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GENERAL ABSTRACT

Acute stress leads to the release of cortighich influences the brain in manifold ways.
Presumably, it especially influence®de structures that are actixecutive functions are a group of
abilities which enable us to purposefully shape our behaviour, cognition, and entbtemutive
functions ae crucial for a successful and healthy life in our modern sodietyuge body of studies
shows that stress can influence executive functioning, in essence having detrimental effects. Phase
amplitude crosférequency couplings a mechanism thougho facilitate communication between
neuronal ensembles, as well as, separation of communication processes from one another and, thereby,
enabling parallel processingt. seems to be a ubiquitous phenomenon in mammalian brHs
mechanism could underlie the ilementation oEomplexcognitiveprocessedike executive functions,
in the brainThis thesis contributes to answering the question, whether-phgd@udecrossfrequency
couplingis a mechanism by which executive functioning is implemented in the &mdi whether an
assumed performance effect of stress on executive functioning is reflected wapipisede coupling
strengthVia simulation study the performance of two widely used plaasglitude coupling measures
was tested. Both measures were fotmdneet the requirements of being specific and sensitive to
coupling strength and coupling width. The simulation study also drew attention to several confounding
factors which influence phasamplitude measures (e. g. data length, multimodalitytjvo independent
studies, each being comprised of twore executive functiontasks (flexibility and behavioural
inhibition as well as cognitive inhibition and working memohgtagammaphaseamplitudecoupling
was found to b robust phenomenodgetectedn the left and right prefrontal hemispherdsinor
phaseamplitude coupling strength modulations have been detetthése studiedMore importantly
no systematic patterof coupling strength modulation by eithiexsk demandsr acute stress were
detectedBetagamma coupling might also be present in more basic attention proddssésthe first
investigationof the relationship betweestress, executive functions and phasslitude coupling.

There are many aspects that have not been explored yexafmple, studying phase precision instead

of coupling strength as an indicator for phaseplitude coupling modulationsurthermore, dta was
analysed in source space (independent component analysis); comparability to sensor space has still to
be determiad. Theseas well as other aspects should be investigated, due to the promising finding of

very robust and strong begmmma couplindor all executive functions.
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CHAPTER 1 — GENERAL INTRODUCTION 3

1.1 Cortisol and Its Effects on the Brain

Stress ist jedoch unser standiger Begleiter, solange wir leben. Er sitzt mit uns zu Tisch,
er geht mit uns schlafen, er ist dabei, wenn lesgbaftliche Kiisse getauscht werden.
Manchmal geht uns seine Anhanglichkeit ein wenig auf die Nerven; dennoch verdanken
wir ihm jeden personlichen Fortschritt und erreichen durch ihn immer héhere Stufen
geistiger und kérperlicher Weiterentwicklurigy. ist de Wirze unseres Lebens.
Selye, 197%

History of the stress concept.

Stress research slowly evolved at the beginning of the 20th century. Its origins date back to
Claude Bernard (1813 1878), who formlated the concept of thailieu intérieurthat was later on
called homeostasis by Walter B. Cannon (187945). The concept of homeostasis was derived from
the ancient GreeKgohnson, Kamilaris, Chrousos, & Gold, 1992pmeostasis Greek forsteady state
— designates a state of equilibrium within a system that is maintained by permanent adjustments.
Examples include the aclihse balance, thermoregulation, adpndod pressure. The concept of
homeostasis was criticized because some of the systems, like blood pressure, are not constantly held
within specific boundaries, but are adjusted according to the challenges the organism has to meet.
Cannon himsehdulhdotkrav eé wieo | ear n h(Ganwnoms 19853y ar e t
Thus allostasis was defined; a concept formulatedtizwen(2000a) describing that stability would
be achieved thrgh changgMcEwen, 2007, p880). However the concept of allostasis does not
invalidate the concept of homeostasis. Even though deviations from homeostasieeesnt and even
necessary, a “chronically incr eMcEwah 2807,Ip38R)\t asi s
Cannon was the firstto use thetermsts s i n a bi ol ogi cal sense, wh e
therefore, to survey some of the stresses of homeostasis to which we are not uncommonly subjected, in
order to |l earn how well the organ{Camonm83&®s t hem
The terms stress and strain were borrowed fronemahtscience, where stress is defined as the force
per unit area and strain is defined as the amount of deformation caused by stress.

