 2011b, 2012a). These low-frequency impairments are thought

to be related to deficient long-range communication (Uhlhaas and Singer, 2012)

which is assumed to be an essential component of abnormal executive functioning,

a core deficit in schizophrenia. Due to the centrality of selection and suppres-

sion of information, alpha oscillations are a kind of attentional filter (Klimesch,

2012), a cognitive domain consistently found to be altered in patients with schi-
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zophrenia. Comparisons of healthy controls, schizophrenic patients and relatives

of schizophrenic patients revealed impairments in theta- and alpha bands of schi-

zophrenic patients to be heritable (Hong et al., 2008). In tasks specifically probing

working memory, deficits in regulation of oscillatory power and synchrony were

found for the alpha (Erickson et al., 2017; Haenschel et al., 2010) but also theta

(Griesmayr et al., 2014; Raghavachari and Lisman, 2006; Schmiedt et al., 2005) and

gamma (Basar-Eroglu et al., 2007; Chen et al., 2014; Farzan et al., 2010) bands

while studies further indicate a mixed contribution of theta, alpha and gamma

frequency bands (Barr et al., 2017; Berger et al., 2016; Haenschel et al., 2009) in-

cluding aberrations in oscillatory power and in neural (cross-frequency) synchrony

(for reviews, see Farzan et al., 2010; Haenschel et al., 2007; Lett et al., 2014). Ab-

normally high alpha power was also found in a working memory study of unaffected

twins (Bachman et al., 2008) and other relatives of schizophrenia patients (Snitz

et al., 2006).

Thus, using oscillatory components of brain activity in attention and working

memory tasks is particularly suitable to evaluate the pervasive executive functi-

oning deficits in schizophrenia. Disentangling the function of frequency bands in

tasks of executive function (e.g. working memory and attention) remains a chal-

lenge (Roux and Uhlhaas, 2014). Investigating whether excitatory and inhibitory

balancing is related to cognitive processing, a specifically promising target in schi-

zophrenia (Uhlhaas and Singer, 2015), can be achieved via the study of oscillations.

Employing task designs with lateralized stimulus presentation is one way to directly

probe excitatory and inhibitory processes involved in stimulus processing. Theories

posit a deficit in the central executive of schizophrenic patients (Manoach, 2003;

Stephan et al., 2006), but lateralized alpha activity occurs early in tasks, mostly

in sensory regions, not necessarily driven by prefrontal activity. Theta, more so

than alpha activity, has been shown to be strongly related to prefrontal activity

in a central executive. This seeming lack of central executive command in alpha
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activity could be explained in line with theoretical considerations from the gating

by inhibition theory. Alpha activity modulations early in the processing cascade

(i.e. sensory area alpha modulations) can be conceptualized as higher order routing

of information (Fries, 2015), dependent on the stimulus content.

1.4 Project outline

The current project aimed to specify the oscillatory underpinnings of executive

functions in healthy subjects and the respective deficits in schizophrenia. The clari-

fication of fundamental neural impairments in schizophrenia requires in a first step

the careful study and observation of the oscillatory markers of executive function in

healthy controls. Then in a second step these insights were to be applied to possible

aberrations in schizophrenic patients with the goal of addressing fundamental defi-

cits responsible for the pervasive cognitive aberrations prevalent in schizophrenia.

Therefore the dissertation’s goals were two-fold: 1) specify markers and function

of oscillatory activity in executive functions of healthy subjects and 2) identify

aberrations in schizophrenic patients and support their interpretation by applying

the knowledge gained from the healthy cohort. The present dissertation used EEG

and MEG to study executive functioning in healthy controls and schizophrenic pa-

tients using tasks of lateralized attention and working memory. Three studies were

conducted, two of which included schizophrenic patients.

The first study investigated the nature of lateralized oscillations in healthy con-

trols and schizophrenic patients in a cued delayed response task. This task was

specifically chosen because previous studies showed that its execution requires the

lateralization of alpha band activity, reflecting a putative deficit in distributing

attentional resources in schizophrenic patients. Participants were instructed to co-

vertly attend a lateralized cue and perform a saccade towards the location after a

brief delay period. In line with findings from van Dijk et al. (2010), we expected to
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confirm patterns of lateralized alpha power modulationd in healthy controls. Buil-

ding on schizophrenic patients’ deficits in executive functions and attention tasks,

we hypothesized a diminished magnitude of the lateralization patterns observed

in healthy controls would be evident. Thus, results would support assumptions

of specific early deficits in alpha oscillatory power reflecting inadequate informa-

tion routing. Patterns of theta activity in accordance with the lateralized stimulus

presentation were not expected.

In the second study, a modified Sternberg task was employed, simultaneously

presenting multiple letter-stimuli in a lateralized fashion to healthy controls. The

working memory Sternberg task was selected because of its easy to manipulate cog-

nitive load via the number of letters presented and the known modulatory effects

these changes have on the alpha band (Jensen et al., 2002). In line with findings

from other studies of lateralized oscillatory activity, we expected to find alpha po-

wer modulations over visual areas during the task, reflecting inhibition of irrelevant

hemifield information while enabling adequate processing of the letters in the rele-

vant hemifield. This pattern was hypothesized to be more pronounced for higher

working memory loads. Communication with the central executive in PFC was

expected during maintenance of the stimuli which was tested for theta-frequency

band communication.

In the third study, the second study’s design was slightly modified, presenting

stimuli for a shorter duration to eliminate concerns of eye movement. The study was

conducted in healthy controls and schizophrenic patients. We aimed to explore the

oscillatory dynamics during the working memory Sternberg task involved in schi-

zophrenic patients by extending the second study. Given an oscillatory impairment

in schizophrenic patients, we were interested in the cognitive load dependence of

these aberrations. Thus, in line with findings from the previous studies we expected

to find abnormal modulation of alpha power in schizophrenic patients — not mir-

roring load dependent alpha power changes in healthy subjects. Additionally, the
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directionality of communication with upstream areas was of interest. We employed

Granger causality (GC) to probe for differences in communication balance between

the two groups. The two main frequency bands of executive functions, alpha and

theta, were probed in order to evaluate these communication patterns.

Across all studies, the common patterns of oscillatory activity involved in exe-

cutive functions were of interest. Particular emphasis was put on local markers

of potentially distributed activity, reflected by alpha power changes, following the

gating by inhibition framework from Jensen and Mazaheri (2010). Simultaneously,

evaluating the relative commonality and divergence of oscillatory impairments of

schizophrenic patients across the tasks was of interest. Communication patterns

were evaluated in healthy controls and schizophrenic patients, focusing on theta and

alpha frequency bands while evaluating the direction of communication.
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2.1 Abstract

Modulation of 8-14 Hz (alpha) activity in posterior brain regions is associa-

ted with covert attention deployment in visuospatial tasks. Alpha power decrease

contralateral to to-be-attended stimuli is believed to foster subsequent processing,

such as retention of task-relevant input. Degradation of this alpha-regulation me-

chanism may reflect an early stage of disturbed attention regulation contributing

to impaired attention and working memory commonly found in schizophrenia. The

present study tested this hypothesis of early disturbed attention regulation by ex-

amining alpha power modulation in a lateralized cued delayed response task in

14 schizophrenic patients (SZ) and 25 healthy controls (HC). Participants were in-

structed to remember the location of a 100-ms saccade-target cue in the left or right

visual hemifield in order to perform a delayed saccade to that location after a reten-

tion interval. As expected, alpha power decrease during the retention interval was

larger in contralateral than ipsilateral posterior regions, and SZ showed less of this

lateralization than did HC. In particular, SZ failed to show hemifield-specific alpha

modulation in posterior right hemisphere. Results suggest less efficient modulation

of alpha oscillations that are considered critical for attention deployment and item

encoding and, hence, may affect subsequent spatial working memory performance.
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2.2 Introduction

Directing attention to locations in space without overt eye movements (covert

attention; Posner, 1980) occurs early in visuospatial processing and fosters effi-

ciency of later stimulus processing (Worden et al., 2000). Attention deployment is

associated with the modulation of alpha oscillations (associated with frequencies

in the range 7-16 Hz; Frey et al., 2015), in that alpha power decreases in posterior

brain regions contralateral to the attended hemifield (Bickel et al., 2012; Clayton

et al., 2015; Marshall et al., 2015b; Romei et al., 2010). Jensen and Mazaheri (2010)

proposed a framework relating alpha power modulation to excitation-inhibition ba-

lance affecting information transfer within and across networks. More specifically,

Jensen et al. (2014) suggested that fluctuation in alpha power enables item en-

coding. Similarly, Mathewson et al. (2011) emphasized an “active cognitive” (p.

7) role of alpha oscillations when delineating alpha amplitude and phase modu-

lation as indexing “pulsed-inhibition of ongoing neural activity” or “alternating

microstates of inhibition and excitation” (p. 1) in the service of biasing attention

toward task-relevant information. In these frameworks, lateralized alpha power

decrease is thought to reflect the readiness of contralateral neuronal networks for

subsequent stimulus processing and performance preparation (Abeles and Gomez-

Ramirez, 2014; Hanslmayr et al., 2012; Jensen et al., 2014; Klimesch, 2012), for

prioritizing information by enabling only task-relevant throughput (Jensen et al.,

2012), or for “biasing ongoing processing in favor of the task-relevant or atten-

ded stimulus” (Mathewson et al., 2011, p. 8). In top-down control of processing

and performance preparation, this attention deployment acts in concert with the

suppression of task-irrelevant information, which in turn is reflected in less ipsi-

lateral alpha power decrease or even increase from prestimulus baseline. Serving

long-range neural communication (Jensen and Mazaheri, 2010) and dynamic coor-

dination of distributed neural computations (Uhlhaas and Singer, 2012), the mo-
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dulation of alpha power and phase synchrony is thought to facilitate information

processing and access to stored information by decoupling regions from interfering,

irrelevant input (Miller et al., 2013). Inhibition of task-irrelevant input facilita-

tes efficient routing of task-relevant input (Clayton et al., 2015; Fu et al., 2001;

Koh et al., 2011; Marshall et al., 2015b; Mathewson et al., 2011; Worden et al.,

2000). In this concerted top-down control, the inferior frontal gyrus is involved in

detection of task-relevant stimuli and is functionally connected to stimulus-driven

ventral and the goal-directed dorsal attention networks (Sebastian et al., 2016) and

to improved performance (Mathewson et al., 2011; Sauseng et al., 2005). Attention

deployment can be considered a fundamental element in this system of networks.

The present study focused on parietooccipital brain regions contralateral to the

location of stimulation.

Alpha power modulation in a lateralized cued delayed response task supports

the hypothesized mechanism of attention deployment (van Dijk et al., 2010; Thut

et al., 2006), which emphasizes the close link between attention and working me-

mory. Moreover, attention and working memory are frequently described as vir-

tually inseparable elements of executive function. For example, Luck and Gold

(2008) defined attention as “input selection, the selection of task-relevant inputs

for further processing, and rule selection ...” and continued, “These constructs are

closely tied to working memory, because input selection mechanisms are used to

control the transfer of information into working memory ...” (p. 34). The present

design followed this delineation, in that the lateralized cue presentation required

attention deployment for input selection in preparation for retention of the spatial

orientation in working memory. Alpha power modulation by cue presentation and

during item retention served as a measure of this attention for working memory.

Presenting brief visual cues to one hemifield, which signals that a saccade is

to be performed in the direction of the cue after a specified anticipatory delay pe-

riod, prompts both alpha power decrease from precue baseline in the hemisphere
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contralateral to the cue position and alpha power increase in the hemisphere ipsi-

lateral to the cue position. Similar lateralized posterior alpha power decrease has

been found to vary with nonfoveal stimulus gating and saccadic control (overview

by Hamm et al., 2012). Moreover, altered saccade performance in schizophrenic

patients (SZ) has been associated with altered functional connectivity in a right

hemisphere network that also involves anterior cingulate regions (ACC; Manoach

et al., 2007; Tu et al., 2010).

Dysfunctional regulation of alpha oscillations has been reported in schizophre-

nia, including resting-state and stimulus-driven abnormalities (Abeles and Gomez-

Ramirez, 2014; Carolus et al., 2014; Ikezawa et al., 2011; Nikulin et al., 2012; Popov

et al., 2011b, 2014). Although it is tempting to relate abnormal alpha power modu-

lation to abnormal attention deployment or regulation impacting working memory

performance (e.g. Forbes et al., 2009; Heinrichs, 2004), few studies have targeted al-

pha power modulation in tasks prompting visuospatial attention in schizophrenia.

Reilly et al. (2008) reported heightened visual orientating together with impai-

red ability to suppress competing visuospatial information. Abeles and Gomez-

Ramirez (2014) found less alpha power decrease in schizophrenia patients than in

healthy controls in a nonlateralized visual contrast discrimination task, which was

largely driven by precue alpha reductions. Considering baseline alpha activity as

a preparatory state for processing incoming sensory stimuli (Weisz et al., 2014),

these results indirectly support the role of alpha modulation in covert attention

deployment for subsequent processing and performance. Clarifying the extent to

which stimulus-induced lateralized alpha power modulation, indexing early stages

of visuospatial attention deployment, is disrupted in schizophrenia should inform

understanding of the role of neuronal communication in dysfunctional attention

and working memory in schizophrenia.
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The present study focused on attention deployment as a fundamental process

implemented in the dorsal attention network driving parietooccipital brain regions

contralateral to the hemifield of stimulation. Attention deployment in visual input

areas should be fundamental to the circuit involving frontocortical top-down cont-

rol, ventral stimulus processing, and frontal-eye-field involvement in goal-directed

action preparation as well as facilitation of item retention in working memory. Dys-

functional regulation of alpha oscillations in schizophrenia affecting or reflecting

impaired attention deployment could contribute to dysfunctional stimulus pro-

cessing and response preparation in working memory tasks. Hence, the present

study sought to verify parietooccipital alpha modulation by lateralized attention-

deployment demands before probing the function of the entire network in perfor-

mance preparation. SZ and healthy participants were run in the lateralized cued

delayed response task proposed by van Dijk et al. (2010), with two hypotheses:

1. Visual stimuli presented to the left or right visual field prompt alpha power

decrease from precue baseline during the anticipatory delay period in poste-

rior visual cortical areas, with more contralateral than ipsilateral alpha power

decrease, signaling covert attention deployment toward subsequent saccade-

target stimulus position. This hypothesis serves the first goal of the study

— to document that visuospatial attention deployment, evident in laterali-

zed alpha power modulation in posterior brain regions, is a functional ele-

ment of the dorsal attention network, a prerequisite for subsequent stimulus

processing and task performance. Moreover, the first hypothesis served as a

manipulation check to confirm appropriate task parameters and performance.

2. In schizophrenia patients, compromised alpha regulation is manifested in less

stimulus-induced alpha power lateralization during the anticipatory delay pe-

riod. Testing this hypothesis is fundamental to the proposal of compromised

attention deployment (via compromised alpha regulation), in turn funda-
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mental to less efficient stimulus processing in working memory and other

executive functions. Given that the present study focused on potentially dis-

rupted attention deployment at an early stage of visuospatial processing, no

hypotheses about subsequent working memory or performance preparation

were examined.

2.3 Method

2.3.1 Participants

Inpatients with an ICD diagnosis of schizophrenia were diagnosed by experien-

ced senior psychiatrists and psychologists using ICD-10 criteria and recruited from

the schizophrenia inpatient unit of the regional Center for Psychiatry hosted by

the University of Konstanz. Data of 14 SZ (of 18 eligible) entered data analy-

ses, of which n = 13 SZ were diagnosed with paranoid-hallucinatory schizophrenia

(ICD code F20.0) and n = 1 with schizoaffective disorder (ICD code F25.1). In-

clusion criteria were normal intellectual function and no history of neurological

condition or disorder, including epilepsy or head trauma with loss of conscious-

ness. Clinical status was assessed using the positive and negative symptom scale

(PANSS) (Kay et al., 1987). Average scores M ± SD were 17.62±4.65 for the

negative scale, 15.31±6.54 for the positive scale, and 37.70±9.23 for the general

scale. Twenty-five healthy controls (HC) participants were recruited via flyers in

the city and at the University of Konstanz. In addition to the inclusion/exclusion

criteria above, HC were screened with the Mini International Neuropsychiatric In-

terview (Ackenheil et al., 1999) to exclude psychiatric or neurological disorders.

The samples did not differ in age (HC: M ± SD 33.1±11.4 years, SZ: 37.1±11.9

years, t(37) = 51.03, p = 0.31) or gender distribution (HC: 10 female, 15 male; SZ:

4 female, 10 male; χ2 = 5.51, p = 0.47).
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Figure 2.1: Illustration of a typical trial. Each of the 320 trials started with a central
fixation cross displayed for 3700 ms. After 2100 ms of that period, the cue (white circle)
was then added in either the left (illustrated) or right visual field for 100 ms. Participants
were instructed to remember the cue location while maintaining eye fixation on the cross
until the cross disappeared after another 1500 ms and then to perform an immediate
saccade to the former stimulus position (illustrated via the white arrow pointing toward
the upper left; no arrow was presented).

The study was approved by the ethics committee of the University of Konstanz.

All participants provided written informed consent prior to participation in the

study and, as compensation, received 30 Euro upon completion of the session.

2.3.2 Procedure

Stimulus presentation was implemented using Presentation Software v. 14.06

(www.neurobs.com). Visual stimuli were displayed on a screen about 40 cm from

the participants eyes. Stimuli were projected via a mirror system into the shielded

room from a JVC DLA-G11E D-ILA projector with 1280 x 1024 resolution, 50-78

Hz vertical scanning, 1000 ANSI lumens, and 350:1 contrast ratio. Each participant

completed 320 trials. Figure 2.1 is a schematic illustration of a trial. A trial star-

ted with 2100-ms presentation of a central fixation cross (horizontal/vertical angle

0.43/0.47◦). Subsequently, in addition to the fixation cross, an external cue serving

as the saccade-target stimulus (white circle; 3.0◦) was presented in either left or

right visual field varying randomly across trials vertically ±16◦ and horizontally 9

to 18◦ to the left or right of the fixation point. For each participant, 160 unblocked

trials with left visual field and 160 trials with right visual field cue position were
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presented in random order. After cue offset, the fixation cross remained visible for

another 1500 ms (retention interval). Participants were instructed to perform a

saccade toward the previously presented cue when the fixation cross disappeared.

2.3.3 Data Acquisition and Data Analysis

The magnetoencephalography (MEG) was recorded while participants were in

a supine position, using a 148-channel magnetometer (MAGNESTM 2500 WH, 4D

Neuroimaging, San Diego, CA). Data were continuously recorded with a sampling

rate of 678.17 Hz and a band-pass filter of 0.1 to 200 Hz. For every participant, na-

sion, inion, left and right ear canal, and head shape were digitized with a Polhemus

3Space Fastrak. In order to verify task performance, saccades were monitored via

an MEG-compatible camera (type COHU). Correct/incorrect saccade performance

was manually tracked in real time. Saccade performance during MEG was not sto-

red via video recording due to patient privacy considerations but was monitored by

the experimenter, particularly during the 300-ms blank screen, during which the

saccade was supposed to be made, but the experimenter checked for inappropriate

saccades and eye movements throughout the trial (e.g., in response to the cue or

during the retention interval). If early or missed saccades were noted, the experi-

menter reminded the participant via intercom to follow the instructions. After the

session, saccade performance was evaluated based on MEG (see online supporting

information for methods). Groups did not differ in amplitude, latency, or frequency

distribution of maximum saccades 1700-2400 ms after cue presentation (i.e., after

fixation cross offset): cluster-based permutation tests did not find significant group

differences in saccade-driven event-related field (ERF) signal strength in this time

interval for frontal sensors.

Prior to correcting for heart and eyeblink artifact, trials containing movement

artifact or MEG superconducting quantum interference device (SQUID) jumps

were rejected based on visual inspection. Using independent component analysis
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(ICA), components representing eyeblinks or cardiac signals were removed prior to

further analysis. For the main analyses, saccadic eye movements were identified

in frontal sensors during preprocessing, and ICA (Jung et al., 2001) components

reflecting a saccade were removed. Groups did not differ in the number of artifact-

free trials (HC: 309.3±13.1, SZ: 311.9±9.5, t(36) = 5.54, p = 0.59). A planar

gradient transformation was applied to MEG data using signals from neighboring

sensors. This procedure serves as a spatial high-pass filter, emphasizing activity

above a nearby source and thereby simplifying the interpretation of sensor-level

data (Hämäläinen et al., 1993).

2.3.4 Spectral Analysis

Overlapping epochs extending from 2000 ms before the cue (white circle) onset

to 2500 ms after cue onset were extracted. Following the procedures of van Dijk

et al. (2010), a single-taper spectral estimation (Percival and Walden, 1993) was

applied for time-frequency-resolved power computation. A sliding 500-ms time

window was used with a single Hanning taper. For a baseline comparison of the

cue-induced response, oscillatory activity during these epochs was contrasted with

baseline activity during the interval 750 to 250 ms prior to cue onset and expressed

in units of decibel (dB).