Hans Selye (190% 1982), who published his seminal work in 1936, developed his stress
concept on the basis of observas@mn human patients in hospitals and laboratory animals. The animals
showed largely similar symptoms when being mistreated by diverse noxious agents or maltreatment
(Selye, 1936) Selye observed three phases in response to stress, and subsumed them under the term
general adaption syndroméhe alarm reaction, comprising all nepecific physiologic rggnses to
stimuli the organism is not adapted to; the stage of resistance, comprising-gffieuific physiologic

responses to stimuli to which the organism adapted due to unceasing exposure; and the stage of

1“As |l ong as we | i ve, oB Stresssis dowswitlous attable it goes @orbed withasnip a n i
is present when passionate kisses are exchanged. Sometimes its devotedness annoys us; however, we owe stress
every personal progress and reach ever increasing levels of mental and plesicalldo p me n t due to
(Translation M. J. H.)
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exhaustion, comprising all nespecific physitogic responses to stimuli to which the organism
previously adapted to, but can no longer sustain adagfelye, 1946, ppl19-121) The general

adaption syndrome obtained itame due to generally emerging in response to any stimulus, to which

the organism is not yet adapted to. Using the term stress scarcely in the beginnin§elge &k

McKeown, 1935 Selye, 1939andSelye & Pentz, 1943 Selye embraced it followg World War I1.

At this time the US army popularized the term stress and also promoted biological and psychological
research on it, aiming to find out why excellent pilots crashed their planes during distressing acts of war
(Kury,2012) Selye’ s wor k ¢ onc epituitag-adeeal (ldPA) akihrespohsg,p ot h a
which today is known to be much more sfiedhan postulated by Selye (e.$apolsky, Romero, &

Munck, 2000, p56) . In contrast, Cannon’s work concentrat

nervous systerfANS), which in fact seems to be unspecific.

Definition of Stress.
Here stress and the stress response are defi
homeostasis is actually threatened or perceived to be so; homeostasstablished by a complex

repertoire of behavigal and physiological agat i ve r es pons e ¢Chrausos, Bdd® or g a

p.374) I nstead of wusing the term homeostasis, one
thre a t to the physiological or pVEBwerh a@00Gh,gpb08)a | i nt e
Further, a focus is led on the biochemical stress response, thatiicrease of adrenal glucocorticoids

and catecholamines due to an experiefMeEwen, 2000b, pb08). The fact t hat “st

subjective experience that may ormayoaad r r espond t o p h yMcEwen, 2000b,c a | re
p. 508)plays a minor role in this thesis.

A stressor, defined as a stimulus or situation that induces stress, can be virtually anything, as
long as it is severe enough to require major physiological or psychological adjuginoeatk, 1997)
It can be useful to distinguish between physiological and psychological stressors. In contrast to
physiological stressors, psychological stressors contain a higher degree of subjective appraisal
processes. The literature implies that physical stressordhélatd pressor te@€PT;Velasco, Gomez,
Blanco, & Rodriguez, 1997 predominantly iduce an autonomic stress response while the endocrine
stress system is only marginally innerva{®qttRae et al., 2006; Velasco et al., 1997%ychological
stressors, like the Tert social stresstest(Kirschbaum, Pirke, & Hellhammer, 1993)n the other hand
lead to a marked autonomic and endocrine stress resoigerson & Kemeny, 2004)t was also
found that physical stressors primarily recruit the brain stem and hypothalamus, while psychological
stress recruits the amygdala, prefrontal cortex, and the hippocdhgusan & Cullinan, 1997; Joéls
& Baram, 2009)
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The biochemical response.

The physiological stress response is composed of two biochlecaiscades. Stressors which
can be signals from the inner and outer environment, as well as appraisal processes, are able to stimulate
the hypothalamus to trigger a fast stress response via the autonomic nervous system and a slow stress
response via the PA axis(Silbernagl & Despopoulos, 2012)Vithin seconds after stress onset, the
sympahetic nervous system (SNS), a part of the autonomic nervous system innervates the adrenal
medulla to secrete adrenalin and noradrenalin into the bloodstream. This fast autonomic stress response
seems to be unspecific (i. e. activated by any stressamaltsfunction is to mobilize chemically saved
energy (e. g. lipolysis) and, at the same time, increase the cardiac output and inhibit gastrointestinal
functions(Silbernagl &Despopoulos, 2012)n other words, it facilitates survival relevant functions (e.
g. energy allocation) and inhibits survival irrelevant functions (e. g. digest@atecholamines, to
which adrenalin and noradrenalin belong, cannot cross the blood brain barrier, but can nevertheless exert
feedback on the brain via the vagus n€iMeGaugh, 2000)

Within minutes after stress onset, peakabout 20 to 40 minutes post stress ofi3iekerson
& Kemeny, 2004)the HPA axis secrets its epdoduct cortisol into the bloodstream. Specifically,
stress causes the secretion of corticotropiease hormones (CRH)Mm the paraventricular nucleus
(PVN) of the hypothalamus. CRH in turn induces the release of adrenocorticotropic hormones (ACTH)
from the corticotroph cell of the anterior pituitary in the bloodstream via the hypophyseal portal veins,
which then triggerhe release of glucocorticoids (mainly cortisol in humans) from the adrenal cortex
(Nestler, Hyman, & Malenka, 2009Pnly 5 % of the exerted cortisol is biologically active; 95s%
bound to carrier proteins likidae corticosteroiebinding globulin (CBG). Each component of the HPA
axis exerts negative feedback on all previous sites of the HPA axis, thereby preventing an overshoot of
the stress responséeller-Wood, 2015; McEwen, de Kloet, & Rostene, 1986; Siiagt
& Despopoulos, 2012)The key effects of cortisol are an increase in blood glucose level and its
immunosuppressive function. In contrast to catecholamines, which immediately help the organism to
cope with a stressful situation, cortisol is resposesibl regaining homeostasiBausk(1951, p.16)
compared stress with fire, stating that cortislebuld be seen as the resource that curtails the water
damage arising from firBghting operations; cortisol should not be seen as thdifjhting operation

itself.

Glucocorticoid receptors in the brain.

Once released into the blood stream, cortisdisgibuted quickly throughout the whole body.
Being a small and lipophilic hormone, biologically active cortisol readily diffuses across thedoénd
barrier and other cell membran@testler et al., 2009 heoretically, cortisol concentrations should rise
especially in those brain regions to which most of the axatpal blood is transported, i. e. to the active
areas. This assumption is inferred by the same logic that underlies the blood oxygenation level dependent

(BOLD) signalof functional magnet resonance imag{figR1) andis additionally supported bylakara
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and Hallef2001) who st at e t h a nerafcgn affectonany pracesses butltise proaess g e
actually affected (Mskara&Halleg 20@l, p3749hdortisol isiordy retamedi v e ”
in cells which contain cortisol receptqdoéls & de Kloet, 1994; McEwen, Weiss, & Schwartz, 1968)
Genomic cortisol effects, acting via initallular receptors, and nagenomic cortisol effects, acting via
membrane receptors are differentiated.