Given alpha activity spanning 7-16 Hz (Frey et al., 2015) and in line with results

of van Dijk et al. (2010) showing a power peak in the 7-13 Hz (alpha) frequency

range, a time-frequency window of 8-14 Hz and 300-1000 ms was selected for sta-

tistical analysis of sustained alpha activity during the retention interval (which

did not include the saccade period). The 2D positions of the MEG sensor layout

were coregistered with the 10-20 EEG system. Significant Group x Hemifield in-

teraction effects were evaluated via cluster-based, independent-sample t-tests with

Monte Carlo randomization (Maris and Oostenveld, 2007). The Monte Carlo pro-

cedure identifies clusters of activity contributing to significant group differences at
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the scalp level while controlling for multiple comparisons. Group differences were

interpreted as statistically significant when demonstrated by sensor clusters with

alpha level below 5%. For statistical verification of group differences in lateralized

alpha power modulation in a repeated measures analysis of variance (ANOVA),

the MEG sensors A101 (approximately the P3 site of the 10-20 system) and A85

(approximately P4) were selected. Averages were computed separately for each

stimulus condition (cue presentation to left vs. right visual field) for each sensor.

A lateralization index was calculated by comparing lateralized alpha changes in re-

sponse to left- and right-hemifield presentation of the cue. The lateralization index

was determined by performing (a) separate spectral analyses for left and right visual

field stimulation, and (b) subtracting alpha power from trials with left- from trials

with right-hemifield cue presentation and vice versa depending on the hemisphere:

RH (l-r hemifield) - LH (r-l hemifield). In order to ensure that cue-induced alpha

power modulation was not confounded with overall alpha power, group differences

in baseline alpha power for the 500-ms baseline interval were examined. Although

0-5 Hz activity was not a focus of the present study, it was examined during the

first 300 ms of the retention period in order to determine whether differences in

later alpha activity might be a downstream consequence of differences in earlier

processing.

2.3.5 Source Analysis

All inferential statistics were computed on sensor data. Source analysis was

then undertaken to illustrate findings. Sources of observed alpha activity were

estimated using a spatial filtering approach, dynamic imaging of coherent sources

(DICS; Gross et al., 2001). This technique computes participant-specific specific

spatial filters on the basis of the lead field and the cross-spectral density matrices.

The DICS filter is participant specific in that it takes into account each participant’s

head position relative to the MEG sensors, head shape, and lead field. The spatial
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filter was optimized for alpha activity in the 8-14 Hz range using a multitaper

approach and applying ±2 Hz frequency smoothing around 10 Hz. An optimal

spatial filter was computed for each participant for the combined data based on

the baseline (-750 to -250 ms) and postcue onset (300 to 1000 ms) intervals. The

filter was then applied to precue (baseline) and postcue (retention) epochs in order

to derive source-level estimates as a change from precue baseline.

The linear ICBM152 structural brain template of the Montreal Neurological

Institute (MNI) was transformed into the coordinate system of 4D Neuroimaging

standard space. MEG data for each participant were also transformed into 4D

Neuroimaging standard space, on the basis of individually recorded head shape.

Thereafter, a single-shell head model was computed, using structural MRIs avai-

lable for nine participants in the HC group. A realistically shaped, single-shell

cortical model was constructed (Nolte, 2003) for these nine participants. For parti-

cipants without available individual structural MRI, the same procedure was app-

lied with the realistically shaped model based on the MNI template anatomy. Each

brain volume was then discretized into a grid of locations spaced 10 mm apart.

Source-reconstructed oscillatory power was averaged over trials and registered to

the anatomy of the template anatomical brain for visualization.

2.3.6 Time-domain analysis

The time course of ERFs was determined for data low-pass filtered at 30 Hz

and averaged point by point between 0 and 1500 ms after cue offset relative to the

precue baseline (-750 to -250 ms). ERFs were averaged separately for hemifield

presentation (left, right hemifield) and groups (HC, SZ) over posterior sensors.
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2.3.7 Statistical analysis

Hypothesized group differences in lateralized alpha power modulation in sen-

sor space were examined using SPSS 19 (http://www.ibm.com/software/products/

en/spss-statistics) in a repeated measures ANOVA with the between participants

factor group (HC, SZ) and the within-participant factors visual field of cue pre-

sentation (left/right hemifield) and hemisphere of initial visual system projection

(left/right posterior regions of interest). MEG sensors A101 and A85 served as

dependent measures. In addition, group differences in alpha power modulation

were compared separately for left and right sensors to differentiate putative group

differences in lateralization. This was an a priori choice based on the typical me-

tric in the literature. Partial eta squared, ηp
2, is reported with ANOVA results.

Differences in lateralized ERFs between HC and SZ were verified by cluster-based

permutation tests described above.

2.4 Results

No effects approached significance in a Group x Hemifield x Hemisphere ANOVA

on precue baseline alpha power. Figure 2.2 illustrates time-frequency representati-

ons of power in sensor space during the final 1000ms precue and the first 1000ms of

the retention period in terms of differences between left- and right- hemifield cue

presentation.

As described above, 0-5 Hz activity was examined in order to determine whether

differences in later alpha activity might be a downstream consequence of differences

in cue-evoked processing. In Figure 2.2, initial registration of the saccade-target

cue is evident immediately after onset, scored as 0-5 Hz power modulation during

the first 300 ms of the cue and retention period. This response likely reflected

the discrete components of the magnetic counterpart of the conventional ERP

such as P100. As expected, this initial modulation was lateralized as a function of

http://www.ibm.com/software/products/en/spss-statistics
http://www.ibm.com/software/products/en/spss-statistics
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Figure 2.2: A: Time-frequency representations of power (TFRs) during 1000 ms before
and 1000 ms after cue onset, separately for healthy controls (HC) and individuals di-
agnosed with schizophrenia (SZ) from lateralized sensors near P3 and P4 sites of the
10-20 system (see Method). Cue onset was at 0 ms. Each hemisphere-specific TFR pa-
nel represents the difference in activity between cues presented to the left hemifield and
cues presented to the right hemifield (left minus right). Color represents difference in
change of power from baseline (in dB) between contra- minus ipsilateral hemifield of cue
presentation. Warm colors indicate more power increase from baseline contralateral to
the hemifield of stimulus presentation than ipsilateral to the hemifield of stimulus pre-
sentation. For 0-5 Hz power modulation upon cue presentation, the blue patches in the
left-hemisphere panels indicate less power change from baseline for left-hemifield presen-
tation than for right-hemifield presentation, and the red patch in the HC right-hemisphere
panel indicates more power for left-hemifield presentation than for right-hemifield presen-
tation. For 8-14 Hz power modulation during the retention interval (dashed rectangles),
red patches in the TFRs for the left hemisphere indicate more alpha power decrease after
right- than after left-hemifield stimuli, and blue patches in the TFRs of the right hemisp-
here indicate more alpha power decrease after left- than after right-hemifield stimuli. B:
Topography of left- minus right-hemifield difference in alpha power by group and (bottom
topographic plot) topography of Group x Hemifield x Hemisphere interaction, with black
circles indicating sensor cluster showing significant interaction. C: Projections of signifi-
cant group differences in alpha power from scalp space into source space (MRI oriented
per neurological convention). In the sagittal section, the panel depicts activity in the
right hemisphere. Cold colors indicate t statistics with more negative left-minus-right
difference in alpha power in HC than in SZ.



2 Deficient attention modulation of lateralized alpha power in
schizophrenia 38

hemifield of cue presentation: stimulus registration was stronger in the contralateral

hemisphere (Hemifield x Hemisphere effect, F (1, 37) = 43.86, p < .001; η2p = .542).

There were no main effects of group, hemifield, or hemisphere, but a Group x

Hemifield effect, F (1, 37) = 7.14, p = .01; η2p = .740, and a marginal Group x

Hemifield x Hemisphere effect, F (1, 37) = 3.32, p = .08; η2p = .082, reflected less SZ

lateralization for left-hemifield cues. This pattern is apparent in the SZ RH panel

in Figure 2.2, with no 0-5 Hz change from precue baseline evident 0-300 ms. Each

group did show some hemifield-induced lateralization (Hemifield x Hemisphere-

HC: F (1, 24) = 39.48, p < .001; η2p = .622; SZ: F (1, 13) = 17.89, p = .001; η2p =

.569). Inspection of means indicated that in SZ this was confined to right-hemifield

stimuli. The specificity of this interpretation of the interactions is supported by

the right-hemisphere response to left-hemifield cues being smaller in SZ than in

HC, F (1, 37) = 4.65, p = .04; effect size Cohen’s d = 0.77.

Of primary interest in this study, subsequent alpha modulation (8-14 Hz, das-

hed rectangles in Figure 2.2A) during the retention interval showed clear poste-

rior lateralization, evident in topographical maps (Figure 2.2B) and projections of

group differences from scalp space into source space (Figure 2.2C; all analyses were

in sensor space, per Methods; see also Figure 2.3 for response variability within

each group). Supporting the first hypothesis, an overall Hemifield x Hemisphere

interaction, F (1, 37) = 18.84, p < .001; η2p = .337, confirmed greater contralateral

than ipsilateral alpha power decrease. SZ showed less of this lateralization than did

HC, illustrated in the bottom topographical map (Group x Hemifield x Hemisphere:

F (1, 37) = 4.27, p = .05; η2p = .103). Simple effects analyses confirmed a Hemifield x

Hemisphere interaction in both groups — HC: F (1, 24) = 19.96, p = .002; η2p = .454;

SZ: F (1, 13) = 9.96, p = .008; η2p = .434. Further simple effects tests showed gre-

ater contralateral than ipsilateral alpha power decrease in both hemispheres in

HC (left hemisphere: F (1, 24) = 11.77, p = .002; η2p = .329; right hemisphere:

F (1, 24) = 14.28, p < .001; η2p = .373) but in only the left hemisphere in SZ (left:
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Figure 2.3: Box plots illustrating mean amplitudes, standard deviation maxima and
minima, and single-participant distributions of alpha power change from precue baseline
during the retention interval, plotted separately for each group and hemisphere.
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F (1, 13) = 12.97, p = .003; η2p = .499; right: F < 1, p = .93). Thus, in support of

the second hypothesis, SZ showed less cue-induced alpha power modulation, spe-

cifically an absence of right posterior alpha modulation as a function of stimulus

hemifield. That is, in SZ, left-hemifield cues failed to suppress right-hemisphere al-

pha more than did right-hemifield cues. (Removing trials with premature saccades

did not change the pattern of results.) Lateralized alpha power modulation was

not related to saccade performance.

The extent to which alpha during the retention period may have been driven by

initial 0-5 Hz effects was evaluated with zero-order correlations in each of the four

Hemifield x Hemisphere cells for the overall n = 39 sample. None of the four corre-

lations between 0-300 ms 0-5 Hz power change from precue baseline and 300-1000

ms 8-14 Hz power change from precue baseline was significant. These correlations

were recomputed separately for each group. None of the eight correlations was

significant. In a multiple regression in which these four Hemifield x Hemisphere

0-5 Hz values were predictors and a scalar representing the Hemifield x Hemisphere

interaction for alpha was the dependent variable, total R2 was not significant. This

was recomputed separately for each group, again nonsignificant. In summary, these

analyses provided no evidence that the Group x Hemifield x Hemisphere effect in

300-1000 ms 8-14 Hz somehow derived from 0-300 ms 0-5 Hz activity.

Although the emphasis of this study was on the modulation of oscillatory acti-

vity by lateralized cue presentation and retention, cue-evoked ERFs were also ana-

lyzed in the time domain, paralleling the modulation of alpha activity. As illus-

trated in Figure 2.4, ERFs 300-450 ms after cue presentation were comparable to

an N2pc ERP component in HC (Figure 2.4A) and SZ (Figure 2.4B). An ERF

effect comparable to a contralateral delay activity (CDA) component was apparent

1000-1500 ms after cue onset in left-hemisphere sensors in HC (Figure 2.4A), while

the CDA-like activity appeared somewhat smaller in SZ (Figure 2.4B). Significant

group differences around 1000 ms postcue onset were verified for right-hemisphere



2.4. RESULTS 41

Figure 2.4: A: Time course of event-related magnetic fields (ERFs) in HC from 500 ms
before to 2000 ms after cue onset at 0 ms. Waveforms are subtracted from the precue
baseline and averaged separately for left-hemisphere and right-hemisphere responses and
separately for trials with left- hemifield cues (solid blue lines) and right-hemifield (dashed
blue lines). Shading reflects standard error. Ordinate: signal strength in Tesla. B:
Same for SZ. C: Group differences in mean lateralized (left- minus right-hemifield) ERFs.
Ordinate: signal strength of lateralized (left- minus right-hemifield stimulation) response
in Tesla. Topographic map (bottom right) illustrates significant group difference (p <
.05, corrected) around 1000 ms after cue onset (gray bar), with cold colors indicating t
statistics with more negative t-values reflecting less CDA in SZ than in HC.
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sensors (p < .05, corrected; see Figure 2.4C). To identify shared variance among

these measures, correlations were computed between lateralized CDA and latera-

lized alpha power modulation and between lateralized N2pc and lateralized alpha

power modulation. This pair of correlations was computed for each group, he-

mifield, and hemisphere. All eight correlations in HC were substantial (between

.78 and .94, all ps < .001). Each was smaller in SZ (between .38, p = .18; and

.63, p = .02), with the groups differing significantly in four and marginally in two.

Similar correlations using lateralized difference scores (left minus right hemifield

for each hemisphere) were similarly higher in HC than in SZ, with two of the four

significantly higher. Considered together, the 12 group differences in correlations

did not suggest a specific pattern, as they were equally distributed across hemifield

and hemisphere. Thus, analysis of the event-related components did not suggest

divergence from oscillatory findings.

2.5 Discussion

The two goals of the present study were (1) to demonstrate lateralized posterior

alpha power modulation as a consequence of visual hemifield stimulation, and (2)

to evaluate impairment of this lateralized modulation in SZ. Support of the first

goal should strengthen claims about the role of alpha power modulation as a region-

specific mechanism of attention deployment and hence a fundamental contributor

to efficient subsequent stimulus processing and task performance. Support of the

second goal would support the hypothesis of dysfunctional regulation of alpha

oscillation in schizophrenia, which has been proposed as a factor in core deficits

such as attention and/or working memory.

Results supported both goals. First, stimulus-induced posterior alpha power

lateralization in HC was in line with cue-directed facilitation of readiness for pro-

cessing during the retention interval, supporting the interpretation of regional alpha
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as an indicator of a covert visuospatial attention shift (Posner, 1980; van Dijk et al.,

2010). This evidence of facilitated neural processing as a mechanism of attention

deployment provided a manipulation check for present purposes. This facilitated

neural processing via attention deployment constitutes an early step in visuospatial

working memory processing overlapping within dorsal attention network activation,

presumably supporting top-down control of performance preparation and proces-

sing.

Second, the weaker cue-induced posterior alpha power lateralization in SZ sup-

ports the hypothesis of a fundamental deficit in alpha regulation and generation

as proposed by Abeles and Gomez-Ramirez (2014) and is in line with our previous

reports of dysfunctional alpha power modulation during early stimulus processing

(Carolus et al., 2014; Popov et al., 2011b, 2014). Present results suggest that

this regulation deficit extends to early visuospatial attention deployment demands,

thereby strengthening the hypothesis of dysfunctional alpha power regulation as

a mechanism of dysfunctional information processing in schizophrenia. Such an

impact on early processes such as visuospatial attention is supposed to affect sub-

sequent processing, including the ability to sustain the focus of attention, item

retention in working memory, and cognitive task preparation.

Several studies using similar cueing tasks have established the role of alpha

activity in fostering neuronal processing in the hemisphere contralateral to atten-

tion focus (Bahramisharif et al., 2010; Bauer et al., 2014; Lozano-Soldevilla et al.,

2014; Marshall et al., 2015b; Sauseng et al., 2005; Ter Huurne et al., 2013; van

Dijk et al., 2010; Worden et al., 2000). Concomitant engagement of the ipsilateral

hemisphere is reduced. As processing in the latter would not be task-relevant and,

hence, might be interfering, reduced engagement should facilitate prioritizing rele-

vant information in the engaged hemisphere in service of subsequent performance.

Several studies have demonstrated that lateralized modulation of alpha activity is

independent of sensory modality and that its magnitude is related to behavioral
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performance gains (e.g. Mazaheri et al., 2014; van Diepen et al., 2015; van Ede et al.,

2011, 2014; Wöstmann et al., 2015). Pharmacological interference with lateralized

alpha modulation was found to compromise subsequent behavioral performance

(Lozano-Soldevilla et al., 2014). Stimulus-induced lateralized ERP components

during the retention interval (CDA, Vogel and Machizawa, 2004) or performance

interval (encoding-related lateralization, Gratton et al., 2015; Digiacomo et al.,

2007, late positive complex) have been interpreted as manifestations of facilitated

cortical processing. In the present study, modulation of ERFs by lateralized cue

presentation was similar to ERP modulations (N2pc and CDA) in HC reported

by van Dijk et al. (2010). Present results also showed attenuated lateralization

of cue-evoked ERFs in SZ, again primarily over right-hemisphere regions. Thus,

both lateralized alpha power modulation and lateralized ERFs/ERPs are interpre-

table as reflecting attention deployment and their dysfunction in schizophrenia. In

line with this view, Rajagovindan and Ding (2011) concluded from computational

modeling that reduction in alpha power signals “a shift of the underlying neural

ensemble toward an optimal excitability state that enables the increase in global

gain” (p. 1379).

Posterior alpha power has been shown to scale parametrically with the number

of items held in memory (Jensen et al., 2002), a relationship reported aberrant in

SZ (Gaspar et al., 2011). The present difference in alpha lateralization between HC

and SZ supports use of this metric to elucidate dysfunctional mechanisms of atten-

tion deployment in schizophrenia. It has recently been demonstrated that alpha

oscillations exert feedforward and feedback influences spanning visual and frontal

areas (Bastos et al., 2015; van Kerkoerle et al., 2014). If so, deficient reallocation

of resources, as suggested by present SZ results, might foster less efficient encoding

and subsequent processing.
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Testing the latter awaits an appropriate task facilitating analysis of the rela-

tionship between lateralized alpha power and performance, but the present de-

monstration of deficient lateralized alpha power modulation in SZ offers a basis to

further investigate several well-documented cognitive and executive function defi-

cits (e.g., working memory, interference control). The present study focused on

visual cue-induced posterior alpha power modulation and related attention deploy-

ment. Activation of the dorsal attention network in support of stimulus processing

and performance preparation involves frontocortical regions (and frontal eye fields

for saccades; Hamm et al., 2012). Subsequent studies that involve those subsequent

processing steps should assess activity in anterior brain regions and identify their

communication with posterior attention deployment networks.

Moreover, verification of the proposed role of alpha power modulation for item

encoding and processing must go beyond simultaneous observations as in the pre-

sent study or the prediction of performance from experimentally modulated alpha

lateralization. Less alpha power lateralization in SZ might indicate less capacity

for alpha power modulation and, if related to weakened item encoding and poorer

attentional abilities, poorer retention performance. Again, this could be verified by

experimentally modifying one element and measuring the other. We have used this

approach showing cognitive training-induced changes in alpha power modulation

(Popov et al., 2012a, 2015; Popova et al., 2014).

Amplitude and latency of saccade activity (determined as ERF responses over

frontal sensors evoked by saccadic eye movements) were not significantly related

to alpha power modulation during the retention interval. A relationship might

be expected if correct saccade performance (which did not differ by group) was

considered a behavioral measure of visuospatial working memory, which was sup-

posed to be facilitated by lateralized attention deployment. For the present depen-

dent variables, the correlation may have been weakened by the higher variability
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of saccade-related ERF amplitudes (due to cue presentation at different angles),

while lateralized modulation of alpha activity should have been affected little if at

all by the angle of cue presentation.

Present results for alpha modulation were not a function of alpha level du-

ring precue baseline nor of immediate stimulus registration manifested in 0-5 Hz

activity. Reports of overall alpha activity abnormalities in SZ have been incon-

sistent (e.g. Abeles and Gomez-Ramirez, 2014; Narayanan et al., 2014; Ranlund

et al., 2014). Although an influence of background oscillatory activity on stimulus-

induced modulation can be expected (Buzsáki et al., 2014) and has been shown

via experimental manipulation of precue alpha oscillations (Romei et al., 2010),

the lack of group difference in precue baseline alpha power argues against such a

confound here.

SZ differed from HC in alpha power lateralization specifically in failing to modu-

late alpha power in right-posterior cortex. The same pattern was found for initial

0-5 Hz power modulation. As these two findings were statistically distinct, the

deficient right-hemisphere alpha power modulation does not seem to have resulted

simply from deficient stimulus registration. Regarding the possibility of general

right-hemisphere processing differences associated with left-handedness, which is

reported more frequently in SZ than in HC, all patients in the present sample were

right-handed. Few studies have reported abnormal oscillatory activity specifically

in the right hemisphere (e.g. Tu et al., 2010), but relevant studies emphasize this

abnormality for high-frequency activity (e.g. Hamm et al., 2011; Marshall et al.,

2015b). Future studies may benefit from employing lateralized stimuli or latera-

lized tasks to pursue the implications of the unanticipated lateralization of lower

frequencies found here.

Limitations of the present study can be noted. First, an objective measure

of saccade performance would have been preferable as evidence that participants

followed the instruction and as measure of retention (i.e., working memory). Recon-
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struction of saccade performance from the electromagnetic response is an indirect

measure. One might also assume that successful attention deployment (related to

lateralized alpha power) should vary with performance on working memory tests as

an additional behavioral concomitant. However, correlations between two measures

obtained from measurement conditions as different as an MEG task and neuropsy-

chological tests are usually reported to be weak. Integration of an additional index

of working memory performance in the cued delayed recall design would be helpful

in future studies.