The most welknown cortisol receptors are the intracellular glucocorticoid (GR) and
mineralocorticoid (MR) receptors. Actions via these receptors are genomic. That is, thediggutdr
complex, after translocating tthe nucleus of the cell, induces or inhibits transcription and thereby
translation of genefde Kloet, Holsboer, & Joéls, 2005; Webster & Cidlowski, 19@Rs and MRs
can be found throughib the entire brain, concentrations being especially high in the hippocampus
(McEwen et al., 1968; Meaney & Aitken, 1985; Patel et al., 2000; Sanchez, Young, Plotsky, & Insel,
2000; Sarrieau et al., 1986; Sarrieau et al88).9This discovery resulted in extensive research of
cortisol effects on memorHet, Ramlow, & Wolf, 2005; Sauro, Jorgensen, & Pedlow, 2003; Schwabe,
Joels,Roozendaal, Wolf, & Oitzl, 2012)

Action via membrane receptors, contrary to intracellular GRs and MRs, igemamic and
thereby rather shotermed and reversible: a liganelceptor complex exerts its effect immediately, for
example, by changing ion ahnel permeability. Existence of various membrane receptors throughout
the brain and body has been confirn{@aliman, 2005; Losel et al., 2003; MakaraH&ller, 2001;
Norman, Mizwicki, & Norman, 2004Evidence exists that MRs and GRs can also be located within
membranes, having a much lower affinity for glucocorticoids than their intracellular countédearts
Kloet, 2013) Additionally, the intracellular GR is a candidate for fggmomic action. When cortisol
binds to a GR, a heahock protein is detached fronetheceptofMakara &Haller, 2001) While the
receptorligand complex will induce genomic actions, the h&daick protein could exert rapid effects
on cell properties.

In the studies presented in this thesis, primarily-genomic effects that evolve within minutes
will be examined. Genomic effects, iwh have been shown to mainly evolve hours and up to days after
stress onsdtloéls &de Kloet, 1994)are not fully covered. However, investigating behaviour up to 35
minutes after stress onstite most rapid genomaffectscannot be exclude@akara &Haller, 20Q).

How does cortisol affect cell properties within the braio&ls and de Klo€1994)discuss three
possible mechanisms: alterations in iooamductivities, alterations in transmitter systems (synthesis,
turnover, release, uptake, receptor properties, changes in functional responses), and alterations in cell
properties (metabolism, morphology). To give one concrete example for the secondismectanisol
has been shown to inhibit the catecholamine reuptake in treypaptic neuronWang et al., 201,3ut
also sed.ieberman, Stokes, Fanelli, & Klevan, 19800éls and de Klogt1994)gathered plenty of
evidence for all three mechanisms via the genomic pathway, but these mechanisms equally apply for
the nongenomicpathway(Groeneweg, Karst, de Kloet, & Joéls, 2011; Losel et al., 2003; Myers

McKlveen, & Herman, 2014; Norman et al., 2008he experiments presented in this thesis are blind
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to the exact mechanisms by which cortisol exerts its influence on neural transmission. For detailed
reviews of these mechanisms the reader may refé@oéts and de Klogt1994) Haller, Mikics, and
Makara(2008) andMakara and Halle§2001)

Knowledge about glucocorticoid receptors, their distribution, and their functionality has been
gained primarily from in vitro studies and studies with rodents. Studies chuman primate and
humans are scarce incomparigéro | | owi ng L e i b nanaturewnk fait jsnaisdesesduts” [ ...]
ce que | 'Leyppla Cohtiouitd ...J(Leibniz, 2013, XXVIII}?, one can be rather conidt
that most basic mechanisms which are valid in rodents are also valid in primates, both belonging to
placentals, a subdivision of the class of mammals. Nevertheless, evolution has progressed since
speciation, and caution is appropriate. This is espgtiak for the prefrontal cortex, which seemed to

have evolved massively from rodents to primgRreuss, 1995)

Influence of stress on the prefrontal cortex.

Arnsten (2009) suggests that during the experience of strdms,usually present tegiown
regulation of brain regions by the prefrontal cortex is impaired. Amongst otiveter norstressful
conditionsthe prefrontal cortex inhibits dopamine and noradrenaline producing cell bodies in the brain
stem. Under stress thinhibition seems to collapse. Without inhibition, central catecholamines are
released to larger extents. This causes bottom up attention, emotional habits, as well as rapid and
reflexive behaviours, in contrast to purposeful behaviour, which dominats tivl prefrontal cortex
is in control. Arnsten’s theory concentrates on
receptors are present in the monoamine producing cell biitiéts &de Kloet, 1994) potentially
influencing their activity. Both catecholamines and glucocorticoids are released and influence the brain
during stress,specially psychological stress.

The fact that loss of control is essential for causing stress effects on the prefrontahcdrtex
also for the release of cortisol in stressful situat{@iskerson &Kemeny, 2004)suggests that cortisol
is necessary for the occurrence of stress effects on the prefrontal &ffgeis of cortisol might be
indirect, e. g. by potentiating catecholamine effects by inhibiting their reuptake in theynaptic

neuron.

Influence of the prefrontal cortex on the hypothalamuspituitary -adrenal axis.

It is not only cortisol that acts on the brain; at the same time tife &t is influenced by
various brain structurg®edovic, Duchsne, Andrews, Engert, & Pruessner, 2009; Nestler et al., 2009,
p.247). Thereby, the prefrontal cortex is the only neocortical structure that has direct efferents to the
hypothalamugFuster, 1980)An initial misconception of a purely inhibitory effect of the prefrontal
cortex on the HPA axis wdater replaced by the assumption that, depending on the kind of stress (e. g.

psychological or physical) and depending on the brain region which is exerting the influence, the HPA

2, Nature does matt imakwehdtealpscalll the Law of Continuit.y
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axis can be inhibited or activated by prefrontal corteXDedovic et al., 2009; Diorio, Viau, & Meaney,
1993; Kern et al., 2008Becausehese studies are predominantly correlational, the direction of effects
remains uncleaandno causal relationship can be proven.

In summary, stress, especially psychological stress, triggers the release of cortisol which in turn
influences neuronal processin manifold brain regions and ways. Those processes that are active, seem

to be especially influenced by cortisol.

1.2 Executive Functions

Brains are foretelling devices

animals, the goal of cognition is the guidance of actio
Buzsaki, 2006

Executive functions are a group of abilities which enable us to purposefully shape our
behaviour, cognition, and emotion. Executiuaedtions enable us to execute coordinated, planned, and
adaptively optimized behaviour in specific situations or regarding a specifi¢Jgoake, 2013)They
are needed when obstacles prevent automatic processes aneqthiey attention and concentration.
Executive functions are therefore effortful processes that modulafgsoésses (tedown influence).

Executive functions are crucial for a successful and healthy life in our modern society. Adele
Diamond compiled amxtensive list, backed up by several references, describing the aspects of life
where executive functions are requiréidiamond, 2013, p. 137Table 1) Accordingly, impaired
executive functions are associated with various mental disorders (addiction, attention deficit
hyperactivity disorder, conduct disorder, depression, obsessive compulsive disorder, sehi@pph
Impaired executive functions are further associated with poor physical health (obesity, substance abuse,
poor treatment adherence) and less quality of life. They predict school readiness even more than
intelligenceas well as school and job succeBsey are further relevant to interpersonal life, as people
with good executive functions are easier to get along with and are more dependable. Executive functions
potentially help to improve public safety: studies suggest that people with poor exéantivens are
more likely to commit crimes and behave violently and recklessly.

Two unique research approaches indicate that all the above listed abilities and processes,
subsumed under the term executive function, rely on three core executive fundeaitstity,
inhibition, and working memoryMiyake et al., 2000; Sabb et al., 2008yhile some authors add
additional abilities, these three basic abilities are widely accepted aslibmgthe fundamental basic
executive functions or at least belonging to them.