In addition, although suited to elicit differential alpha lateralization in HC and

SZ, the present task was not particularly demanding. More demanding tasks may

accentuate differences in alpha power modulation in the service of understanding

potential dysfunctional regulation.

Finally, group sample sizes differed. Balanced sample sizes are recommended

for parametric independent-samples tests, although the permutation-based variant

of the t statistic used here is much less sensitive to group differences in variance

or sample size. It is not recommended to remove participants in order to obtain

equal sample sizes when a permutation test is being used (Maris and Oostenveld,

2007). This permutation test controlled the false alarm rate regardless of how the

participants or trials were distributed across experimental conditions. Thus, the

unequal sample sizes are unlikely to have been a significant problem.

In sum, using a visuospatial delayed response task to induce covert visuospatial

attention deployment, present evidence of deficient lateralized alpha power modu-

lation in SZ supports the hypothesis of dysfunctional alpha power generation and

regulation as a fundamental feature in SZ. In turn, given that lateralized alpha

power modulation is related to attention deployment, findings provide a basis for

future tests of the hypothesis that this deficient lateralized alpha power modulation

undermines covert attention and spatial working memory.
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3.1 Abstract

Oscillatory brain activity in the theta, alpha, and gamma frequency ranges has

been associated with attention deployment and maintained working memory (WM)

representation. Activity in the alpha band is related to the deployment of atten-

tion resources and preparation for information intake and processing. The present

magnetoencephalography (MEG) study analyzed oscillatory dynamics and com-

munication in fronto-parietal networks during cued item presentation, encoding,

and working memory (WM) maintenance in a modified Sternberg verbal WM task.

Neuromagnetic 4-7 Hz (theta), 9-13 Hz (alpha), and 50-70 Hz (gamma) power

modulation and connectivity within and across frontal and posterior regions were

analyzed as a function of hemifield-specific presentation and WM load. Increased

reaction time, error rate, posterior lateralized alpha and gamma power during enco-

ding, and posterior alpha power increase during maintenance with increasing WM

load support the role of oscillatory dynamics in WM processing. Fronto-parietal

6 Hz phase synchrony suggests frontal-posterior communication as a mechanism

facilitating WM maintenance.
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3.2 Introduction

In service of goal-directed behavior, WM is linked to selective attention toward

relevant stimuli and away from irrelevant or competing stimuli. Both cognitive

operations are supported by neural oscillatory dynamics in the theta (4-7 Hz), alpha

(8-16 Hz), and gamma (> 40 Hz) frequency ranges, with the specific frequency and

region reflecting a particular engaged cortical network depending on the relevant

processing interval (preparation, encoding, maintenance; Jensen, 2006; Jensen and

Tesche, 2002; Jokisch and Jensen, 2007; Sauseng et al., 2008, 2009).

Cued-delayed response and Sternberg (1966, 1975) tasks have been used to

identify these neural mechanisms for visual (verbal and non-verbal) and auditory

WM. Increases in alpha power with increased WM load, defined by item set size,

have been replicated for visual stimuli including letters (Leiberg et al., 2006), faces

(Tuladhar et al., 2007), and colored objects (Roux et al., 2012; Sauseng et al., 2009)

and for auditory material (Obleser et al., 2012). This alpha power modulation

varies with WM capacity for visual material (Sander et al., 2012; Sauseng et al.,

2009; Tran et al., 2016) and for acoustic material (Obleser et al., 2012). Load-

related power increases were also found for posterior 60-80 Hz gamma (Roux et al.,

2012) and frontal 4-8 Hz theta (Eckart et al., 2014; Jensen and Tesche, 2002; Meltzer

et al., 2008; Raghavachari et al., 2001), sometimes paralleled by decreased temporal

beta (15-25 Hz; Brookes et al., 2011).

Research has addressed oscillatory dynamics involved in the differential roles

of attention to and maintenance of WM-relevant material and also the role of

cross-regional communication as a mechanism linking distinct processing steps.

Still, mechanisms of oscillatory support of discrete processing steps in WM remain

elusive.
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Attention processes should be relevant during the encoding of WM items for

maintenance. Thus, attention deployment should facilitate prioritizing information

during item presentation (Jensen and Mazaheri, 2010). Alpha power modulation

in cued lateralized WM tasks support this: Lozano-Soldevilla et al. (2014) reported

alpha power decrease from pre-cue baseline over occipital sensors contralateral (and

increase ipsilateral) to the cued visual hemifield, parallel to a gamma power increase

(see also Myers et al., 2015; Kaiser, 2015). Jokisch and Jensen (2007) interpreted

relationships between alpha and gamma during WM maintenance of facial stimuli

as a manifestation of spatial attention allocation in service of active item encoding

and maintenance of visual representations manifest in gamma modulation (see also

Bauer et al., 2014; Lozano-Soldevilla et al., 2014; Kujala et al., 2015; Medendorp

et al., 2007; Popov et al., 2012b; Staresina et al., 2016).

The present study evaluated intra- and inter-region cross-frequency synchrony

to better distinguish oscillatory mechanisms supporting encoding vs. maintenance.

A lateralized Sternberg task was employed to separate encoding and maintenance

processes by cued delayed lateralized presentation of WM-relevant items. This

served to explicate the role of alpha power in prioritizing information flow for WM

maintenance, and to identify communication mechanisms linking item-encoding

efficiency and WM maintenance. Main hypotheses were:

1. During WM set presentation, associated with the encoding of task-relevant

items, alpha and gamma are lateralized as a function of stimulus hemifield

and WM load. Specifically, higher WM loads prompt more lateralization:

(a) alpha power decreases in the hemisphere contralateral to the hemifield of

task-relevant stimuli and increases in the other hemisphere; and (b) gamma

power shows the converse effect, increasing in the hemisphere contralateral to

the hemifield of task-relevant stimuli and decreasing in the other hemisphere.
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2. During WM maintenance, increasing WM load prompts more alpha and theta

power.

3. Intra-regional cross-frequency communication is evident within parietal regi-

ons measured by (a) negative power-power correlations of alpha and gamma

oscillations and lateralized, load-dependent increases in alpha-gamma phase-

amplitude coupling (PAC) during encoding; and (b) power-power correlations

between load-dependent, lateralized alpha power during encoding and alpha

and theta power modulation by WM load during maintenance.

4. Frontal-to-posterior communication during encoding is reflected in PAC be-

tween frontal theta phase and parietal gamma amplitude and in coupling

between frontal theta and posterior theta. Both phase-amplitude and phase-

phase relationships vary with the hemifield of task-relevant information and

with load, in that the hemisphere contralateral to a stimulus is marked by

higher magnitude of communication than the hemisphere ipsilateral to a sti-

mulus, especially as load increases.

5. The frontal-posterior theta phase relationship and its variation with WM load

predict efficient retrieval as indicated by reaction time (RT).

3.3 Materials and Methods

3.3.1 Participants

Fifteen student volunteers (10 female, mean age 23.7±2.9) received course credit

for participation. Prior to MEG, participants gave written informed consent and

completed the Edinburgh Handedness Inventory Oldfield (1971). Exclusion criteria

were self-reported history of neurological disorders, drug abuse, or treatment for

neurological or psychiatric disorders.
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Figure 3.1: Trial structure and timing: a fixation cross was at the center of the screen
throughout the session except when replaced by an arrow cue, a probe letter, or RT
feedback. A trial started after a variable intertrial interval of 1500-2500 ms followed by a
500 ms arrow cue pointing left or right, directing attention to the hemifield to which the
target letter set was presented thereafter. The cue interval was followed by a 1500 ms
encoding interval, during which two sets of 1, 3, or 5 consonants appeared. In sets of 1
and 3 items, the remaining locations of each 5-item array were filled with “#”. The item
arrays were replaced by the fixation cross during the subsequent 2000 ms maintenance
interval, after which a probe consonant appeared in the center of the screen. Upon button
press, the probe letter disappeared, and the RT in ms was shown for correct responses.

3.3.2 Stimuli and Procedure

Figure 3.1 illustrates the present lateralized version of the Sternberg task (Stern-

berg, 1966, 1975) task, using bilateral pairs of unique, simultaneously presented

consonant arrays. On a given trial, the two consonant arrays contained the same

number of letters, 1, 3, or 5. (The presentation interval included both stimulus

encoding and storage. Because the arrays remained on throughout the interval,

from hereon this interval is termed encoding.) Stimuli appeared on a screen 40 cm

from the eyes in arcs at visual angles of x = ±6.60 / ±9.84 / ±13.02, y = 0 /

±2.71 / ±5.41 degrees, ensuring that all letters were foveal without need for eye

movement. Participants were instructed to memorize the array in either the left or

the right hemifield according to the direction of the preceding arrow cue.

Participants were instructed to fixate the center of the screen throughout the

trial, to remember the letter array presented in the cued hemifield while ignoring

the letter array in the opposite hemifield, and to indicate whether the probe had

been part of the cued array by pressing the button under the index finger (“yes”)

or the middle finger (“no”) on a response pad. Response hand was counterbalanced
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across participants. After a correct response, RT in ms was shown on the screen

for 1500 ms to encourage fast responding and to reward correct responses. After

an error, the word “falsch!” (“wrong!”) was presented.

In this 2 hemifield x 3 load (1, 3, 5) x 3 probe type (target array, nontarget

array, neither) factorial design, the sequence of conditions varied pseudorandomly.

The 160 left-target and 160 right-target trials each including a random sequence

of approximately 53 1-item pairs, 53 3-item pairs, and 53 5-item pairs. On 50%

of the trials, the probe letter was in the target array, on 25% it was in the other

array, and on 25% it was in neither array. Task duration was approximately 40-45

minutes.

3.3.3 Data Acquisition and Reduction

MEG was recorded with a 148-sensor magnetometer (MagnesTM 2500 WH, 4D

Neuroimaging, San Diego, CA) in a magnetically shielded room while participants

lay supine. Nasion, inion, left ear, and right ear position as well as head shape

were digitized with a Polhemus 3SpaceR© FASTRAK. The continuous MEG time

series was recorded with a sampling rate of 678.17 Hz and a bandpass of 0.1-200

Hz. Epochs from 2000 ms before to 4500 ms after cue onset were extracted for

analysis (see Figure 3.1). For artifact control, trials with high amplitude variance,

e.g. muscle artifacts or MEG superconducting quantum interference device jumps,

were rejected based on visual inspection. Independent Component Analysis (ICA;

Jung et al., 2001) was employed for further exclusion of artifacts including saccades,

eye blinks, or cardiac signals. Data from one participant were excluded because

average RT exceeded the response time limit of 1400 ms, suggesting poor task

compliance.

Averaging across the remaining n = 14 participants, 39 to 47 artifact-free tri-

als with correct responses in each of the 6 (2 hemifield x 3 load) conditions were

available for analysis. The percentage of artifact-free correct trials varied slightly
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but reliably by load (1, 3, 5 = 91%, 93%, 94%, F (2,26) = 6.92, p = .004). This

was carried by the linear contrast (p = .005) of the orthogonal polynomial trends,

accounting for 93% of the load variance. The quadratic trend did not approach

significance, indicating a linear progression across the three levels of the load factor.

The number of trials did not differ as a function of hemifield or load x hemifield.

Possible effects on oscillatory activity of the difference in number of trials as a

function of load were examined in a bootstrapping test of time-frequency data: the

minimum number of trials across conditions was calculated for each participant,

then trials were bootstrapped from each condition to reflect that number. This pro-

cedure was repeated 500 times, and results were averaged. Statistical comparison

of bootstrapped and non-bootstrapped results did not yield significant differences,

indicating that a substantial impact of number of trials per condition was unlikely.

Hence, all reported analyses refer to the data from all artifact-free trials.

3.3.4 Data Analysis

MEG data were transformed into a planar gradient configuration for each sensor

using signals from neighboring sensors (Bastiaansen and Knosche, 2000). This

procedure applies a spatial high-pass filter, emphasizing activity directly above the

source, simplifying the interpretation of sensor-level data Hämäläinen et al. (1993).

To check for confound from saccadic eye movements (Carl et al., 2012), trial-by-

trial time courses of neuromagnetic activity averaged over medial frontal sensors

were plotted separately for the pre-cue baseline and post-cue-onset period and for

left- and right-hemifield trials. No clear pattern of stimulus-locked activity was

evident, indicating that task-related oscillatory activity was not confounded by

systematic eye movements.
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Sensor-level analysis. Source-level measures were of primary interest, in part

as a better means of assessing lateralized phenomena, but sensor-level analyses were

undertaken to clarify results during the maintenance interval (see Results). Time-

frequency power spectra were estimated using a single Hanning taper (Percival and

Walden, 1993, 1000 ms width) on data from -2000 ms to 4500 ms from cue onset.

Spectral estimates were computed for the horizontal and vertical components of the

planar gradient, summed and averaged over repetitions. In order to account for

interindividual variability, data were normalized to percent change from baseline

(-1000 ms to -500 ms from cue onset). Time windows of interest were defined as

2500-3500 ms for maintenance. Data from the maintenance interval were submitted

to a cluster-based, independent-samples F-test using a Monte-Carlo randomization

(Maris and Oostenveld, 2007). This procedure addresses multiple-comparison is-

sues by identifying clusters showing significant condition differences on the basis

of an F-test for every combination of sensor, time point, and frequency band. Sig-

nificant points adjacent in all three of sensor-space, time, and frequency are then

clustered by summing the F-values. Conditions are assigned randomly for each

iteration, and the cluster statistic is repeatedly calculated to build a distribution

of F-values. Then the F-value from the actual data is compared with the histogram

to assess the null hypothesis of no differences between conditions.

Source-level analysis and determination of regions of interest. Structu-

ral MRIs available for 11 of the 14 participants were used to construct realistic

single-shell head models. The linear ICBM152 structural brain template of the

Montreal Neurological Institute (MNI) was used to construct a head model for

the other three. In a first step, sMRIs were transformed into the coordinate sy-

stem of 4D Neuroimaging standard space. For each participant, the scalp surface

extracted from the individual sMRIs was co-registered with the individual head

shape (Polhemus FASTRAK, see above). Thereafter a realistic, single-shell head
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model was computed (Nolte, 2003). Each brain volume was then discretized into

a grid of 1x1x1 cm3 voxels, in turn grouped into the 116 brain regions of the Au-

tomated Anatomical Labeling (AAL) brain atlas (http://neuro.imm.dtu.dk/wiki/

Automated Anatomical Labeling). Oscillatory power was computed for each voxel.

For visualization of results (e.g. grand averages), all the voxels in a given region of

interest (ROI) were set to the value of the average of its voxels.

In order to estimate activity at the source level, a spatial filtering technique,

dynamic imaging of coherent sources (DICS; Gross et al., 2001), was employed.

DICS computes subject-specific spatial filters on the basis of the lead field and the

cross-spectral density matrices. The DICS filter takes into account each partici-

pants head position relative to MEG sensors and head shape. The spatial filter

was optimized using a multi-taper approach with frequency smoothing (theta: ±

1 Hz, alpha: ± 2 Hz, gamma: ± 10 Hz) around the frequency of interest (theta: 6

Hz, alpha: 11 Hz, gamma: 60 Hz). An optimal spatial filter was computed for each

participant by combining data from pre-cue baseline (-1250 to -250 ms), encoding

(1000 to 2000 ms), and maintenance (2500 to 3500 ms) intervals. The filter was

then applied separately to pre-cue baseline, encoding, and maintenance intervals

in order to maintain identical filter weights while deriving source-level estimates.

The baseline interval was used to contrast activity in the subsequent intervals of

interest.

Assessment of oscillatory lateralization was hypothesized to be manifest in a 2

(hemifield) x 2 (hemisphere) x 3 (load) interaction. The cluster-based permutation

framework described above does not allow the evaluation of hemisphere contrasts

and interactions involving multiple within-subject factors with more than two fac-

tors. Consequently, ROIs were defined and the respective power values submitted

to a 2 (hemifield) x 2 (hemisphere) x 3 (load) ANOVA. Research has established

that recruitment of occipito-parietal brain regions and hemisphere-specific modula-

tion of alpha and gamma oscillatory activity during processing of lateralized stimuli

http://neuro.imm.dtu.dk/wiki/Automated_Anatomical_Labeling
http://neuro.imm.dtu.dk/wiki/Automated_Anatomical_Labeling
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are common during such tasks (Jiang et al., 2015; Lozano-Soldevilla et al., 2014;

Marshall et al., 2015a,b; Zumer et al., 2014). Motivated by this literature and

on the basis of the AAL brain atlas, for each participant, symmetric ROIs were

selected based on the maximum posterior-parietal difference across the participant

sample in the encoding-related activity for left- vs. right-hemifield stimulation for

each of alpha and gamma (see Figure 3.2). This contrast is orthogonal to the 2

(hemifield) x 2 (hemisphere) x 3 (load) interaction that was of interest here. This

resulted in occipito-parietal ROIs used in subsequent analyses. The power estima-

tes from these ROIs were submitted to a 2 (hemifield) x 2 (hemisphere) x 3 (load)

ANOVA. Region of interest for theta power was selected based on maximum theta

power change from baseline during encoding across conditions (Figure 3.2C). This

ROI was used only for connectivity analyses (see next paragraph) given that theta

activity was not lateralized and did not vary with WM load. Theta power values

from this ROI were then submitted to an ANOVA evaluating the effect of WM

load. Huynh-Feldt corrections were applied to tests of within-subject factors as

appropriate.

Connectivity analyses. Hypothesized links between frontal and parietal ROIs

via 6 Hz theta, 11 Hz alpha and 60 Hz gamma activity were examined via phase-

to-power (PAC) and phase-to-phase (phase-locking value (PLV)) measures of con-

nectivity.

PAC was quantified as:

PAC = |n−1

n∑
t=1

ate
iφt|

where at is the power in the higher frequency at time point t and φt is the

phase in the lower frequency at time point t. This formula was applied in order to

examine intra-regional alpha-gamma phase-to-power connectivity in posterior regi-



3 Neural network communication facilitates verbal working memory 59

ons as well as inter-region fronto-parietal communication in the theta and gamma

bands. Effects of hemifield of item presentation and WM load on PAC measures

were evaluated in a 2 (Hemifield) x 2 (Hemisphere) x 3 (Load) ANOVA.

PLV was quantified as:

PLV = |n−1

n∑
t=1

ei(φxt−φyt)|

where x and y represent two different regions from which phase angles are

computed. PLV reflects the consistency with which phases at a given frequency

(e.g. theta) in two regions co-vary. PLVs were submitted to a 2 (Hemifield) x 2

(Hemisphere) x 3 (Load) ANOVA. Exact p-values are shown unless p < .001.

3.4 Results

3.4.1 Behavioral Performance

RT and percent errors were submitted to a 2 (hemifield) x 3 (load) ANOVA.

The expected effect of load was confirmed: RT increased monotonically with load

(1, 3, 5 mean±SD 524±13 ms, 652±26 ms, 691±27 ms; F (2,26) = 47.96, p <

.001), independent of hemifield of presentation (Hemifield F < 1; Load x Hemifield

F < 1). The load effect was carried by both the linear trend (p < .001), accounting

for 92% of the variance, and the quadratic trend (p = .005), accounting for 8%,

reflecting greater slowing from load 1 to load 3 than from load 3 to load 5. Also

as expected, participants made more errors on with higher load (1, 3, 5 means

5.5±1.3%, 13.3±1.7%, 22.3±3.0%; F (2,26) = 40.78, p < .001), regardless of hemi-

field of presentation (Hemifield F (1,13) = 2.97, p = .11, Load x Hemifield F < 1).

The load effect was carried by the linear trend (p < .001), accounting for 100% of

the variance. The absence of a quadratic trend indicates a linear progression across
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Figure 3.2: Regions showing significant lateralized (left minus right hemifield) alpha (9-13
Hz, column A) and gamma (40-60 Hz, column B) source power and condition averaged
theta power (masked for visual emphasis) averaged across working memory load during
encoding (1000-2000) ms after cue onset. Within a panel, color differentiates distinctively
active regions. Left hemisphere on left side of each panel. For alpha power, color coding
indicates regions of minimum and maximum lateralization, with warm colors indicating
more power relative to baseline in trials with left-hemifield targets than in trials with
right-hemifield targets, and cool colors indicating the converse. For gamma power, color-
coded areas represent regions of prominent lateralization reflecting stimulus hemifield in
posterior brain regions. Condition averaged theta power is maximal over frontal regions,
but does not differentiate by load.

the three levels of the load factor. The increase in RT from load 1 to load 5 and

in error rate from load 1 to load 5 were not related (rho = -.12, p = .67). Thus,

higher load did not prompt a speed-accuracy trade-off.