Flexibility represents the ability to switch between tasks, actions, demands, etc. When behaving
flexibly, one has to disengage from A and engage in B. Reasons for havinitcto @ manifold and

the alternative action B must not be known beforehand. For example, finding divergent ways for
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problem solving requires flexible thinking. Adjusting ones behaviour according to potentially changing
rules or different environments is@her example. Godalirectedness is, as for all executive functions,
a key characteristic. Flexibility can refer to cognition, behaviour, and emotion.

Inhibition describes the ability to withhold an automatic or dominant action, thought, or
emotion. Typially, it is easier to execute the behaviour that needs to be inhibited. That is why active
and demanding willpower is needed for inhibition. In the case of inhibition, actions are not driven by
stimuli directly, which would be impulsive or automatic belavj but are instead deliberate. The kind
of inhibition described here, needs to be actually intended, therefollewing the argumentation of
Miyake et al.(2000)— inhibition processes likeegative primingr inhibition of returnare excluded.

Working memory describes a limitedpacity storag€Baddeley & Hitch, 1974)People
usually can keep 7 £ 2 items in working memg@iller, 1956). The duration of storage is normally
restricted to a few seconds and can be prolonged by constant rehearsal. Wide agreement exists in the
scientific communityto differentiate between working memory and sttertn memory. The only
difference thereby is that shagrm memory is engaged when material has to be simply held in mind
and working memory is engaged when the memaorized material has to be mani@ddtiey, 2000)

For example, the reproduction of a series of numbegsires shorterm memory, but the reverse
reproduction of that series requires working memdwarking memoryis essential for both of the
former aspects of executive functioning (flexibility and inhibition): one must keep the goals or rules in
mind in ader to act flexibly or inhibit specific behaviours, cognitions, and emotions. As an example,
higher working memory capacity was found to attenuate detrimental effects of stress on the ability to
act flexibly (Edwards, Moore, Champion, & Edwards, 2Q15)

Miyake et al.(2000) defined these three concepts as basic processes serving executive
functioning, first, because flexibility, inhibition and working memoaye well defined, low level
functions that can be precisaiperationalised. Secondly, several well validated tasks are available and
widely used to measure each of these functions. Thirdly, all three functions combined are likely to
support more complex executive functions. In a confirmatory factor analysis, wagheplicated by
Friedman et al(2008) Miyake et al.(2000)found all three basic functions to be satihtained while
simultaneously being significantly correlatdelgure1.1a). Analysis further showed that all tests that
were used to operationalise the three basic executive functions load on one common executive function
factor (Figure 1.1b). The common factor explains part the variance generated by flexibility and
working memory tasks. Nevertheless, there is still unique variance left which is explained by flexibility
and working memky specificfactors. In contrast, the common factor explains all variance generated by
the inhibition tasks. This does not mean that one can omit the factor inhibition. It is a process
independent from flexibility and working memory, which can be completeplained by a common

executive function factor that also explains some of the variance of flexibility and working memory.

3 Miyake et al(2000)use theerm shifting for flexibility and the term updating for working memdrigese terms
are used synonymously



10 CHAPTER 1 — GENERAL INTRODUCTION

a) b)
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.56 /.38 Flsexelz'#itg Executive Memory
P Function Specific

42/.79 .63/.77

Working
Memory

Workin
Memory
Ability

Inhibition
Ability

Flexibilty
Ability

Figurel.l: a) Correlation between three latent variables, reflecting thelthste executive funins. Correlation
coefficientsontheleft are the results from the first analysidif/ake et al(2000)and correlation coefficients on

the right arethe results from a second sample reportedriledman et al(2008) b) Diagram of the unity (the
common executive function related to all three basic executive functions) and diversity (speciiior; e. g.
flexibility specific) of the three basic executive functions flexibility, inhibition, and working menfégyre 1a

is reprinted with permission from Elsevigognitive Psychology4(l), 43100, Miyake et aJ.Copyright © 2000)

and adaptedavith permission from the American Psychological Association (Copyright © 2008). Figure 1b is
adapted fronMiyake and Friedmaf2012)

Sabbetal(2008)s ear ched the scientific |iterature fol
control”, which is used synonymously with execut
shifting (flexibility), response inhibition (inhibition), and response selection were the four terms most
frequently associated with cognitive control. Thiwview revealed that cognitive control truly is a
generic term, as it was almost never measured directly but always indirectly via one of the four
subtopics. Response selection vid subsumed under the term inhibitionitais operationalised by
taskswh ch represent inhibition. There is “evidence
memory and inhibition] may be ontologically distinct, as reflected in the ability to accurately classify

them on t he basi s(Leoaftowicz KalarnCongdoa, &oldiagk, 200t #00).

Executive functions are supported by the prefrontal cortex.

Fuster(1980) suggested three nearly identical functions to thoddigéke et al.(2000)and
Sabb et al(2008)as core functions of the prefrontal cortex: anticipation, control of interference, and
provisional memory. Control of interference and provisional memory can undoubtedly be equalised with
inhibition and working memory, respectively. Even thoughidentical with flexibility, the concept of
anticipation incorporates the precondition for flexible behaviolB.e c aus e of past exper
the organism is able to prepare, with the assistance of the prefrontal cortex, for a certainpassjblef
c ont i n g(Eusteri 1889,” pl34) Anticipation also incorporates attention processes and is
especially related to the orienting system of the attention theory accordiiogrier and Peterséfan,
McCandliss, Sommer, Raz, & Posner, 2002; Petersen & Posner, 2012; Pd3atersen, 1990)
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“Preparation involves the adjustment of the sensory and motor apparatus beforeesacihes
optimizing reception and setti ng (Rudter, 898G, @34) syst en

The first evidence for the localisation of executive functions in prefroat&éx originated from
lesion studiegFuster, 1980)It was found that the larger tenount of damaged prefrontal cortex, the
larger the adverse effects on extee functioning.

The ability to flexibly adjust action, cognition, and emotion evolves late in life. The same is true
for inhibition and working memory capacity. Executive fuaod seem to mature until the end of
adolescence. Moreover, flexibility and inhibition performance, as well as working memory capacity,
decline in the elderly. This development is paralleled by the maturation of the prefrontal cortex up until
and beyond thage of 2Q(Gogtay et al., 2004; Jancke, 2018)d its subsequent decline in the elderly
(Ziegler et al., 2012)Both executive functions and prefrontaleog f ol | ow-ft ihest' | ast "
principle. Of course this parallel does not imply causality, but along with findings from lesion and
electrophysiological studi¢Buster, 198Q)it leaves little doubt as to the causal dependence of executive
functions on prefrontal cortex structures.

Several mta-analyses confirm that prefrontal and parietal cortices are more active during the
execution of flexibility taskyNiendam et al., 2012; Wager, Jonides, & Reading, 2004; Yarkoni,
Poldrack, Nichols, van Essen, & Wager, 2Q1ihibition taskgCai, Ryali, Chen, Li, & Menon, 2014,

Levy & Wagner 2011; Nee, Wager, & Jonides, 2007; Niendam et al., 2012; Yarkoni et al., 2ad1)
working memory task@Cabeza & Nyberg, 2000; Niendam et al., 2012; Rottschy et al., 2012; Wager et
al., 2004; Wager & Smith, 2003; Yarkoni et,&011)when compared with control tasks or resting
conditions. Activations are generally bilateral, one exception being inhibition, which in two of the five
metaanalyses was found to be associated solely with activation in the right hemi$pdiereal., 2014;