3.4.2 Power Modulations during Encoding

Figure 3.2 illustrates the spatial distribution of alpha and gamma lateralization

during the encoding interval 1000-2000 ms after onset of the bilateral item arrays,

emphasizing anatomical regions in posterior cortex. These regions were used for
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Figure 3.3: Source-localized alpha power means and standard deviations for the Hemifield
x Hemisphere x Load interaction.

analysis (see Methods) of source power in the encoding interval. Figure 3.2A con-

firms that alpha source power was lateralized as expected, with suppression to

contralateral targets (Hemifield x Hemisphere F (1,13) = 14.24, p = .002), with

no main effects of Hemifield (F (1,13) = 2.35, p = .15) or Hemisphere (F (1,13) <

1). In support of hypothesis 1a, alpha source power in the ROIs varied with load,

illustrated in Figure 3.3 (1, 3, 5 M±SD -21.2±5.4, -2.7±8.8, -2.4±10.0; F (2,26) =

5.26, p =.023). Linear (p = .04, 76% of the load variance) and quadratic (p = .02,

24%) trends indicated that most of the effect occurred between load 1 and load

3. The load effect was moderated by a 3-way interaction (Hemifield x Hemisphere

x Load F (2,26) = 3.74, p = .04), evident across the panels of Figure 3.3 in the

enhancement of the Hemifield x Hemisphere interaction with increasing load. A

linear Hemifield x Hemisphere x Load contrast (p = .04, 97%), with the parallel

quadratic contrast not approaching significance, confirms the impression in the fi-

gure of the divergence of the two hemifield means within each hemisphere growing

monotonically within increasing load.

Gamma power increased with load (percent change from baseline for loads 1, 3,

5: M±SDs 1.4±1.0, 2.6±1.1, 3.5±1.0; F (2,26) = 4.82, p = .02). This effect was

carried by the linear trend (p = .03, 100% of the load variance). The absence of

a quadratic trend indicates a linear progression across the three levels of the load
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Figure 3.4: A: Topographical representation of sensor-by-sensor F-test of working me-
mory load effect on 9-13 Hz alpha power change from baseline during the maintenance
interval (2500-3500 ms after cue onset). Highlighted sensors indicate the cluster on the
basis of which differences between WM sets were found. B: Power spectra averaged across
participants for the cluster highlighted in panel A as a function of working memory load
(power in arbitrary units). Prominent modulation of power by load is evident in the 10-
15 Hz alpha frequency range. C: Source-space representation of voxel-by-voxel F-test of
working memory load effect on 9-13 Hz alpha source power change from baseline during
the maintenance interval (2500-3500 ms after cue onset). Colored indicates the cluster
of voxels on the basis of which differences between WM sets were found.

factor. Marginally in support of Hypothesis 1b, gamma source power (Figure 3.2B)

tended to be lateralized (Hemifield x Hemisphere F (1,13) = 3.27, p = .09), an effect

that tended to increase with load (Hemifield x Hemisphere x Load, F (2,26) = 2.92,

p = .08; Hemifield (F (1,13) = 1.23, p = .29; Hemisphere (F (1,13) = 1.14, p = .31).

No load effect was evident for theta ROI (F (2,26) = 1.72, p = .2).

3.4.3 Power modulations during maintenance

Effects of WM load on alpha and theta power during maintenance were eva-

luated for sensor- and source-level data using cluster-based permutation testing.

Per Hypothesis 2, the cluster-based permutation test of source-level data indicated

that posterior alpha power increased with load (p < .001). Figure 3.4A presents

the corresponding scalp topography of the load effect on alpha power (p < .001).

Source-level power values were extracted from the cortical patch of maximal statis-

tical differentiation and submitted to a conventional ANOVA. The resulting load

effect (F (2,26) = 29.13, p < .001; Figure 3.4B, load-dependent power spectra;
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Figure 3.4C, cortical extent of statistical effects) was essentially redundant with

the cluster analysis so not of incremental interest, but the ANOVA also provided

orthogonal trend tests to clarify the nature of the load effect. The linear trend

component (p < .001, 99% of the variance) in the absence of a quadratic effect

confirmed a monotonic effect of load on alpha power during maintenance. No load

effect was seen for frontal theta power (F (2,26) < 1).

3.4.4 Relationships among theta, alpha, and gamma source

power modulation

Because of marked interindividual variability, correlational relationships were

evaluated using Spearman correlations. Hypothesis 1 predicted an inverse relati-

onship between lateralized alpha power (decrease in the hemisphere contralateral

to the hemifield of task-relevant stimuli and increase in the hemisphere ipsilateral

to the hemifield of distracting information) and lateralized gamma power (with the

converse pattern), which increased with increasing WM load. This was confirmed

in that, during encoding of 5-item arrays, lateralized alpha and gamma source po-

wer were negatively related across subjects (rho = -.59, p = .03), indicating that

greater alpha power lateralization occurred with greater gamma power lateraliza-

tion. (Follow-up analyses (not detailed here) did not confirm this relationship on a

within-subject trial-by-trial basis.) No significant relationships were found at lower

loads (1-item set rho = -.05, p = .87, 3-item rho = -.06, p = .831).

As a power-power correlation may not adequately reflect network communica-

tion, the inverse relationship of alpha and gamma activity was examined by PAC,

specifically for 11 Hz phase and 60 Hz power from each parietal alpha ROI to each

1With the present small sample size, the three correlations did not differ reliably, indicating a
need to substantiate this facet of hypothesis 1 in larger samples.
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parietal gamma ROI. No modulation of cross-frequency coupling by WM load was

indicated by the Hemifield x Hemisphere x Load interaction (F (2,26) = 1.08, p =

.35; main effects F < 1).

Per hypothesis 3b, alpha power asymmetry during encoding should vary with

the load effect on alpha and theta power during maintenance. For alpha power,

this was confirmed by a correlation across subjects (rho = .60, p = .03). Thus,

participants who showed more modulation of alpha power with more load during

encoding showed more modulation of alpha power with more load during main-

tenance. This relationship was confined to the increase in lateralization and not

found, for example, for contralateral alpha power decrease, specific hemisphere,

or specific hemifield. In follow-up analyses this relationship was not seen on a

within-subject basis. Since there was no theta power asymmetry during encoding

and no load-dependent increase of theta power during maintenance, no statistical

relationship could be established.

Frontal-cortex control of WM encoding

Hypothesis 4 addressed frontal control during encoding through network com-

munication quantified via PAC and PLV. PAC between 6 Hz phase in the frontal

theta ROI and 60 Hz power in the parietal gamma ROIs found no evidence that

cross-frequency synchrony was dependent on load. 6 Hz phase synchrony between

the middle frontal theta ROI and the lateral parietal alpha ROIs varied with load

as a trend (F (2,26) = 3.02, p = .07), independent of hemifield (F (1,13) < 1) and

hemisphere (F < 1; 3-way interaction F (2,26) = 2.24, p = .13).

3.4.5 Relationships with task performance

Hypothesis 5 expected an impact of oscillatory dynamics during encoding and/or

maintenance on overt task performance. Although the difference in frontal-parietal

phase synchrony with load was weak (see preceding paragraph), it varied with load-
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dependent variation in RT: the correlation between the 5-item set minus 1-item set

difference in PLV and the respective RT difference of rho = -.53 (p = .05) indica-

tes that, with higher load, larger phase synchrony increase co-varied with less RT

increase.

3.5 Discussion

Research reviewed above established associations between WM and theta, al-

pha, and gamma oscillatory activity and demonstrated that cued, lateralized alpha

activity reflects information transfer in preparation for subsequent processing. In

pursuit of neural mechanisms associated with distinct processing steps supporting

WM, present results replicate these findings, in that lateralized alpha activity was

present during stimulus encoding, and gamma activity showed a trend toward la-

teralization, both varying with levels of working memory demand. As predicted,

hemifield- and load-dependent changes in oscillatory power were observed during

the WM set presentation interval (which involves encoding), significantly for alpha

(hypothesis 1a) and marginally for gamma (hypothesis 1b), and during mainte-

nance for alpha (hypothesis 2), though not for theta (hypothesis 2). Moreover,

the previously reported inverse relationship between alpha- and gamma-band os-

cillations during item presentation was observed (hypotheses 1 and 3), although

the statistical relationship on the group-level was not paralleled by within-subject

trial-by-trial correlations and also not strengthened by intraregional connectivity

measures (PAC, hypothesis 3). Per hypotheses 3-5, inspection of specific features

of network communication as mechanisms of encoding efficiency and its impact on

WM maintenance indicated increased communication in a frontal-posterior cortical

network, seen in load-dependent modulation of phase synchrony during the enco-



3 Neural network communication facilitates verbal working memory 66

ding interval, as a mechanism of load-dependent variations in oscillatory dynamics

and thereby WM storage. Hypothesis 5 was supported by the relationship between

this connectivity modulation and RT.

Importantly, lateralized alpha and gamma activity varied with WM load. This

suggests that a mechanism of resource allocation, supporting prioritized informa-

tion flow and preparation of processing, is sensitive to WM challenge, which, in

turn, may influence WM encoding. Vogel and Machizawa (2004) observed a similar

load dependence of lateralized posterior activity that was time-locked to working

memory demands. This suggests that these mechanisms reflect encoding of stimuli

and not a general readiness. In line with previous reports (e.g. Jokisch and Jensen,

2007), modulation of alpha and modulation of gamma during the encoding interval

were negatively related in the 5-item condition. Similarity of results across studies

differing in design and materials (facial or verbal items) strengthens the proposed

role of alpha and gamma oscillations in WM operations. Whereas Jokisch and Jen-

sen (2007, p. 3244) related gamma activity to “the actual neuronal maintenance of

visual representations” and alpha increase to “a result of functional inhibition” in

discussing results that did not have the benefit of lateralized stimulus presentation,

present results for lateralized alpha and gamma power foreground their functional

role in preparing and efficiently encoding items for maintenance. Given that the

target memory set always appeared as part of a bilateral item array, the present

lateralized alpha and gamma power modulations may not result solely from the

lateralized stimulus processing but may indicate cued, thus anticipated, prepared

processing. This processing mechanism is WM-related, as it varied with WM load

(Hemifield x Hemisphere x Load interaction for alpha power and a trend for gamma

power).

This is limited by the fact that the load-dependent alpha-gamma relationships

seen during encoding on an across-subject basis were not seen on a trial-by-trial

basis. Various features of oscillatory dynamics may have contributed. (a) Process-
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related (e.g., alpha-gamma or alpha-RT) relationships may be small on a given trial

and subject to noise which may explain differential variation across trials within

each participant blurring the emergence of a systematic (within-subject) tendency.

Across-subject correlations indicating a systematic relationship do not necessitate

the presence of such a relationship on a single-trial basis. (b) It has been emphasi-

zed that “the interaction between broadband spectral change and brain rhythms”

may vary on a second-to-second basis (Miller et al., 2010, p. 197). Hence, the

assumed interplay of facilitating-inhibitory neural processes during the encoding

of presented items for WM storage may not be strong enough or too variable for

being sufficiently picked up by EEG. (c) Task-related oscillatory dynamics vary

with individually variable spontaneous fluctuations that precede stimulus onset,

whereas the particular oscillatory phase affects the stimulus-evoked dynamics (in-

cluding cross-frequency coupling). The influence of these ongoing fluctuations is

compensated for by baseline adjustment. Still, the extent to which pre-stimulus

spontaneous fluctuations differentially affect cross-frequency relationships on each

trial remains unclear. Unrelated to the present task, in a comparison of EEG and

fMRI-based default mode network and pain network activity Mayhew et al. (2013)

report that “response variability is dependent upon its resting-state functional

connectivity; modulated by behavior; and correlated with EEG evoked-potential

amplitude... Additionally, the power of the ongoing EEG alpha oscillation, an index

of cortical excitability, modulates the default mode network (DMN) fMRI response

to pain. The complex interaction between alpha-power, DMN activity and both

the behavioral report of pain and the brain’s response to pain demonstrates the

neurobiological significance of trial-by-trial variability” (p. 68). Thus, it remains to

be clarified whether and how different spontaneous baseline oscillations may have

resulted in intraindividually varying trial-by-trial correlations.
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Also in line with previous findings, during maintenance posterior alpha po-

wer increased with WM load. This increase was driven by the orthogonal linear

contrast, indicating that changes in alpha activity are mapped monotonically to

increases in working memory demands. This supports the scaling of alpha po-

wer increase with WM load across stimuli (similar results have been reported for

facial and auditory material; Jensen et al., 2002; Wilsch and Obleser, 2016) and

supports Jensen et al. (2002) proposal of a close link between an “alpha genera-

ting system” (p. 1047) and circuits involved in working memory. Whereas the

excitation-inhibition balance explains lateralized alpha power modulation during

the encoding interval, considering increased alpha power during maintenance as an

indication of increased effort may seem in contrast with alpha oscillations having

an inhibitory role. However, alpha increase could reduce disruptive input, thus

fostering better maintenance: the higher the WM load, the more beneficial such a

mechanism.

In addition to the role of oscillatory dynamics in the brains dealing with diffe-

rent WM challenges (as per hypotheses 1 and 2), present analyses addressed intra-

and inter-regional neuronal communication as potential mechanisms linking pro-

cessing steps and enabling efficient WM encoding and maintenance. The present

within-subject theta phase synchrony between frontal and parietal regions and the

across-subject inverse alpha-gamma power correlation are in line with evidence

from Sternberg- and non-Sternberg tasks suggesting cross-frequency coupling as a

mechanism facilitating WM (e.g. Berger et al., 2016; Kaiser, 2015; Sarnthein et al.,

1998; Schack et al., 2002; Seemüller et al., 2012). The present within-subject (6 Hz

theta) phase synchrony between frontal and parietal regions and the cross-subject

inverse alpha-gamma power-correlation during encoding add to this evidence, alt-

hough effects need to be substantiated before firm conclusions can be drawn.
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In contrast to previous findings, present theta-phase synchrony was prominent

during encoding, while other studies have emphasized phase synchrony as a me-

chanism of maintenance. This inconsistency may have emerged from overlapping

encoding and maintenance intervals: Within and across individuals, the processing

steps of item encoding, maintaining the item set while still presented, and mainte-

nance may vary in time and overlap, so that the assignment of oscillatory activity

patterns to distinct processing steps, encoding and maintenance, cannot be precise

in some tasks. A priori, literature-based definition of processing steps by inter-

val (ms) relates stimulus encoding, for instance, to the first 200 ms, while further

encoding for additional processing may extend beyond this interval and overlap

with the subsequent process of storing the stimulus in working memory, even if

the stimulus is still present. Unlike some previous studies, the present analyses

distinguished the WM set presentation interval as encoding from the subsequent

interval without item presentation as maintenance. Indeed, oscillatory patterns

differentiated the two intervals, as activity varied with load and hemifield of sti-

mulation during encoding but not during maintenance. This, however, does not by

itself preclude that neuronal processing steps of encoding and maintenance over-

lapped to some degree during the task. In addition to the overlap of encoding

and maintenance, the experimentally defined maintenance interval may also cover

WM maintenance and preparation for the anticipated comparison of the probe let-

ter, hence, retrieval. Spatio-temporal dynamics and inter-regional synchronization

(e.g., phase coherence or cross-frequency coupling) during the maintenance interval

have been interpreted as “activation of task-relevant information in preparation for

comparison...” (Kaiser, 2015, p. 3). However, the present analyses did not distin-

guish processes within the maintenance interval. Performance may have been a

function of a combination of effects to which each process contributed.
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A final limitation is that the small sample size may have missed some effects,

especially among logically distant measures such as overt performance and brain

oscillations per hypothesis 5. Yet similar alpha and gamma power modulations

have been reported for even smaller samples, even < 10 subjects (Berger et al.,

2016; Jensen et al., 2002; Jokisch and Jensen, 2007; Medendorp et al., 2007; Schack

et al., 2002), providing strong grounds for expecting substantial effect sizes for

some phenomena analyzed here.

3.6 Conclusions

Present results replicated several previous findings suggesting inter-regional os-

cillatory communication as a mechanism of aspects of memory function. New

findings provided preliminary evidence of distinct oscillatory mechanisms during

encoding and maintenance stages of a WM task, with the association of frontal-

parietal phase synchrony during encoding with subsequent performance suggesting

a mechanism specifically for WM maintenance.
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4.1 Abstract

Dysfunctional working memory (WM) in schizophrenia is associated with redu-

ced hemodynamic and electromagnetic activity and altered network connectivity

within and between memory-associated neuronal networks. The present study

sought to determine whether schizophrenia involves disruption of a frontal-parietal

network normally supporting working memory (WM) and/or involvement of anot-

her brain network. Nineteen schizophrenic patients (SZ) and 19 comparison sub-

jects (healthy controls (HC)) participated in a cued-lateralized visual-verbal Stern-

berg task while dense-array EEG was recorded. A pair of item arrays each con-

sisting of 2-4 consonants was presented bilaterally for 200 ms to the left or right

hemifield with a prior cue signaling the hemifield of task-relevant working memory

(WM) set. A central probe letter 2000 ms later prompted a choice reaction time

decision about match/mismatch with the target WM set. Group and WM load

effects on time-domain and time-frequency-domain 11-15 Hz alpha power were as-

sessed for the cue-to-probe time window, and posterior 11-15 Hz alpha power and

frontal 4-8 Hz theta power were assessed during the retention interval. Directio-

nal connectivity was estimated via Granger causality, evaluating group differences

in communication. Results confirmed slower responding, lower accuracy, smaller

overall time-domain, and less load-dependent alpha power increase in schizophre-

nic patients (SZ) than in healthy controls (HC) while midline frontal theta power

increases did not distinguish between groups or load. Network communication

in SZ was characterized by temporal-to-posterior information flow, in contrast to

bidirectional temporal-posterior communication in HC. Results indicate aberrant

WM network activity supporting WM in SZ that might facilitate normal load-

dependent and only marginally less accurate task performance, despite generally

slower responding.
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4.2 Introduction

WM (verbal and spatial) deficits are perhaps the most commonly reported and

most intensely studied cognitive deficits in schizophrenia (SZ; for reviews see Forbes

et al., 2009; Heinrichs, 2004; Kalkstein et al., 2010; Lee and Park, 2005). Evidence

from neuropsychological, experimental, (e.g. Gold et al., 2010; Heinrichs et al.,

2017; Kalkstein et al., 2010; Stephane and Pellizzer, 2007), and self-report (Balzan

et al., 2014) WM measures have been complemented by evidence indexing neural

processes and cerebral network dynamics supporting WM. Functional magnetic re-

sonance imaging (fMRI) studies have indicated less activity in SZ than in HC in

brain regions associated with WM encoding and retention, including mediofrontal,

dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), superior

temporal, and posterior cortex (e.g. Cannon et al., 2005; Eich et al., 2013; Glahn

et al., 2005; Karlsgodt et al., 2007; Unschuld et al., 2014; Van Snellenberg et al.,

2016; Wible et al., 2009). Electromagnetic (electroencephalography (EEG), mag-

netoencephalography (MEG)) neuroimaging has added evidence of smaller event-

related potential (ERP) amplitude and event-related desynchronization in SZ than

in controls related to WM encoding and retention (Berger et al., 2016; Hsieh and

Ranganath, 2014; Johannesen et al., 2016; Light et al., 2006; Raghavachari et al.,

2001; Rawdon et al., 2013; Roux et al., 2012; Sauseng et al., 2009; Stephane et al.,

2008; Zanto et al., 2011). Smaller event-related responses and weaker responses to

presentation of items to be encoded and maintained, indicated by lower power in

the high-frequency (gamma) band, have been discussed as an indication of less effi-

cient item encoding, whereas lower power in the 4-7 Hz (theta) frequency band has

been considered a sign of less efficient item retention in SZ. Using machine-learning

classifiers, Johannesen et al. (2016) identified frontal theta activity during pre-task

baseline and frontal alpha activity during retrieval as effective predictors of SZ vs.

HC diagnosis with 87% classification accuracy. Across SZ and HC, the classifi-
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cation model discriminating good and poor performance during a Sternberg-type

WM task provided the best discriminant function (76% of variance in performance)

using frontal gamma activity during encoding and central theta activity during re-

tention.

Beyond modulation of activity in specific brain regions by WM task demands,

analyses of inter-regional network communication have added to the understanding

of WM processing in SZ. Information transfer within and across regions is thought

to reflect the implementation of WM encoding and retention and may be dysfuncti-

onal in SZ (Karlsgodt et al., 2007). Studies of network connectivity indicate inter-

rupted interregional interactions, such as lower phase-coherence of fronto-posterior

theta activity in SZ than in HC (Berger et al., 2016, p. 705). White et al. (2011)

identified aberrant network activity in SZ via fMRI in networks spanning dor-

solateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), temporal,

occipital, and cerebellar areas. Addressing EEG fronto-parietal theta phase cou-

pling as “substantially involved in executive control” (p. 1340), Griesmayr et al.

(2014) emphasized weaker fronto-parietal connectivity in SZ together with attenu-

ated posterior connectivity during manipulation (similar to encoding) of high WM

load (see also González-Hernández et al., 2003; Onton et al., 2005; Westphal et al.,

1990, regarding the role of frontal midline theta in SZ). Measuring temporally

coherent networks (TCN) from fMRI and EEG prior to and during a Sternberg-

type WM task Baenninger et al. (2016) verified altered network communication

in SZ, although SZ showed the same modulation of behavioral response accuracy

with WM load as did HC: whereas efficient processing in HC was characterized by

a load-dependent inverse relationship between pre-task activity coherence within

a fronto-posterior default mode network (DMN) and a frontal-temporo-parietal

working-memory network (WMN, Kottlow et al., 2015), SZ did not show this in-

verse relationship. SZ showed less load-dependent frontal midline theta power and

less fronto-posterior WM network alpha power modulation. Thus, even if simi-
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larity in WM load effects on performance in SZ and HC suggests largely normal

encoding and retention processes in SZ, overall activity reduction in and altered

communication between WM-related regions still point to dysfunctional neuronal

communication that might contribute to the deficient WM manifest in neuropsy-

chological, self-report, or traditional laboratory behavioral measures (Baenninger

et al., 2016; Deserno et al., 2012; Hahn et al., 2017; Van Snellenberg et al., 2016).

Several studies have identified abnormal brain dynamics and their role in WM

deficits in SZ with respect to the specific WM components encoding, retention,

and retrieval. For example, Stephane and Pellizzer (2007) reported less activity

during encoding in prefrontal and cingulate regions in SZ than in HC that preceded

stronger (possibly compensatory) activation in a fronto-parietal network during

executive information manipulation (hypothetically associated with retention in

preparation for retrieval) (see also Schlösser et al., 2008). Similarly, Stephane et al.

(2008) reported less event-related 1-4 Hz synchronization in left anterior frontal

and left parietal lobes during encoding followed by less fronto-posterior activity

modulation in higher frequency bands during retention in SZ. Cannon et al. (2005)

reported low hemodynamic modulation during retention in SZ, specifically less

increase in recruitment of right dorsolateral prefrontal regions with increasing WM

load during retention. Thus, evidence suggests that both encoding and retention

are dysfunctional in SZ (Stephane et al., 2008).

In a nonpatient sample, Kustermann et al. (2017, Paper 2) examined the role of

oscillatory dynamics in WM encoding and retention in a modified Sternberg verbal

WM task: cued, lateralized presentation of the target WM set served to manipulate

attention orientation that should foster encoding and retention. Lateralized poste-

rior alpha and gamma activity during WM-item presentation varied with WM load

(1-, 3-, and 5-consonant sets), suggesting a specific neural mechanism supporting

attention deployment in service of WM encoding, whereas the modulation of alpha

power increase during maintenance as a function of WM load suggested a role for
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lower-frequency dynamics in item retention (see also Sauseng et al., 2009). Moreo-

ver, fronto-parietal 6 Hz phase synchrony during encoding and its correlation with

performance suggested a different neural mechanism supporting WM maintenance.

Both attention deployment in support of WM encoding and frontal-parietal net-

work supporting WM processes may be disrupted in SZ, as Baenninger et al. (2016)

described abnormal activity in a dorsal attention network (dAN) and altered WM

network activity in SZ.

The present study adapted the Kustermann et al. (2017, Paper 2) task to de-

termine whether SZ involves disruption of a frontal-parietal network normally sup-

porting WM and/or maladaptive involvement of another brain network. The con-

tributions of oscillatory dynamics to retention-related processes were evaluated in

a sample of SZ and a sample of HC by modifying the WM-item presentation inter-

val and evaluating fronto-posterior top-down control of WM retention via Granger

causality (GC) analyses in WM networks with the following hypotheses:

1. Dysfunctional processing is manifest in smaller event-related time-domain

response to WM item presentation and less modulation as a function of WM

load in SZ than in HC.

2. Dysfunctional retention is manifest in less load-dependent posterior alpha

power and less frontal midline theta power in SZ than in HC during the

retention interval.

3. Disrupted network communication in SZ is manifest in directional frontal-to-

posterior information flow and its variation with WM load.

4. Measures of network dynamics supporting retention are related to perfor-

mance (reaction time, accuracy) and its modulation with WM load, with

poorer performance in SZ varying with compromised dynamics during reten-

tion.
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4.3 Methods

4.3.1 Participants

Twenty-one inpatient SZ were recruited from the regional Center for Psychiatry

and diagnosed by experienced senior psychiatrists or psychologists using ICD-10

criteria. Patients with a history of neurological condition or disorder, including

epilepsy or head trauma with loss of consciousness, were not included. Data of

two SZ were excluded from analysis due to artifact. Thus, the present sample

included 19 SZ, 16 of whom met ICD-10 criteria for schizophrenia (code F20.0),

and three diagnosed with schizoaffective disorder (ICD-10 code F25). The number

of hospitalizations for psychosis varied around a mean of 7.9 ± 5.7 SD. At the time

of the study, all patients were treated with neuroleptic medication, either atypical

antipsychotics or a combination of atypical and conventional antipsychotics.

As healthy control (HC) sample n = 19 participants were recruited informally

among the university student pool and the local community. Special care was taken

to match HC with patients in age, gender, and education. A history of neurological

or psychiatric disorder was an exclusion criterion, verified by the M.I.N.I. (Acken-

heil et al., 1999). The groups did not differ in gender balance (4 females in each

group), age (SZ 37.9 ± 12.6, HC 37.5 ± 12.3, p = .918), years of education (SZ

11.8 ± 2.4, HC 12.4 ± 1.6, p = .201), or IQ (assessed by a standard German test

for premorbid intelligence, the MWT-B; SZ, 110.1 ± 18.3, HC, 114 ± 13.8; p =

.472). All participants had normal or corrected-to-normal vision. Based on the

Edinburgh Handedness Questionnaire (Oldfield, 1971), all participants were right-

handed (laterality quotient > 80). Participants provided written informed consent

prior to the study and received 30 Euro at completion.

The study was reviewed and approved by the Institutional Review Board of the

University of Konstanz. Participants completed a modified Sternberg task during

EEG recording. For all SZ, assessment took place in the post-acute phase. The
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Figure 4.1: Participants were instructed to fixate their gaze centrally throughout the
trial. A 500 ms cue (arrow) indicated the hemifield of the relevant WM stimulus array.
Arrays were presented in the left and right hemifield, each array consisting of 2, 3, or 4
unique consonants and “#” symbols serving to fill out the five positions per hemifield.
Arrays were presented for 200 ms, followed by a 2000 ms interval in which the target
stimuli were to be retained. A subsequent centrally presented probe letter matched a
consonant in the target array, matched a consonant in the non-target array, or contained
a novel consonant. Upon a choice-RT button press indicating whether the probe was
identical to a consonant in the target array, feedback was provided for 1000 ms in the
form of the RT in ms for correct responses or the word “FALSCH” for incorrect responses.
Offset-to-onset time between trials varied randomly from 2000 to 2500 ms.

responsible psychologist or psychiatrist verified that the patient was in a sufficiently

improved state to provide written informed consent and to understand test and

interview questions.

4.3.2 Stimuli and Procedure

Figure 4.1 outlines the structure and timing of a trial. In a cued-lateralized

version of the Sternberg (1966, 1975) task, bilateral arrays of visual stimuli (con-

sonants and “#” symbols) represented the WM item set. Each trial started with

a 500 ms presentation of the cue (an arrow indicating the hemifield to attend to).
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The cue interval was followed by a 200 ms simultaneous presentation of a left hemi-

field array of five stimuli, which comprised two, three or four consonants (and one,

two or three “#” symbols, respectively) and a right hemifield array of the same

pattern of stimuli (e.g., three consonants and 2 ‘#” symbols, with the symbols in

the same rows in each hemifield). On a given trial, letters were unique to each

hemifield, in that a consonant that appeared in the relevant array did not appear

in the irrelevant array. Stimuli appeared on a screen 115 cm from the participant’s

eyes at visual angles of x = ±-3 / ±4 / ±5, y = 0 / ±2 / ±4 degrees, ensuring that

all letters in both arrays could be attended without the need for a saccade. Partici-

pants were instructed to keep the consonants in the cued (task-relevant) hemifield

in mind for later matching with the probe consonant. The dual-array consonant

presentation was followed by a 2000 ms retention interval during which participants

were instructed to focus their eyes on a central fixation cross. Thereafter, a probe

consonant that either matched one of the consonants in the target array, did not

match because it was in the nontarget array, or had not been presented before

(novel) appeared in the center of the screen until the participant made a choice

reaction time button press, after which feedback was provided for 1000 ms after

the response, either the response time in ms or the word “FALSCH” (“wrong”)

in case of an error. After the feedback, offset-to-onset time between trials varied

randomly from 2000 to 2500 ms.

Within the 3 load (2, 3, 4 consonants) x 2 hemifield x 3 probe type (relevant

array, nontarget array, novel) factorial design, the sequence of conditions varied

pseudorandomly across 324 trials. Left and right cues were equally probable, and

each load condition was 33% probable. In 50% of the trials the probe letter was in

target array, in 25% it was in the nontarget array, and in 25% the probe letter was

in neither array. Task duration was approximately 40 minutes.
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4.3.3 Data Acquisition and Analysis

Variation in task performance as a function of group and WM load was examined

via reaction time (RT) and accuracy (number of correct responses, expressed as

the % of the total number of trials in the respective WM load condition). Analyses

of RT (see Figure 4.2) and EEG were confined to trials with correct responses.

Reaction times for each trial were winsorized on a per-subject level to the 2nd and

98th percentile to limit the impact of extremely quick and slow responses on the

subject average.

The EEG was recorded in an electrically shielded room with a 128-channel

actively-shielded ANT Neuro system using equidistant hexagonal waveguardTM

caps. EEG was sampled at 1024 Hz. Each channel was referenced online to the

average. Following acquisition guidelines (Keil et al., 2014), electrode impedan-

ces were kept below 20 kΩ. Data analysis was conducted using the open-source

MATLAB toolbox Fieldtrip (Oostenveld et al., 2011), locally written R code, and

SPSS. Data were epoched from 2000 ms before to 4000 ms after cue onset. Tri-

als were downsampled to 500 Hz and bandstop-filtered for line noise (±5 Hz Hz

around 50 Hz, 100 Hz, and 150 Hz) using a windowed finite impulse-response

filter. Trials contaminated with movement-related artifacts based on visual in-

spection were discarded. Independent component analysis (Jung et al., 2001)

was used to remove components associated with cardiac activity and eye mo-

vements. The number of correct, artifact-free trials was marginally lower in SZ

than in HC (F (1, 36) = 3.60, p = 0.065), due to the slightly lower number of hits

in SZ (p = .057). As a consequence, number of trials correlated with accuracy,

r = .98, p < .001. The Group x Load interaction of artifact-free trials did not

approach significance (F (2, 72) = .64, p = .531).

Scalp time-domain responses were computed by low-pass filtering the data at 40

Hz before time-locked responses were aggregated across trials and baseline-adjusted

for -500 to 0 ms relative to cue onset. Cluster-based permutation (Maris and Oos-



4 Verbal working memory related neural network communication in
schizophrenia 81

tenveld, 2007) was used to assess the main effect of group on time-domain data.

This procedure began with a t-test between the two groups for every combination

of time point and channel in the actual data. Time-channel combinations that were

adjacent in both time and scalp location and showed significant group differences

in the t-tests were clustered by summing the t-values for later comparison with a

distribution resulting from parallel results obtained from permuted data. Permu-

tation of the data was then performed by repeating that procedure after randomly

assigning the group association of each subject. For each of 5000 iterations, the t-

value sum from the cluster with the highest t-value sum was added to a distribution

reflecting the null hypothesis of no group difference. Finally, the hypothesis was

evaluated by comparing the t-value sum from the actual data to that distribution.

The electrode cluster highlighted in the topographical maps of Figure 4.3 (inset)

met the criterion of significantly differentiating the groups for the interval from 320

to 2700 ms. The waveforms in Figure 4.3 are the average time courses, by group,

of activity in this cluster. The impact of group on WM load effects on alpha power

in this cluster during the 320-2700 ms epoch was evaluated in a 2 Group x 3 Load

ANOVA. The Group main effect in that ANOVA was driven by the procedure for

identifying the cluster and was not of interest. The other effects in that ANOVA,

being orthogonal to the Group effect, were of interest.

Scalp time-frequency resolved power was computed for -1500 ms to 3500 ms (wi-

der than the epoch subsequently analyzed, as required by the Hanning taper) and

frequencies from 1 to 40 Hz in 1 Hz steps by convolving the data with a single 1000

ms Hanning taper. Per hypothesis 1, the contribution of 11-15 Hz alpha power

modulation to encoding and to the time-locked response to WM item presentation

was evaluated for the electrode cluster defined above. Separately, oscillatory dy-

namics confined to the retention interval were examined for midline frontal theta

(Griesmayr et al., 2014; González-Hernández et al., 2003; Kustermann et al., 2017)

and bilateral posterior alpha related to working memory retention (Jensen et al.,
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2002; Klimesch et al., 1999). Alpha power increases during retention indexing oscil-

latory components supporting WM processes were identified by pooling data from

both groups and all loads in order to avoid biasing the spatio-temporal selection

process. Based on WM studies of alpha activity, increases in alpha power were ex-

pected during the retention interval (700-2700 ms) at posterior electrodes reflecting

the manipulation of items in WM. In line with expectations, a distinct posterior

alpha increase was identified visually at 11-15 Hz during 1400-2200 ms (dashed rec-

tangle in Figure 4.4). Assuming that relevant theta power changes would co-occur

with alpha power changes, theta power was examined at 4-8 Hz during the same

time interval for a midfrontal virtual electrode. Theta and alpha power changes

from pre-cue baseline were analyzed during 1400-2200 ms via a 2 Group x 3 Load

ANOVA.

Source-level analysis began with construction of a head model based on the

Montreal Neurological Institute linear ICBM152 average brain (http://www.bic.

mni.mcgill.ca/ServicesAtlases/ICBM152Lin). From coregistration of this template

with the MNI using an in-house template of electrode positions for the ANT elec-

trode cap generated by averaging electrode positions of 20 subjects, a boundary-

element model approximating the volume conductor’s compartments (brain, skull,

scalp) was applied to each subject. The forward model was then constructed on

a grid of 1 cm3 voxels. Source-level oscillatory activity was computed employing

dynamic imaging of coherent sources (dynamic imaging of coherent sources (DICS)

Gross et al., 2001), a spatial filtering technique. A spatial filter was computed per

subject by combining the pre-cue time interval of -1500 to -500 ms and post-cue

interval of 1400 to 2400 ms. The resulting filter was then applied to those pre-cue

and post-cue intervals to maintain filter weights. A multi-taper approach was used

to estimate oscillatory activity at the source level for theta (6 ± 2 Hz smoothing)

and alpha (13 ± 2 Hz) bands. Time-domain data were source-transformed using

a linearly constrained minimum variance (lcmv) beamformer based on the above

http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152Lin
http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152Lin
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boundary element models for a sparse 3 cm3-resolved grid. Filter weights were es-

timated for the whole trial averaged data from -2000 to 4000 ms. The time-domain

structure of the data was retained by multiplying the filter weights by each trial

and time point. In addition, a virtual electrode was used to capture the time course

of activity in mid-frontal cortex (hypothesis 2).

Source-level directed connectivity per Granger causality : Effective connectivity

was estimated using nonparametric spectral Granger causality (Dhamala et al.,

2008; Granger, 1969), an auto-regression-based method used to assess directionality

of information flow between two nodes using spectral matrix factorization based

on the fourier coefficients (Wen et al., 2013). Time courses were projected using

an lcmv beamformer into 121 3 cm3 brain voxels of source space spanning cortex,

approximating resolution of the 120- structure AAL atlas (http://doc.pmod.com/

pneuro/6750.htm). Granger causality was calculated on these time-domain source-

level data. Epoch of interest was defined as 1400 to 2400 ms. (Extension to 2400

ms of the 1400-2200 ms interval described above was done to provide 1/T = 1

Hz resolution.) Fourier coefficients were computed using multitapers using with a

smoothing of ± 2 Hz with a 1 Hz spectral resolution. Separately for each subject

x condition, information flow was calculated focusing on key nodes in the frontal-

posterior network: a seed in mid-frontal cortex for theta (MNI: 10 58 30) that was

selected based on prominent frontal theta increases evident when pooling across

and load, and a posterior seed region for alpha power modulation during retention

(MNI: -20 -102 10, location with evident alpha power increases from baseline pooled

across all subjects and load) to the other 120 voxels and in turn from those 120 to

the seed region. For the frequency bands of interest, theta (6 ± 2 Hz) and alpha

(13 ± 2 Hz), cluster-based permutation statistics contrasted the directionality of

information flow between groups based on the seed voxel.

http://doc.pmod.com/pneuro/6750.htm
http://doc.pmod.com/pneuro/6750.htm
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Figure 4.2: Task performance expressed in reaction time and accuracy (hit rate as % of
correct responses of total number of trials per condition) by group and WM load. Each
display includes mean, standard deviation, min and max values and estimated kernel
density for each combination of load and group.

Inferential statistics began with a 2 Group x 3 Load x 2 Hemifield ANOVA run

for RT and for % error. (Here and for every ANOVA effect involving the 2-df Load

factor, reported p-values reflect the Huynh-Feldt epsilon correction.) Significant

effects of Load were clarified with linear and quadratic polynomial trend tests.

Non-parametric cluster-based Monte Carlo permutation was used to evaluate

group differences for time-domain and Granger causality data on the scalp and

source level respectively. Interaction effects involving multiple within subject-levels

cannot be evaluated in the cluster-based framework. Statistical evaluation of these

factors was performed via ANOVAs. In order to reduce the number of possible

comparisons, clusters from group comparisons using permutation statistic were

selected where appropriate. If this approach was not feasible due to the structure

of the data, activity modulations pooled across all subjects were used to locate

the effect of interest in time, frequency and space, thus ensuring independence of

subsequent inferential statistics from the data selection process.
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4.4 Results

Behavioral Performance

Figure 4.2 provides descriptive statistics for RT on correct trials and for accu-

racy. A 2 Group x 3 Load x 2 Hemifield ANOVA found load-dependent modulation

(Load F (2, 72) = 28.03, p < .001) that confirmed an increase in RT with increa-

sing load in both groups. Polynomial trend analysis showed a clear linear load

effect (>99% of the Load variance, p < .001) in the absence of a quadratic Load

effect (p = .485). Although as expected SZ were slower in responding (Group,

F (1, 36) = 6.14, p = .018), they showed the same load effect as HC (Group x Load

p = .459). Target stimuli in the left hemifield prompted slightly faster responses

(M ± SD; 710 ± 187 ms) than did those in the right hemifield (729 ± 187 ms;

Hemifield F (1, 36) = 5.25, p = .028). This was invariant across group and load

and was not considered further (Load x Hemifield p = .317, Group x Hemifield

p = .704, Group x Load x Hemifield p = .837).

Response accuracy (Figure 4.2, right) was largely similar, with SZ performing

marginally more poorly than HC, but showing the same load effect as HC (Group

F (1, 36) = 3.87, p = .057; Load F (2, 72) = 96.49, p < .001; Group x Load

p = .619). Again, polynomial trends showed a clear linear Load effect (100% of the

Load variance, p < .001) in the absence of a quadratic Load effect (p = .909). Dif-

ferent from RT results, accuracy produced a Group x Load x Hemifield interaction

(F (2, 72) = 3.27, p = .044) but no main effect of Hemifield. This was carried by the

Group x quadratic Load x Hemifield polynomial trend (90% of the 3-way variance,

p = .030). Means indicated that every Group x Hemifield cell showed the overall

monotonic load effect (decreasing hit rate with increasing load) but that the mar-

ginal Group effect (lower hit rate in SZ than in HC) was largest for right-hemifield

presentation at load 3 (simple-effect F (1, 36) = 6.44, p = .016).
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Figure 4.3: Grand-average activity time-locked to stimulus presentation relative to a 500
ms pre-cue baseline between cue onset at 0 s and the end of the retention interval at
2700 ms, averaged separately for schizophrenia patients (SZ) and healthy controls (HC).
Top right inset: topographical representation of electrodes (black dots) contributing to
significant activity difference between groups (HC vs. SZ) during the 320-2700 ms window
identified by cluster-based permutation statistics.

4.4.1 Time-domain Neural Activity

Figure 4.3 illustrates the ERP time course, averaged across WM load levels,

separately for SZ and HC. Cluster-based permutation statistics confirmed signifi-

cant differences between HC and SZ (p = .003), with HC displaying larger negative

deflections than SZ prior to and in response to WM array presentation. For the

320-2700 ms interval and fronto-central electrode cluster (Figure 4.3 inset) that

contributed to the significant group difference in amplitude, the 2 Group x 3 Load

ANOVA did not find amplitude modulation by load (F (2, 72) = .79, p = .457;

Group x Load F (2, 72) = .71, p = .495). Thus, the time-locked response differenti-

ating groups was not sensitive to the WM challenge. Because the spatio-temporal

cluster differentiating the groups began (320 ms) prior to array onset (500 ms),

several analyses confined to the cue period were undertaken on an exploratory

basis. First, the 40 Hz low-pass filter was turned off to determine whether the

pre-cue onset was an artifact of filter bleed. Onset of the group difference around

320 ms remained, indicating that temporal smearing was not the cause of pre-

array group differences. Second, the time-locked response during the final 100 ms
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of the cue (essentially a short-interval contingent negative variation score, with

pre-cue baseline removed) was submitted to a Group x Load x Hemifield x Hemis-

phere analysis for representative lateralized electrodes to determine whether the

cue produced lateralized activity preparatory to array onset. Although this score

repeated the finding that time-locked responses HC were more negative than in SZ

(F (1, 36) = 5.97, p = .020), no other effects were significant, indicating that the cue

did not prompt differential preparation. Third, a cluster-based permutation evalu-

ation of alpha lateralization as a function of hemifield found no group difference in

the resulting cluster, again indicating no differential preparation. In combination

these null results indicate that group differences subsequent to cue onset were not

carried by group differences during the cue period.

4.4.2 Time-frequency Neural Activity

Modulation of (11-15 Hz) alpha power co-occurring with time-domain group

differences was examined for the same time window (320-2700 ms) spanning most

of the trial (latter portion of cue, letter arrays, and retention) and the same fronto-

central electrode cluster spanning both hemispheres around the midline (Figure 4.3

inset) defined by the time-domain analyses. The 2 Group x 3 Load ANOVA indi-

cated a larger alpha power decrease from baseline with increasing WM load in both

groups (Load F (2, 72) = 7.14, p = .002; Group p = .324; Group x Load p = .121).

Figure 4.4 illustrates oscillatory modulation by group. In parallel with findings

from the literature (Jensen et al., 2002; Klimesch et al., 1999) and separate from

the frontal alpha power modulations, a distinct posterior increase in 11-15 Hz

alpha power was observed from 1400 to 2200 ms of the retention period across

groups and WM loads. The 2 Group x 3 Load ANOVA verified that the load

dependence of this alpha power increase (Load F (2, 72) = 3.63, p = .033) was

higher in HC than in SZ (Group p = .771; Group x Load F (2, 72) = 4.76, p = .012).
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Figure 4.4: Outer columns: time-frequency representation of power during 1500 ms prior
to cue-onset (0 ms), WM array presentation (500-700 ms), and retention interval (700-
2700 ms) by group and WM load. Color reflects power change from pre-cue baseline
(-500 to 0 ms). Dashed rectangles mark significant increase in 11-15 Hz alpha power
during the retention interval. Inner columns: for the 1400 to 2200 ms time-frequency
data in the dashed rectangles, topographical representation of significant alpha power
modulation by load for each group. Electrodes represented by black dots were identified
by cluster-based permutation statistics as showing group differences.
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Analyzing the load effect separately for each group confirmed a significant linear

(F (1, 18) = 8.56, p = .009) and quadratic (F (1, 18) = 4.64, p = .045) effect in HC,

but not in SZ (linear: F (1, 18) = .56, p = .462; quadratic: F (1, 18) = .87, p = .363).

Midfrontal 4-8 Hz theta modulation that was hypothesized to co-occur with

posterior alpha power changes from 1400-2200 ms during the retention interval

was examined in an ANOVA for a virtual electrode placed in the medial frontal

cortex (see methods). Group (p = .983), Load (p = .745), and Group x Load

(p = .771) effects were not significant.

4.4.3 Directional Neural Communication

For the frontal seed, no theta-based connectivity differences were observed

(p = .283). Directional information flow from a posterior seed region to all cortical

regions and back to the seed region were evaluated separately for 11-15 Hz alpha

and 4-8 Hz theta using nonparametric Granger causality. Cluster-based permuta-

tion statistics verified significant directional communication manifest in the theta

(p = .001) but not in the alpha band (p = .158) for the posterior seed. Figure 5

illustrates the Granger spectra for HC and SZ for a cluster of voxels in the me-

dial temporal lobe (source regions of GC differences between groups are shown in

Figure 4.5 inset). Granger spectra indicate a theta-specific differentiation of HC

and SZ with respect to the direction of communication: SZ exhibited a higher de-

gree of medial temporal lobe to parietal communication than did HC. Thus, per

hypothesis 3, network communication during retention was altered in SZ, in that

temporal-to-posterior information flow, a form of top-down control of posterior re-

tention processing, was accentuated, though independent of WM load. Given that

superior temporal regions are considered part of a WM network (Baenninger et al.,

2016; Kottlow et al., 2015), this temporal involvement of group differences in the

directional information flow suggests accentuated activity of the WM network in

present SZ upon Sternberg-prompted WM-challenge.
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Figure 4.5: Spectral representation of Granger causality (GC) indices of information flow
from all regions to posterior seed region minus information flow from that seed region
to all others (positive values on ordinate: stronger information flow to seed region than
from seed region) as a function of frequency for each group. Group differences are evident
between 2 and 8 Hz for a cluster of voxels centered in the medial temporal lobe. Top
right inset: projection of source regions of significant group differences in GC. Blue color
indicates a greater difference in information flow to seed region than from seed region in
SZ than in HC. t-values for group differences in net directionality from the cluster-based
permutation statistics at ±2 correspond to p < .025.

Relationship of Neural Activity and Behavioral Performance

A contribution of load-dependent oscillatory dynamics to encoding and re-

tention should be manifest in relationships between these brain measures and

overt performance measures (hypothesis 4). For the cluster that emerged span-

ning the 320-2700 ms window (including item presentation and retention), sub-

sequent response speed varied with amplitude of the time-locked neural activity

(rho = .38, p = .018) and with alpha-power decrease (rho = −.37, p = .024)

in the combined sample. However, this relationship cannot differentiate the im-

pact of specific processing steps such as encoding or retention on RT. Regar-
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ding the latter, RT varied with alpha power increase during the retention interval

(rho = −.35, p = .032) and with directional information flow (GC) as a trend

(rho = .295, p = .072). Specifically, participants responded faster on trials during

which frontal alpha power, retention-related posterior alpha power, and informa-

tion flow to posterior regions were higher. There were no group differences in those

correlations. As expected in light of the small number of errors in both groups,

comparable analyses did not provide significant relationships between cortical de-

pendent measures and accuracy.

4.5 Discussion

The present study sought to determine whether neural activity in SZ during a

WM task was dysfunctional with regard to time-locked activity, oscillatory modu-

lations, and/or interregional communication. Specifically, analyses of directional

communication evaluated a disrupted fronto-parietal network normally supporting

WM and/or maladaptive involvement of another brain network.

SZ responded more slowly and marginally less accurately than HC across levels

of WM load during a Sternberg task. Nevertheless, SZ showed increases in RT

and error rate with increasing WM challenge similar to those of HC. Thus, overt

performance was in line with common reports on schizophrenia patients performing

slower and poorer on a variety of tasks, including WM tasks. In line with other stu-

dies, present performance results still varied with aberrant brain activity patterns

(e.g. Baenninger et al., 2016; Deserno et al., 2012; Hahn et al., 2017; Van Snellen-

berg et al., 2016). This pattern of results suggests SZ relying on a compensatory

mechanism to achieve normal overt behavior in this context.
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Per hypothesis 1, SZ produced a smaller event-related time-domain response.

Contrary to predictions for event-related responses (e.g. Rawdon et al., 2013) but

consistent with overt performance, the time-locked neural activity to WM item

presentation did not vary with WM load.

In support of hypothesis 2, SZ showed less load-dependent modulation of poste-

rior alpha power than did HC, who showed both linear and quadratic modulations;

SZ showed neither. The hypothesized similar disruption of frontal midline theta

response to load was not observed. The general load dependence of alpha is in line

with previous studies (e.g. Jensen et al., 2002; Klimesch et al., 1999). Considering

the putative inhibitory role of alpha oscillations, this modulation is thought to be

a manifestation of processes blocking irrelevant information input and fostering

retention of task-relevant stimuli specifically in brain regions corresponding to the

stimulus modality (here, posterior cortex). In SZ, although alpha power increased

during the retention interval, the failure to modulate it with WM load is line with

fMRI evidence of an inverted U-shaped function with load in HC but no modula-

tion in SZ (Van Snellenberg et al., 2016). The quadratic effect in present EEG data

in HC indicates a U-shaped effect of WM load on alpha power, further supporting

the results of Van Snellenberg et al. (2016).

Hypothesis 3 was that disrupted network communication in SZ would be mani-

fest in directional frontal-to-posterior information flow and its variation with WM

load. Addressing network communication by directional information flow with

Granger causality, present results indicate group differences in communication du-

ring retention in theta-band GC between medial temporal lobe and posterior re-

gions. In HC, activity in the temporal-posterior WM network during the present

Sternberg task was characterized by bidirectional information flow, whereas in SZ

posterior activity was modulated by the temporal region. A temporal-to-posterior

influence indicating activity within a WMN network is in line with results reported

by (Baenninger et al., 2016) in a Sternberg task. Together with the relationship
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between GC and performance in SZ, such dominant temporal-to-posterior commu-

nication could help explain the lower alpha power modulation by WM challenge

observed in SZ patients.

Hypothesis 4 predicting poorer performance in SZ varying with compromised

dynamics during retention received partial support, in that oscillatory dynamics

predicted subsequent RT. However, disconfirming a portion of hypothesis 4, ana-

lyses did not turn up group differences in these relationships, and load-dependent

variation in oscillatory dynamics supporting retention was not related to load-

dependent performance variation. Both results suggest compensatory WM network

activity in SZ that supports WM processes (general slowing and overall poorer per-

formance accuracy remaining; see also Baenninger et al., 2016).

Several limitations of the present study can be noted. Lateralized array pre-

sentation was expected to prompt lateralized attention deployment, which should

have been manifested in lateralized alpha power modulation. However, the pre-

sent protocol did not elicit such lateralized activity. Studies presenting stimuli

in a lateralized manner typically employ a specific experimental setup in which

the retention of the stimulus location is central to task performance (e.g. Lozano-

Soldevilla et al., 2014; Popov et al., 2017; Sauseng et al., 2009; Thut et al., 2006; van

Dijk et al., 2010). In contrast, in the present study it was not necessary to retain

target stimulus position, as the probe letter was presented centrally. This result

suggests that lateralized posterior alpha power modulation is not simply a function

of lateralized stimulus presentation but closely linked to task demands. Lateralized

alpha activity may not merely be indicative of general hemisphere engagement but

maintenance of spatial features of task-relevant stimuli.

Selection of matched HC and SZ samples can lead to unwanted biases in the

resulting patient sample that could be less representative of all SZ patients (Buckley

et al., 1992; Forbes et al., 2009). Informal comparison of PANSS scores of present
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patients with those of several other studies suggests our patients were less severely

disturbed. This sampling strategy may have reduced some effect sizes, though with

the benefit of avoiding some types of confounds.

In summary, present findings included several different abnormalities in brain

function in a verbal WM task. Results confirmed the prediction of abnormal

frontal-to-posterior communication in SZ and identified a second, possibly compen-

satory though also abnormal temporal-to-posterior communication abnormality in

SZ.



Chapter 5

Discussion

The three studies present converging lines of evidence on the importance of

low-frequency oscillations in the context of executive function processes in healthy

participants as well as schizophrenic patients. Specifically, alpha oscillations are

shown to be indicative of engagement during tasks assumed to be demanding to

working memory and attention and reflective of impairments in schizophrenic pa-

tients.

In the first of three studies, a lateralized cued delayed response task was em-

ployed to probe oscillatory mechanisms underlying the maintenance of a cued loca-

tion. Neural activity patterns of schizophrenic patients were contrasted with those

of healthy controls. In line with findings from van Dijk et al. (2010), lateralization

of alpha power in posterior brain regions was observed in the group of healthy

controls. In the hemisphere contralateral to the location of cue, alpha power was

decreased relative to alpha power in the hemisphere ipsilateral to the cue. Laterali-

zation of alpha power was less evident in schizophrenic patients relative to healthy

controls, as indicated by a 3-way interaction of group x hemifield x hemisphere. Mo-

dulations of alpha power were not found to be dependent on the evoked oscillatory

activity in lower frequency bands during the first 300 ms of stimulus presentation,

indicating the oscillatory changes were not controlled by the stimulus evoked acti-
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vity. In summary, the first study is in support of the hypothesized functional role

of alpha oscillations in the gating by inhibition framework (Jensen and Mazaheri,

2010). Attentional resources are deployed through lateralization of alpha oscilla-

tory activity. Deficient modulation of alpha power in schizophrenic patients could

further reflect a fundamental deficit in the regulation of alpha oscillations and by

that of excitatory/inhbitory balancing. These deficits affect early processing sta-

ges in the cascade, possibly reflecting abnormal information propagation from the

sensory cortices to upstream areas.

The second study was conducted in order to expand on the findings on alpha

oscillatory activity from the first study. Deviating from previous studies of working

memory (e.g. Jensen et al., 2002), a WM-Sternberg task was adapted by presen-

ting stimuli in parallel to both hemifields instead of a sequential central stimulus

presentation. Further strengthening and generalizing the hypothesized functional

inhibition mediated via alpha oscillations, a pattern of lateralized alpha power

activity was observed during the long encoding interval. The magnitude of late-

ralization increased with working memory load. Interestingly, gamma power was

simultaneously modulated inversely to the changes in alpha power. This might re-

flect complimentary functions of alpha (mediating inhibition on a global scale) and

gamma (local stimulus processing). Lateralized activity was not sustained throug-

hout the whole length of the trial. Instead, alpha power was found to be bilaterally

increasing over posterior regions during the maintenance of the stimulus material,

possibly due to the offset of the lateralized stimulus display. In a single task, the

study combines previously reported lateralized alpha activity (Sauseng et al., 2009)

with bilateral alpha power increases (Jensen et al., 2002) in working memory tasks.

The power modulations are complemented by highlighting the relevance of theta

band fronto-posterior phase locking for behavior (i.e. RT). In contrast to other stu-

dies (Jensen and Tesche, 2002; Maurer et al., 2015; Meltzer et al., 2008), study two

did not find load-dependent increases in theta power although a prominent theta
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increase relative to baseline was observed across all conditions. This indicates that

the relevance of frontal theta band activity in this type of WM task might be re-

flected by measures of synchrony rather than power metrics. PAC analyses of the

frontal theta node with posterior gamma power did not reveal significant relations-

hips although gamma might have been expected to be mediated by the theta phase

according to different frameworks (Roux and Uhlhaas, 2014; Sauseng et al., 2010).

A measure of phase-locking, assessing the 6 Hz synchrony of the frontal node with

a posterior node, revealed a weak relationship between the two. Reaction time

increases with WM load were related to the magnitude of load-dependent increases

in phase locking between the frontal and posterior node, indicating that neural

synchrony with the frontal cortex was relevant to behavioral outcomes.

Adding to the findings of study one, lateralization in alpha power was found to

be similarly evident during the WM task. The magnitude of alpha lateralization

was dependent on working memory load. Thus, alpha power modulations seem

to be not only a generic distribution of attentional resources, but rather demand

specific (e.g. WM load) amplitude perturbations which reflect the contents of a

task and are possibly related to WM capacity (see Vogel and Machizawa, 2004).

The goal of the third study was to extend the findings of the second study in a

population of schizophrenic patients. The Sternberg task was adapted to keep the

duration of stimulus presentation (encoding) to a minimum in order to allow for

better dissociation of encoding and retention intervals as well as to minimize sacca-

ding. In accordance with hypothesized cognitive deficits of SZ, reaction times were

slower and hit rates lower compared to healthy controls although no load-dependent

variation of this effect was observed. Different from study two, alpha power was

not lateralized, but bilaterally increasing in posterior cortical areas in healthy con-

trols and schizophrenic patients. A load-dependent change in alpha power was only

observed in healthy controls, reflected in a group x WM load interaction. Alpha

power increases in HC were carried by linear and quadratic effects, whereas the
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alpha power response in schizophrenic patients was similar across load conditions.

The load invariant alpha response pattern in schizophrenic patients might indicate

an inability to allocate resources in accordance with demands of a task. Similar to

the second study, a load-independent frontal increase in theta power was observed.

Directional communication between the posterior alpha node and the frontal theta

node was then evaluated at 6 Hz and 13 Hz, revealing no differences in directiona-

lity of communication between healthy controls and schizophrenic patients. In a

broader analysis, connectivity between the posterior node and all other nodes was

evaluated at 6 Hz. Stronger top-down communication in SZ compared with HC

emerged from the temporal lobe — known to be involved in WM-networks (Ba-

enninger et al., 2016) — to the posterior node. This imbalance of communication

could be a potential indicator of inflexible neural dynamics in schizophrenic pa-

tients compared with healthy controls. The stronger control exerted by upstream

areas (i.e. temporal lobe) might prevent an adaptive load-dependent regulation of

local oscillatory power in sensory cortices, whereas no linear relationship between

alpha power and the granger causality estimated communication patterns was es-

tablished, this does not necessarily preclude some sort of interaction between the

two. The temporal lobe is only one of a multitude of structures involved in working

memory networks (Baenninger et al., 2016; Kottlow et al., 2015). Thus, it seems

likely that the coordination of working memory processes is dependent on the dy-

namic interplay of a number of structures. Multivariate methods employing the

full dimensionality of the data might lend themselves better to investigating such

complex dynamics in future studies (see Johannesen et al., 2016, for one attempt

at classifying from oscillatory working memory responses).
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5.1 Oscillatory components of executive functi-

ons

Across all studies, prominent power modulations in the alpha band were ob-

served in healthy controls and schizophrenic patients. In studies two and three

these modulations were accompanied by neural communication and differences in

neural communication mediated via the theta band, connecting posterior regions

with upstream areas in frontal and temporal regions of the brain. Still, the ques-

tion remains of how local power changes (i.e. alpha band) might relate to network

functioning. This fundamental question needs to be addressed for normal functi-

oning (i.e. healthy subjects) before a meaningful interpretation of the results for

schizophrenic patients is possible. The following paragraphs will therefore mostly

reflect on the functions of oscillatory mechanisms in general, specifically by drawing

from the results of healthy controls.

There is a seeming disconnect between the distributed conceptualization of exe-

cutive functions and prominent local alpha power modulations. In the gating by

inhibition framework, Jensen and Mazaheri (2010) address this by postulating that

alpha power directly reflects the levels of inhibition that in turn facilitate or pre-

vent interregional communication. The authors do not explicitly specify the role

of alpha phase or the involvement of the gamma band (as in Fries, 2015) in com-

munication between brain regions. Therefore, it remains unclear whether alpha

power modulation in and of itself is sufficient to mediate neuronal communication

or gamma band activity and phase-synchronization are essential components of

neuronal communication. In contrast, the CTC framework (Fries, 2005, 2015) does

not explicate the role of low-frequency power modulations as phase-synchronous

alpha oscillations are assumed to reflected top-down feedback. The evidence gat-

hered in the three studies here points to a pivotal role of alpha oscillatory power

in facilitating stimulus processing and associated cognitive processes. The CTC
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framework was not explicitly probed (e.g. only study two tested a relation of

gamma power and lower frequencies and interregional gamma phase synchrony

was not examined). Still, with the exception of study two, no distinct patterns

of gamma activity were found (null results not reported), whereas task-dependent

power modulations were mainly evident in lower frequencies. The CTC frame-

work also does not account for the role of low frequency power modulations and

their consequence for gamma-based communication. More specifically, Fries (2015)

postulates a feedforward role of gamma phase locked oscillations, whereas phase

synchronous alpha oscillations are thought to reflect feedback loops (Fries, 2015;

van Kerkoerle et al., 2014). A different, contrasting account of alpha oscillations

hypothesizes that their functionality might also extend to feedforward processing

as indicated by LFP activity in macaques (Haegens et al., 2015). Thus, albeit CTC

was not explicitly probed, the results of the presented studies indicate a prominent

role of low-frequency power fluctuations, a phenomenon mostly unaccounted for in

the CTC framework. In contrast, the oscillatory power modulations in the alpha

band are in line with the role postulated in the gating by inhibition framework by

Jensen and Mazaheri (2010). Alpha oscillations were observed for extended time

periods across all three studies in posterior regions, putatively corresponding to the

allocation of resources required to meet the task demands. The lateralized patterns

of alpha activity in healthy subjects specifically match the predictions from gating

by inhibition. The contrasting directionality of alpha power modulations depen-

ding on the task-relevance of a given brain region speaks to the role of alpha for

the gating of information. Assuming inhibitory functions to be underlying alpha

power, the increases and decreases in power reflect adaptive regulation of inhibitory

levels (i.e. alpha decreases correspond to facilitation of processing and increases in

alpha power correspond to the prevention of information sampling and shutting off

of specific brain regions). These postulated mechanisms do not preclude the invol-

vement of gamma oscillations on principle. In the gating by inhibition framework,
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the gamma duty-cycle is hypothesized to be highly dependent on alpha oscillations

with higher alpha power providing longer periodic windows of inhibition, thereby

shortening the time windows for gamma activity (for evidence of alpha-gamma

PAC, see Osipova et al., 2008; Voytek, 2010).

Bonnefond et al. (2017) present an integrative account of current CTC and ga-

ting by inhibition frameworks. Functional inhibition is assumed to underlie alpha

band activity. Network communication is realized via networks coherently oscilla-

ting in the alpha band. Specifically, Bonnefond et al. (2017) argue that phase-locked

interregional alpha activity serves to shorten or lengthen the gamma oscillation’s

duty cycle that occurs concurrently within the connected regions. The framework

therefore aims to account for phase and power based functions of neuronal oscil-

lations (see also Palva and Palva, 2007, 2011; Siebenhühner et al., 2016). There

is experimental evidence for a phase-based mechanism of neural communication.

Covert attention allocation leads to increased coherence between V4 and temporo-

occipital regions (Saalmann et al., 2012). This evidence is corroborated by other

studies further emphasizing the role of coherent alpha oscillations for cognitive

processing (Pollok et al., 2007; Popov et al., 2013).

The three studies support the idea of alpha power being an essential compo-

nent to cortical stimulus processing. The results are also in line with the idea of

suppressing or facilitating information through alpha inhibitory bouts. In contrast,

the present studies found communication to be mainly occurring in the theta band

(studies two and three). Whereas Bonnefond et al. (2017) also consider the possi-

bility of low-frequency oscillations other than alpha to be underlying interregional

communication, the functional meaning of these oscillations is generally assumed

to be different from alpha (i.e. inhibition). The grouping of gamma activity within

theta cycles has indeed been observed before (Canolty et al., 2006; Voytek, 2010)

and might serve to chunk information by ordering them within the theta cycle

(Lisman and Jensen, 2013). Yet, it remains unclear under which circumstances
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theta-gamma or alpha-gamma cross-frequency coupling should be expected (but

see 5.1.1 and Roux and Uhlhaas, 2014, for an account of WM). Considering functi-

onal inhibition as a basic factor of Bonnefond et al. (2017) framework, there is a

stronger expectation of alpha-gamma coupling.

Bonnefond et al. (2017) argue that the power modulations in the alpha band

control neuronal activity in the gamma band, but do not explicate the relations-

hip between alpha power and alpha phase based interregional synchrony. Instead,

asynchronous relationships and power modulations are viewed as complimentary

mechanisms. Alpha power by its inhibitory nature can suppress gamma activity,

whereas the alpha band phase relationships between regions desynchronizes the

gamma oscillations nested within the alpha frequency. Given that, either mecha-

nism (phase synchrony or power changes) by itself seems sufficient to prevent or

facilitate interregional communication. This would be in line with the findings

from the present studies that found alpha power modulations to be prevalent du-

ring executive function tasks. Further, the general relevance of alpha phase during

stimulus processing remains disputed. Diepen et al. (2015) report that a cross-

modal audio-visual task did not elicit significant alpha band phase-locking during

stimulus processing when a stimulus was omitted. Phase synchronicity reported in

other studies may therefore simply reflect the presented stimulus material and is

not a requirement for efficient processing. The authors further found alpha power

to be modulated across all task variants, indicating that routing of information and

stimulus processing are not necessarily dependent on specific alpha phases. Simi-

larly, Scheeringa et al. (2012) reported alpha power fluctuations to be associated

with modulations of connectivity strength between visual cortex and other parts

of the brain. These studies support the functional interpretation of consistently

observed alpha power modulations, in line with the three presented studies. The

changes in alpha power might therefore regulate communication of brain areas wit-

hout the need for coding by specific alpha phases. Furthermore, in the context
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of this dissertation no direct evidence for synchronized alpha oscillations under-

lying interregional communication was found, underscoring these inconsistencies.

In the context of findings from the present dissertation, alpha power fluctuations

by themselves might be sufficient to open and close communication channels (i.e.

through inhibition) with upstream areas of the brain which might then be used by

coherent theta oscillations.

Thus, the studies presented here are mostly in line with the gating by inhi-

bition framework, emphasizing the role of oscillatory alpha power (Jensen and

Mazaheri, 2010). The account from Bonnefond et al. (2017) helps to integrate

alpha and gamma band modulations and further explicate their role for interregi-

onal communication. In order to substantiate the proposed role of alpha-gamma

cross-frequency coupling and interregional alpha band phase synchrony for cogni-

tive processing, more studies should be conducted with the specific aim of probing

the role of power and phase for interregional communication (c.f. van Diepen et al.,

2015). The present thesis finds most consistent results for modulations of alpha

power, whereas phase based communication is observed in the theta band.

5.1.1 Executive Function Domains

There were two major executive function domains specifically investigated across

the three studies: attention and working memory.

The oscillatory findings from all three studies showed remarkably consistent in-

volvement of the alpha frequency band, spanning different components of executive

functions in both groups, healthy subjects and schizophrenic patients. Across the

three studies, local as well as distributed oscillations were reflected in the alpha fre-

quency band in the cohort of healthy subjects (gating by inhibition). These might

mirror the assumptions underlying the unity and diversity approach in which a

central executive accounts for some degree of the variance in executive functioning,

whereas independent contributions remain. The functional significance of normal
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and aberrant modulations of alpha power is best explained in the context of the

previously described frameworks such as gating by inhibition (Jensen and Maza-

heri, 2010) and others that emphasize the inhibitory role of alpha oscillations (e.g.,

Bonnefond et al., 2017; Hanslmayr et al., 2011; Klimesch et al., 2007) rather than

attempting to tie oscillatory changes to a single cognitive domain. Relating the

present neural findings to existing knowledge about the interconnected structure of

attention and working memory and the co-dependence of executive function dom-

ains (Friedman and Miyake, 2017; Miyake and Friedman, 2012) further indicates

that the alpha band is a viable candidate frequency band for integrative views

of executive functions. Given the theta band based communication, there is sub-

stantial evidence indicating further contributions from other frequency bands that

might reflect components of top-down control. In the following paragraphs, me-

chanisms of attention and working memory will be explored in healthy subjects

before proceeding to evaluate the results from schizophrenic patients in relation to

normal oscillatory mechanisms.

Attention

Clayton et al. (2015) summarize the current understanding of oscillatory corre-

lates of attention in healthy people as “alpha power reflects reduced attention when

localized to posterior regions” (p. 190). This relationship is further specified in

frameworks connecting alpha power to functional inhibition (Jensen and Mazaheri,

2010; Klimesch, 2012). One pitfall in a straightforward interpretation of attention

and alpha power is due to seemingly divergent accounts of power decreases and

increases in similar brain regions and tasks. In these cases, the contextual task

demands (e.g. maintaining information vs. readiness for novel information intake)

and the proposed function of alpha power need to be considered to inform the inter-

pretation of alpha power changes. In the cued delayed response task used in study

one, allocation of attentional resources was mediated via lateralization of alpha
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power in visual regions. To be precise, the hemisphere reflecting the contralate-

ral hemifield showed decreases in alpha power, whereas the ipsilateral hemisphere

showed increased alpha power. Therefore, Clayton et al. (2015) conclude “howe-

ver, when present in task-relevant cortical areas (e.g., visual cortex during a visual

attention task), these oscillations can significantly impair attentional focus” (p.

193). This interpretation is mostly applicable to states of external orientation, but

— as evidenced by alpha power increases in study two and three during retention

of the stimulus material — not universal. The increases in alpha power can also

serve to functionally block irrelevant information by focusing attention internally

(c.f. external and internal brain states, Hanslmayr et al., 2011). Given the results

from this dissertation and the underlying function of alpha oscillations, the crucial

involvement of alpha band activity in basic attention processes is strongly suppor-

ted. The results further suggest a nuanced, context-dependent interpretation of

increases and decreases in alpha power is necessary.

Working Memory

The second major executive function domain probed was working memory. The

lateralized cued design in study one will also be taken into account when evaluating

working memory functioning as the task is a conceptual hybrid demanding to both,

attentional and working memory processes (i.e. maintaining the stimulus location).

Such task designs have previously been proposed for the study of working memory

functioning in schizophrenia (Barch and Ceaser, 2012). Additionally, attentional

processes are thought to contribute to all executive function processes — including

working memory — specifically via biological inhibition (Stuss and Alexander,

2007). In summary, studies one, two and three share conceptual as well as neural

commonalities with regards to working memory. Thus, the following discussion

will draw from all three studies.



5 Discussion 106

Across all studies, modulation of brain activity was evident in the alpha fre-

quency band of healthy subjects, indicating its basal function. Directionality and

location of alpha activity depended on task demands and was either expressed in

the form of lateralized alpha oscillations or bilateral alpha power increases. Across

studies one and two, lateralized alpha oscillations in healthy subjects were present

during retention and encoding of the stimulus material respectively, suggesting

their involvement in multiple working memory processing steps. In the Sternberg

design of study two, this lateralization pattern increased parametrically with WM

load. Finally, in studies two and three a bilateral load-dependent increase in alpha

power was evident in the healthy cohort. Whereas these results corroborate obser-

vations from Jensen et al. (2002) who reported posterior alpha power increases with

WM load, other studies found decreased alpha power during stimulus maintenance

(Erickson et al., 2017; Sauseng et al., 2005). A fundamental difference in task de-

mands might underlie these divergent results. In the tasks employed in Erickson

et al. (2017) and Sauseng et al. (2005) the location and spatial configuration of

the stimulus material was central to performing the task, thus requiring stronger

orientation towards external stimuli (i.e. decrease in alpha power). In contrast,

the Sternberg task does not require sustained maintenance of spatial information,

but internal maintenance of letter identities. Internal orienting is thought to be

reflected by increases in alpha power Hanslmayr et al. (2011). Similarly, Klimesch

(2012) hypothesized that increases in alpha power are associated with access to a

knowledge system (KS) that might reflect the retention of letters in a Sternberg-

task, whereas decreases in power indicate anticipatory readiness for visual input

(e.g. a new stimulus configuration as presented in Erickson et al., 2017; Sauseng

et al., 2005), usually accompanied by decreases in alpha power.
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Thus, different task demands might help to reconcile these diverging patterns

of alpha activity in WM tasks. Future studies could build on these distinctions to

further reconcile divergent patterns of alpha activity (for one possibility to disen-

tangle spatial from verbal contributions, see 5.1.1).

Interestingly, whereas alpha band activity was universally present across the

three tasks, prominent theta power modulations were only observed in the Stern-

berg tasks in studies two and three. Moreover, the theta band activity was found

to be insensitive to the number of items to be remembered, suggesting it is not di-

rectly related to the working memory load. This seems in contradiction to various

studies suggesting theta-band power modulations reflect working memory demands

(Jensen and Tesche, 2002; Meltzer et al., 2007, 2008; Onton et al., 2005).

Disentangling the role of different frequencies in WM

Attempting to reconcile reports of theta and alpha band activity in WM, Roux

and Uhlhaas (2014) offer an integrative account of working memory in normal os-

cillatory processes by drawing on the structure of the WM framework postulated

by Baddeley (2012). This framework differentiates between a phonological loop

and a visuospatial sketchpad. The phonological loop is divided into a short-term

phonological store and an articulatory loop that consolidates auditory informa-

tion by using their sequential structure. Roux and Uhlhaas (2014) cite the classic

Sternberg task as one example activating the phonological loop due to its sequen-

tial presentation of the stimulus material. On an oscillatory level, the phonological

loop is assumed to be reflected by (frontal) theta band activity that has been im-

plicated in the sequential ordering (Lisman and Jensen, 2013) also required during

n-back or Sternberg tasks. In contrast, the visuospatial sketchpad is thought to

reflect storage and rehearsal (i.e. maintenance) of simultaneously presented visual

stimuli. An exemplary corresponding task is a delayed visual matching to sample
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task in which the amount of information to be maintained is varied. Posterior

activity in the alpha band is expected in tasks requiring the maintenance of visual

information, thereby reflecting the activation of the visuospatial sketchpad.

The consistent and prominent alpha band effects observed in the healthy sub-

jects across all three studies support the framework by Roux and Uhlhaas (2014)

as far as all tasks contained a spatial component. In contrast with studies using

the original sequential Sternberg design — thought to elicit theta band activity

— the studies presented here employed a parallel stimulus presentation, making

the theta based sequential rehearsal of the stimulus material less likely. Yet, in

studies two and three, prominent load-independent theta band activation was ob-

served in frontal areas. Frontal-posterior and temporal-posterior communication

in the theta band was also observed in studies two and three respectively. Given

the framework by Roux and Uhlhaas (2014) this would be unlikely as theta band

activity is assumed to be most relevant in tasks requiring sequential ordering. The

modified Sternberg tasks also pose a problem when trying to classify the working

memory task as either visuospatial or phonological as no sequential ordering was

required for stimulus maintenance, but the material was verbal in nature. Given

these inconsistencies on an empirical and theoretical level, it is more apt to con-

sider the observed alpha power modulations in a more general sense as reflecting

functional inhibition rather than reflecting a specific WM component. Similarly,

I hypothesize that theta band based communication is best assumed to indicate

top-down communication implemented via different regional channels (e.g. fron-

tal and temporal lobe) that also reflects a central control process (Sauseng et al.,

2010), an essential component of executive functions. Further in support of higher

level interpretations of oscillatory functions and in contrast to a clear phonological

vs. visuospatial dissociation of frequency bands, studies on visuospatial working

memory tasks reported theta-gamma coupling (Sauseng et al., 2009) as well as pro-

minent alpha power modulations (Erickson et al., 2017; Lozano-Soldevilla et al.,
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2014; Sauseng et al., 2009). Theta and alpha power modulations were also found

to be simultaneously modulated over different regions (Jensen et al., 2002; Ro-

berts et al., 2013) indicating the two are not mutually exclusive. Maybe most

importantly, when specifically probing for the oscillatory substrates of attention to

temporal vs. spatial information within a WM task, alpha power as well as theta

power were found to be increased for the temporal component of WM. Similar

to findings from study two and three, the changes to theta power were localized

frontally, whereas alpha activity was observed in posterior regions. These findings

support the proposed conceptualizations of alpha and theta band activity that re-

lates their functions to more generalized processes which then serve specific task

demands (e.g. attention allocation/modulating inhibitory balance and higher cont-

rol processes, respectively). Roux and Uhlhaas (2014) further emphasize the role of

CFC for working memory processes, specifically the differential activation of alpha-

gamma and theta-gamma channels which was not explicitly tested here. Thus, a

more thorough testing of the framework might be required.

Future directions in the study of working memory Given the above des-

cribed inconsistencies, future studies should seek to specifically test predictions

derived from the framework presented by Roux and Uhlhaas (2014) by combining

it with the principles on interregional communication and CFC derived from Bon-

nefond et al. (2017) where possible. The present Sternberg design could be adapted

to test verbal and spatial memory within a single task. For instance, a cue might

indicate whether a probe will require exhaustively matching letters to the previous

stimulus material or require the comparison of a spatial configuration of letters to

the stimulus material’s spatial configuration. Such a design would allow for explicit

predictions of the involved frequency bands derived from Roux and Uhlhaas (2014,

i.e. theta band activity for letter probe, whereas alpha activity for spatial probe).

Alternatively, adapting the elegant design from Roberts et al. (2013), the Sternberg
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task could involve sequential presentation of letters in varying locations while either

probing the sequential order or the spatial configuration of the stimulus material.

In this context, demand specific — similar to the previous example — predictions

of cross-frequency coupling driven by either theta or alpha band are proposed.

5.2 Schizophrenic patients

Identifying the oscillatory correlates of executive functioning aberrations in schi-

zophrenic patients was of major interest. Generally, the aberrations evident in

schizophrenic patients were found to be mirroring the prominent task-dependent

oscillatory changes in healthy controls in time, space and frequency. This indicates

that processes similar to those central to executive functioning of healthy controls

are altered in patients with schizophrenia and that the underlying mechanisms

mirror those of healthy controls.

One of the most reported observations in studies of executive functions in schi-

zophrenia patients is that of hypoactivation in the frontal cortex (Berger et al.,

2016; Minzenberg et al., 2009). These aberrations are considered central to the

working memory and executive dysfunction in schizophrenia. Adding inconsis-

tency, some studies also reported hyperactivation of frontal areas, thought to be

compensatory in nature (Callicott et al., 2003; Manoach, 2003; Minzenberg et al.,

2009). Considering the present studies were specifically designed to tap execu-

tive functions, it is necessary to determine whether the results align with either

observation.

Across studies one and three, patterns of aberrant oscillatory activity were ob-

served in schizophrenia patients. In the cued delayed response task, the magnitude

of posterior alpha power lateralization was diminished in schizophrenic patients

compared to healthy controls. In the Sternberg working memory task employed in

study three, schizophrenic patients showed a load invariant increase in posterior
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alpha power compared to parametric alpha power changes in healthy controls. The

results from both studies indicate that schizophrenic patients are fundamentally

abnormal with regard to the adaptive regulation of alpha band activity.

These findings cannot be reconciled within a framework of hypo- or hyperacti-

vation for two reasons. First, the power modulations were centered on posterior

cortical areas in studies one and three, compared to reports of hypoactivation

mostly centered in the frontal cortex (specifically the DLPFC; Glahn et al., 2005;

Minzenberg et al., 2009). As no prominent frontal activity (e.g. in the theta band)

was observed in the first study this suggests that either a) frontal control was of

less importance in order to perform the delayed saccade task or b) frontal cont-

rol was mediated by means other than oscillatory power. Considering the lack of

prominent frontal theta power increases in other studies employing similar designs

(van Dijk et al., 2010; Worden et al., 2000), it seems likely that frontal (theta

band) activity was not relevant to the cued delayed response task. Second, the

observed patterns of aberrant oscillatory activity were neither specific to hypo- nor

to hyperactivation. Lateralized alpha band activity as observed in study one is the

product of simultaneous increases and decreases in alpha power, depending on the

task-relevance of a given region. Thus, weaker alpha lateralization is not indicative

of the directionality of impairments. Similarly, the alpha power response patterns

found in the WM study manifested in a flat increase from baseline, regardless of

working memory load. Compared with the parametric increases of alpha power

in healthy controls, hypo- and hyperactivation can be observed depending on the

load condition. These results reflect the present inconsistencies in the literature

with regards to hypoactivation and hyperactivation of the frontal cortex, for exam-

ple during working memory tasks (Karlsgodt et al., 2007; Manoach et al., 2000).

Specifically working memory studies serve as a useful tool to investigate hypo- and

hyperfrontality and cognitive deficits in schizophrenia due to the load-dependent

activity changes.
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One hypothesis specifically aims to reconcile the hypo- (Carter et al., 1998;

Perlstein et al., 2001) and hyperactivation (Erickson et al., 2017; Manoach et al.,

2000) patterns in working memory tasks (study three; for further meta-analyses

see also Minzenberg et al., 2009; Manoach, 2003). Fundamentally, an inverted U-

shape is assumed to reflect the relationship of neural activity and WM demands

(Callicott et al., 2003; Manoach, 2003; Van Snellenberg et al., 2016). The theory

posits that neural activity increases up to the WM capacity and then decreases

for higher WM loads. This framework allows for an integrative explanation of

hypo- and hyperactivation findings in working memory tasks. Given an inverted

U-pattern of neural activity and working memory deficits in schizophrenic patients,

one would expect to find hyperactivity in schizophrenic patients for low WM load

and hypoactivity for higher WM load. Van Snellenberg et al. (2016) concluded

that factors such as coarse WM load resolution and combined analyses of correct

and incorrect trials might have led to an oversight of inverted U-patterns in many

past studies. Several studies have reported aberrant activity to be following this

pattern in schizophrenic patients in fMRI-recorded working memory tasks, mostly

observed in the prefrontal cortex (Callicott et al., 1999, 2003; Deserno et al., 2012;

Jansma et al., 2004; Perlstein et al., 2003; Van Snellenberg et al., 2016). In study

three and to a lesser extent in study two, an inverted U-shaped oscillatory activity

pattern was partially evident in healthy controls (confined to the encoding interval

in study two), indicating that the oscillatory activity in the alpha band might

also contain an additional inverted U-pattern component. Given the previously

discussed functions of alpha power, the lack of further increases in alpha power

might represent a breakdown of functionally modulating inhibition concomitantly

with WM capacity. It should be noted that linear effects contributed stronger to

the load-dependent alpha power changes than quadratic effects did. Still, the alpha

power modulations of schizophrenic patients in study three followed a flat response

pattern, thereby deviating considerably from the activation patterns in healthy
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controls. Descriptively, in study three, hyperactivation during low WM demand

was observed, whereas hypoactivation of the alpha band was evident for higher

WM loads. These results are similar to findings from Van Snellenberg et al. (2016)

and Johnson et al. (2006) who also reported patterns of activation approximating

an inverted U-shape in healthy controls, whereas schizophrenic patients showed

a flattened response pattern. The adherence to an inverted U-pattern was found

to be associated with performance in the working memory task (Van Snellenberg

et al., 2016) suggesting an associated functional component. Van Snellenberg et al.

(2016) concluded that the inverted U-shape in healthy controls may be adaptive

and reflect a shift in cognitive strategy. Patients in contrast might fail to adapt

their strategy, thus resulting in a flat response pattern. In the context of study

three this pattern can be interpreted as a failure to efficiently modulate alpha

oscillations in line with task demands. Thus, inconsistent results of under- and

overactivation could either arise from a left-shift of load-dependent alpha activity

or a failure to modulate oscillations in an adaptive way (i.e. flattened activation

pattern). The results from study three are more in line with the latter explanation.

Overall, the results from studies one and three point to a consistent deficit in

alpha power regulation in schizophrenia patients. These deficits occurred in the

context of executive functions, hinting at a relation to impairments in cognitive

processes. No definite direction (i.e. only one of desynchronization or synchroniza-

tion) of power aberrations was observed. Results from study one point to a failure

at lateralizing alpha band activity which involves concurrent decreases and increa-

ses in alpha power. Moreover, in study three a load invariant alpha power increase

was observed compared to load-dependent, parametric increases of alpha power in

healthy controls. This flat response might reflect dysfunctional working memory

processes as evident in the deviation from an inverted U-shaped activation pattern.

Considering the functional role of alpha oscillations, the results indicate a funda-
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mental deficit at adaptively regulating inhibitory levels in accordance with task

demands. Thus, cognitive deficits in schizophrenia as well as the aberrant neural

patterns might indicate underlying deficits in excitatory and inhibitory balancing.

5.2.1 Balance of excitation and inhibition

Given the prominent aberrations in the alpha band and the associated impair-

ments in the mediation of inhibition, a fundamental inhibitory deficit emerges as

a candidate deficiency in schizophrenia. In their review of the translational oppor-

tunities in schizophrenia, Uhlhaas and Singer (2015) examine the possibility of an

altered balancing of excitation and inhibition. Generally, oscillations are assumed

to arise from the “reciprocal connections between excitatory and inhibitory neurons

[that] determine the strength and duration of the oscillations and mediate the local

synchronization of cell groups” (p. 2; Uhlhaas and Singer, 2015). On a physiological

level, GABAergic interneurons mediate the emergence of high-frequency (gamma)

as well as low-frequency (alpha) oscillations. The interneurons’ functioning in turn

are assumed to be altered in schizophrenia due to the reduction of the GABA synt-

hesizing enzyme GAD-67. This reduction may be triggered due to an NMDAR

mediated dysfunction (see Lisman, 2012, for a review). The relationship of these

changes with oscillations has been shown in multiple studies, for example the inhi-

bition of parvalbumin containing GABAergic neurons (forming a microcircuit with

pyramidal cells; Glausier and Lewis, 2017) led to decreases in gamma oscillatory

power, whereas alpha power increased. In turn, increases in parvalbumin were able

to independently generate rhythmic activity in the gamma frequency range (Sohal

et al., 2009). Upregulation of GABAergic activity has also been shown to lead to in-

creases in visual gamma power, whereas alpha power decreases (Lozano-Soldevilla

et al., 2014), indicating shifts in excitatory/inhibitory balancing. In support of

this observation, Chen et al. (2014) found GABA receptor concentration to be po-

sitively related to gamma peak frequency and working memory performance. Yet,
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these effects on gamma are somewhat inconsistent as a study in which an NM-

DAR antagonist was administered found up- and downregulation of gamma power

(Roopun et al., 2008). The activity patterns of gamma oscillations are thought to

be controlled by low-frequency oscillations, specifically in the theta (Lisman and

Jensen, 2013) and alpha (Bonnefond et al., 2017) frequency bands. In a review of

the physiology underlying schizophrenia Lisman (2012) also emphasized the non-

uniformity of deficits in schizophrenia, citing excitatory/inhibitory processes as one

among multiple putative causes.

Thus, a picture of pervasive widespread aberrations to excitatory/inhibitory

systems emerges, but remains inconclusive with respect to its direction (hypo-

or hyperactivation). These distributed dysfunctions mirror the unspecific impair-

ments to cognition found in schizophrenia. Whereas Lisman (2012) emphasizes

the importance of an excitatory/inhibitory dysbalance for positive symptoms, cog-

nitive processes rely on their balancing just as much (Lett et al., 2014). Studies

one and three found aberrant alpha oscillatory correlates of cognitive processes. In

combination with the functional importance of oscillations for cognition (Bachman

et al., 2008; Erickson et al., 2017; Gaspar et al., 2011; Haenschel et al., 2009; Haen-

schel and Linden, 2011) there is accumulating evidence for an excitation/inhibition

deficit in schizophrenia that is not necessarily related to the classical abnormalities

of the dopamine signaling pathways (Uhlhaas and Singer, 2015). The physiological

evidence for oscillatory dysfunctions, particularly in lower frequency bands (e.g. al-

pha) is best integrated into frameworks describing the functional role of oscillations

such as done in the gating by inhibition framework. Adaptive functional inhibi-

tion as relayed by alpha power modulations is disturbed in schizophrenic patients

(see studies one and three). The unclear directionality of alpha band aberrations

throughout the studies presented here, is in line with inconclusive findings from

literature on hypo- and hyperactivation (Minzenberg et al., 2009). The results

thus hint at a more generalized deficit of modulating excitation and inhibition ac-
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cording to task demands than specific patterns of hypo- and hyperactivity. Local

low frequency oscillations are assumed to be the foundation of higher frequency

oscillations (Bonnefond et al., 2017; Jensen and Colgin, 2007) by which excita-

tory and inhibitory processes are further expressed. Within these frameworks, the

low-frequency oscillations are assumed to causally drive activity in the upper (i.e.

gamma) frequency bands. In the context of schizophrenia this suggests that a dis-

turbance to the whole processing cascade is present, elicited by aberrations in the

alpha band.

In summary, the patterns of alpha power modulations in studies one and three

indicate an excitatory/inhibitory imbalance in the brain of schizophrenic patients

might underlie impaired cognition. Thus, further research and therapeutic efforts

should be directed towards an approach focusing on identifying aberrations to and

aiming to restore excitatory/inhibitory balance.

5.2.2 Therapeutical trajectories

Pharmacological targets

The results from the presented studies that identified disturbances in the alpha

frequency band and the drawn conclusions suggest a novel treatment approach is

required, extending beyond the positive symptoms mediated by dopamine. Con-

ceptualizing schizophrenia as a disorder of excitation/inhibition in the context of

altered alpha band activity and the respective known impairments to neuronal sig-

naling pathways (e.g. GABAergic) bring with it implications for therapy. The

current treatment focuses mainly on the positive symptoms mediated by abnormal

dopaminergic pathways. The treatment of cognitive symptoms, although one of the

most pervasive impairments in schizophrenia, is unresponsive to classic treatment

(Harvey et al., 2010). The current treatment options mainly stem from serendipity

that helped to associate dopaminergic deficits with symptoms in schizophrenia.
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The traditional therapeutic approach should be reversed in favor of a translational

model as the foundation of new treatment options in schizophrenia (Insel, 2010;

Uhlhaas and Singer, 2012). Instead of deriving the treatment from clinical observa-

tions, a priori hypothesis should be postulated based on existing knowledge about

the disorders physiology and risk genes in schizophrenia. These specific hypotheses

can then be tested in animal models and transferred to humans(but see Krakauer

et al., 2017, for pitfalls of such approaches). Due to the similarity of neural sy-

nchrony and networks across species, oscillations are well suited to this kind of

hierarchical approach. Specifically, results from this dissertation can be applied

to test pharmacological treatments for their modulatory effects on cognition and

alpha band oscillations (e.g. patterns in delayed saccade or WM Sternberg task)

as it remains unclear whether drugs can restore the excitation/inhibition balance.

Given the results from the presented studies, drug induced oscillatory changes can

be compared to the here observed activity patterns in schizophrenic patients and

healthy controls. Thereby specific optimal outcomes can be defined in accordance

with prior knowledge about oscillatory modulations.

Insel (2010) predicts that most of the advances in treatment of schizophrenia

till 2030 will come from “a series of pharmacological and nonpharmacological inter-

ventions that reverse or mitigate the cognitive deficits of the disorder” (p. 191) by

employing findings from cognitive research. Current drug treatment of cognitive de-

ficits in schizophrenia is sparse and the evidence is mixed (Umbricht et al., 2014b).

Exploratory adjunct treatment has shown some benefits in cognitive functioning

even in the absence of symptom change (Weickert et al., 2015). Clinical trials

specifically targeting GABA circuitry have shown little efficacy so far (Buchanan

et al., 2011). Whereas some success was evident for negative symptoms targeting

NMDAR (Umbricht et al., 2014a), administration of glycine (co-transmitted with

glutamate at NMDA receptor) or D-cycloserine (partial agonist) did not improve

cognition (Buchanan et al., 2007). In line with the inconsistent findings from me-
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dical trials, a meta-analysis of in vivo deficits of GABA in schizophrenic patients

found no reliable differences compared to healthy controls (Egerton et al., 2017).

GABA has also been shown to be increased in first episode schizophrenic patients,

but not in chronic patients (Kegeles et al., 2012). Thus, drug targets may have

to vary depending on the phase of the disorder, specifically in light of neurodeve-

lopmental views of schizophrenia (Insel, 2010). Additionally, the development of

drugs targeting GABAergic und glutamate circuitry is hindered by “poor blood-

brain barrier penetration, nonselectivity [...], partial instead of full agonism, poor

oral bioavailability, short duration of action, rapid tolerance, or intolerable side

effects” (p. 2; Walker et al., 2017). Taylor and Tso (2015) advocate for the exten-

sion of drug treatment brain regions outside the prefrontal cortex, for example to

sensory cortices (see Yoon et al., 2010, for GABA concentration in visual cortex of

schizophrenic patients). This is in line with findings from the present dissertation

in which the majority of oscillatory correlates were centered around the visual regi-

ons. The inconsistent results concerning GABA deficits and medical therapy calls

for specification by further explicating the link between alpha oscillations and me-

dical treatments targeting the excitatory/inhibitory balancing. By connecting the

abnormal oscillatory activity in schizophrenia with fundamental knowledge about

the underlying physiology of oscillations and their responsiveness to medication in

healthy subjects, new treatment options arise that would approach the disorder in

a fundamentally novel way.

Cognitive remediation therapy

Cognitive remediation therapy is one of the other major means of targeting

cognitive dysfunction in schizophrenia and maybe the best supported strategy so

far (Lett et al., 2014). Generally, cognitive trainings produce moderate effects (for

meta-analyses see McGurk et al., 2007; Wykes et al., 2011), even over 2 years (Ho-

garty et al., 2004). These results show cognitive trainings to be a viable method of
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improving cognition in schizophrenic patients. Maybe more importantly, the trai-

ning induced neural changes further elucidate the oscillatory substrates and mecha-

nisms underlying cognitive deficits in schizophrenia. Thus, cognitive remediation

therapy could serve to inform the selection of oscillatory markers for the evaluation

of possible pharmacological targets. On the level of altered brain activity has cog-

nitive remediation for executive functioning been associated with increased neural

activation in fronto-cortical regions in a 3-month training (Wykes et al., 2002). Ba-

sic auditory processing has also been shown to be modulated in conjunction with

cognitive functions by targeted cognitive training (Popov et al., 2011a), specifically

in the alpha band (Popov et al., 2015). Considering the aberrant alpha activity in

schizophrenic patients across the tasks presented here, specifically aiming to alter

oscillations as markers of cognitive impairment is a promising venue.

Still, taking into account the learned, long-term history associated with cogni-

tive impairments and the underlying physiological constraints in schizophrenia, it

is useful to explore joint treatments of cognitive dysfunction that simultaneously

re-learn cognitive processes while also modifying the underlying physiology. Com-

bining cognitive remediation therapy and drug treatment/transcranial magnetic

stimulation (TMS) could help to tackle cognitive deficits from multiple angles pro-

viding a broader base for improvement, for example by providing time windows of

plasticity through direct manipulations of oscillatory activity (TMS) or acting on

NMDAR or GABAergic neurons while performing a cognitive training. In addition

to cognitive testing, oscillatory markers, specifically in the alpha band - as emp-

hasized by the cross-study importance here and functional significance - provide a

useful tool to evaluate effectiveness of treatment.

In summary, no single best therapeutic measure to remedy cognitive deficits in

schizophrenic patients exists. Current drug treatments mostly target the dopamine

system serving to improve the positive symptoms while cognitive deficits and ne-

gative symptoms remain largely unchanged. Evidence from physiological studies
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implicates GABAergic neurons and the glutamate system in cognitive symptoms

of schizophrenia. Converging evidence comes from aberrant oscillatory activity

such as the impaired modulation of alpha power found in studies one and three

and dysfunctional network activity (e.g. stronger top down theta-driven temporal

lobe control in schizophrenic patients compared to healthy controls in study three).

Thus, future research should seek to specifically target these imbalances of exci-

tatory/inhibitory parameters by aiming to modify oscillatory markers of cognitive

aberration that reflect physiological deviations in schizophrenic patients. Attempts

at modifying GABAergic and glutamatergic pathways so far have provided mixed

evidence, possibly based on the non-uniformity of physiological deficits across dis-

order phase and brain regions. Cognitive remediation therapy provides another

promising venue for the amelioration of cognitive deficits, but efforts should be

made to combine these with treatments directly targeting the physiological para-

meters (e.g. drugs or TMS/transcranial direct current stimulation (TDCS)).

5.3 Limitations

Consistent oscillatory impairment was observed in tasks involving schizophrenic

patients, specifically the aberrant modulation of alpha power, indicating a funda-

mental deficit of attentional and executive functioning processes that is mediated

via the balance of excitation and inhibition. Yet, the generalizability of the con-

clusions drawn about executive functioning in schizophrenia is limited by multiple

factors. Studies of executive functions (e.g. working memory) often report oscilla-

tions primarily in the theta frequency range (see Hsieh and Ranganath, 2014, for

a review) concurrent with aberrations in schizophrenia patients (Barr et al., 2017;

Berger et al., 2016; Griesmayr et al., 2014; Schmiedt et al., 2005). Similarly, studies

show the involvement of frequency bands to be dependent on the task (e.g. theta

band in stroop tasks; Hanslmayr et al., 2008; Kovacevic et al., 2012; Popov et al.,
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2015). Thus, the degree to which aberrations in the alpha band reflect a general

deficit in executive functions or a task-related deficit needs to be specified. In an

unpublished study conducted in the context of the current dissertation, the oscilla-

tory correlates of a Stroop task and a lateralized cued delayed response task were

compared in the same cohort of healthy subjects and schizophrenic patients to test

whether a generalized executive functioning deficit is evident via a common oscilla-

tory impairment. The theta power mediated response to congruent and incongruent

stimuli in the stroop task was correlated with the degree of alpha lateralization in

the lateralized cued delayed response task. No linear relationship between the two

was observed, indicating that the two oscillatory mechanisms might not be part

of the same executive functioning process, underscoring the plurality of processes

involved in executive functions (Miyake et al., 2000; Teuber, 1972). This points

to a limited generalizability derived from the aberrant alpha band oscillations in

schizophrenia patients in the context of executive functions. The involvement of

varying frequency bands is unsurprising, considering the diverse nature of exe-

cutive functions. Taking these findings into account, alpha oscillations remain a

suitable candidate to evaluate the neural correlates of altered cognitive functions

while further study needs to be dedicated to explicating the neural relationship of

different executive function domains. The general significance of brain oscillations

for executive functions is not unequivocal either as the relationship between the

two is inconsistent. In study two, no relationship between alpha lateralization and

outcome variables of the Sternberg task was established. In contrast, alpha po-

wer modulations in study three were related to the behavioral outcome (i.e. RT).

Additionally, in studies two and three the communication parameters were related

to RT. In summary, no fully coherent picture emerges concerning the behavioral

consequences of brain oscillations. Multivariate methods could be a useful tool to

take advantage of the multidimensionality of EEG/MEG data and the complex

relationship of brain variables with behavior and other cognitive measures.
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A further limitation stems from the failure of lateralized stimulus presentation

to consistently induce lateralized oscillatory activity across all tasks. Lateralized

activity was only observed in two of the three studies. The divergent activation

patterns in the WM studies stand out in particular as in both studies stimuli were

presented laterally. This mismatch of oscillatory activity seems counterintuitive,

considering a similar Sternberg task was used in studies two and three, but alpha

band activity was lateralized only in the former but not the latter. Given the

differences in alpha lateralization, the comparability of findings from study two to

study three seems limited. Despite the differences in lateralized activity, the bila-

teral load-dependent alpha power increases present during retention of the stimuli

in study two are mirrored in study three. This indicates a commonality of the

neuronal and cognitive processes involved in studies two and three exists. Still, the

question remains why there is a lack of alpha lateralization in study three. The

major change from study two to study three that might explain these differences

concerns the duration of stimulus presentation. In order to reduce possible saccadic

effects on oscillatory power and delineate encoding and retention intervals, the pre-

sentation of the stimulus material was shortened from 1500 ms to 200 ms. The first

study in the present dissertation as well as others report lateralized activity even

for tasks with short stimulus presentation intervals (Händel et al., 2011; Lozano-

Soldevilla et al., 2014; Popov et al., 2017; Rihs et al., 2007; Sauseng et al., 2009;

Ter Huurne et al., 2013; Thut et al., 2006). Thus, a lack of lateralized alpha band

activity is unlikely to be solely attributable to the duration of stimulus presenta-

tion. Common to all these studies is either a) a prolonged stimulus presentation

or b) the need to maintain spatial information in order to adequately perform the

task. In contrast, study three neither required the maintenance of stimulus loca-

tion (the simple recognition of a letter was sufficient for efficient task performance)

nor was the stimulus material presented for a prolonged period. It seems likely

that for alpha lateralization to occur either one of these two factors needs to be
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present. One possible interpretation of these findings is that the inhibitory changes

associated with alpha power modulations do not simply reflect the initial intake of

information, providing a gateway for information processing, but also mediate the

coding and maintenance of actual spatial information if relevant to a given task.

Further studies are warranted in order to test this hypothesis. For example, a

Sternberg task could be conceived in which the encoding and maintenance period

used in study three are retained, but either a) exhaustively probing all letters

sequentially or b) probing the spatial configuration of the material by presenting the

same stimulus array, changing the letters or mixing the letter positions. Essentially,

both ways of probing the stimulus display require maintaining all letters presented.

The difference is that in a) it is sufficient to retain the identity of the letters while

in b) the spatial configuration of the array is also relevant to the probe. Thus,

lateralization of alpha activity would be only expected for the latter probes.

Lastly, one limitation might arise from the fact the stimulus presentation across

all three studies might have incentivized saccades. Control analyses did not reveal

any differences in saccadic behavior between healthy controls and schizophrenic

patients. Still, it cannot be ruled out that undetected (micro-)saccades might

have contributed to differential oscillatory patterns found at the cortical level. For

example, neuronal excitability levels have been shown to be related to the onset of

overt saccades (Ito et al., 2011) and involve coherent alpha oscillations (Neupane

et al., 2017). Yet, it remains unclear whether saccading would have resulted in the

lateralized oscillatory patterns observed in studies one and two although coherent

alpha oscillations linking stimulus features pre- and post-saccade might provide

one possible mechanism (Neupane et al., 2017).
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5.4 Conclusions

This dissertation aimed to explicate the functional role of oscillations — spe-

cifically the alpha frequency band — for executive functions in healthy subjects

and schizophrenic patients. Across all three studies a major involvement of power

changes in the alpha frequency band was observed, regardless of task demands and

subjects.

The studies add to the functional interpretation of low-frequency oscillations in

healthy subjects by emphasizing the inhibitory role of alpha power modulations.

The modulation of oscillatory activity across different executive function demands

was found to exhibit similarities across tasks and executive function domains while

simultaneously reflecting specific demands of a given task (i.e. lateralization in

studies one and two and bilateral power increases in studies two and three). The

task dependent, alpha power mediated regulation of inhibitory levels is in line with

predictions from the gating by inhibition framework. Network communication was

found to be mediated via the theta band, indicating that further contributions arise

from other frequency bands.

In patients with schizophrenia, abnormal patterns of oscillatory activity were

evident across the studies, likely reflecting established pervasive executive functio-

ning deficits. The oscillatory patterns in schizophrenia patients retained the spatial,

temporal and frequency characteristics of those in healthy participants, indicating

similar, but altered processes occur in schizophrenic patients. The results cannot

be reconciled in the context of known hypo- or hyperactivation patterns. Instead

— considering the functional role of alpha power in mediating inhibitory levels —

it seems more likely that a pervasive excitatory/inhibitory balancing deficit is of

fundamental relevance to the cognitive deficits in schizophrenia. Future medical

and cognitive treatment efforts should focus on this promising venue to ameliorate

cognitive impairments.
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In summary, the dissertation finds evidence for a crucial involvement of alpha

power modulations in different executive function tasks. These processes are fun-

damentally altered in patients with schizophrenia, possibly reflecting an underlying

deficit in excitatory and inhibitory balancing.
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Author contributions

In the following the contributions of myself and people involved in the studies

in this dissertation will be detailed.

Study 1: Deficient attention modulation of lateralized alpha power in

schizophrenia

Authors : Thomas Kustermann, Brigitte Rockstroh, Johanna Kienle, Gregory

A. Miller and Tzvetan Popov.

Contributions : The design was adapted from van Dijk et al. (2010), the idea of

extending it to schizophrenic patients was developed by myself and Tzvetan Popov.

I carried out MEG recordings with Johanna Kienle and then analyzed the data

with support of Tzvetan Popov and inputs from Brigitte Rockstroh and Gregory

A. Miller. The manuscript was drafted by myself and Brigitte Rockstroh. Editorial

work was provided by Gregory A. Miller and Tzvetan Popov.

Study 2: Neural network communication facilitates verbal working me-

mory

Authors : Thomas Kustermann, Brigitte Rockstroh, Gregory A. Miller and Tz-

vetan Popov.

Contributions : The study was conceptualized and implemented by myself with in-

puts from Tzvetan Popov and Brigitte Rockstroh. Data acquisition was performed

by Matthias Rack and myself. I recorded and analyzed the data with inputs from

Tzvetan Popov, Brigitte Rockstroh and Gregory A. Miller. The manuscript was

drafted by myself and Brigitte Rockstroh. Editorial work was provided by Gregory

A. Miller and Tzvetan Popov.
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Study 3: Verbal working memory related neural network communication

in schizophrenia

Authors : Thomas Kustermann, Tvetan Popov, Gregory A. Miller and Brigitte

Rockstroh.

Contributions : The study was conceptualized within the framework of the the pro-

ject on executive functions in schizophrenia and implemented by myself with inputs

from Tzvetan Popov and Brigitte Rockstroh and Gregory A. Miller. I performed

and supervised the data acquisition. I analyzed the data from the EEG with inputs

from Tzvetan Popov, Brigitte Rockstroh and Gregory A. Miller. The manuscript

was drafted by myself and Brigitte Rockstroh. Editorial work was provided by

Gregory A. Miller and Tzvetan Popov.
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