Levy & Wagner, 2011)Executive functions are thus localised at the prefrontal and parietal cortices.
Anatomical domains of each of the three basic executive functions are not clearabkefram one
another(Lenartowicz et al., 2010; Yarkoni et al., 201Axtivations largely, but not fully, overlap. It
seems that all executive functions share large parts of the prefrontal and parietal cottidedivdual

focuses on some structures. This assumption is supported by two facts: first, deficits after prefrontal
cortex lesions partly depend on the lesion location and, second, besides a common connectivity
structure, parts of the prefrontal corteave unique connections to other neural struc{ester, 1980)

In this thesiselectroencephalograpi(EEG) is measured in the most common way, using a
standardised electrode cap, positioned in a standardised way, but not localizing electrode positions
exactly or having an individuahagnet resoance imagingMRI) scan. Therefore, all localization
attempts in this thesis are coarse. Hence, results of theamaigses shall serve as rough estimation of
where to look for stress effects on executive functioning, namely in the left, midline, Bhttoigo

parietal network as well as within the prefrontal cortex.

4 The parietal cortex on the other hand matures much edBagtay et al. (2004) published along with their
paper videos showing the myelinisation of the human cortex.
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As a critical note, one should be aware that the frpateetal network is not specifically
activated during executive functioning, but rather seems to be generally activated duritigecagdi
emotional taskéToro, Fox, & Paus, 2008 hat is why it is also called the tagksitive network, which
can be clearly distinguished from the tamdgative default mode network tha active during regFox
et al., 2005; Schwarz et al., 2013)

Stress and Executive Functions.

Former publications often argue that cortisol receptor density in the prefrontal cortex is
especially high and therefore an association between stress and prefrontal cortex related processes is
probable and worth to investigate. To my knowledge, there is no actual publication indicating an
especially high cortisol receptor density in the prefiboortex, as it is the case for the hippocampus.

The relationship between stress and executive functions is nevertheless reasonable to investigate, as this
and the former section have shown. This is the case, first, because cortisol is likely to aecumulat
those regions that are activated, i. e. in the prefrontal cortex during the use of executive functions.
Second, the work dhrnsten(2009)strongly indicates that the prefrontal cortex is cut off during stress.
Third, it was shown that cortisol receptors aresent throughout the whole brain. An especially high
density of receptors is thus not necessary for hypothesising cortisol effects on prefrontal structures.

Furthermore, illnesses like schizophrenia or mood disorders, of which onset is thought to be
provdked by stress and which are associated with alterations in prefrontal MR and GR quantity,
distribution, and activity compared to healthy controls, are repeatedly associated with executive
dysfunction(Holmes & Wellman, 2009; Qi et al., 2013; Sinclair, Tsai, Woon, & Weickert, 2011;
Webster, Knable, O'Grady, Orthmann, & Weickert, 2002)

The interplayof stress and executive functioning is intensively studied in humarsetifons
3.1and4.1). But despite the overwhelming amount of these studies, only a minor part mézsGres
(e. g.Laietal., 2014; Sanger, Bechtold, Schoofs, Blaszkewicz, & Wascher, 2014; Yildiz, Wolf, & Beste,

20149, let alone analysing cro$eequency coupling (CFCFustere mphasi ses that “the
neural mechanisms by which the prefrontal cortex fulfils its postulated role in anticipatory set,
provisional memory, and suppressiorf i nt e(Fusterr 98 ppd40-141)i s “of par amo
i mp or t(Fusiec, @980, pL40) And in 2004 Ridderinkhof et als t i | | remar k that “
little is known about how the brain determines and communicates the need to recruit cognitive control

and how such signals instigate the implementation of appropriate performance adjustrhen
(Ridderinkhof et al., 2004, pfi29-130). To overcome this state, thisesisinvestigates whether the

construct of phasamplitude cros$requency coupling, being introduced in the next chapter, could be

a mechanism bwhich the brain implements executive functioniagd whether this is influenced by

stress
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1.3 PhaseAmplitude Cross-Frequency Coupling: A new Tool to investigate Neuronal

Communication

We are like the prisoners in the cave [of Plato]. There are platértici ol ogi c al bas

behaviouré that we want to discover (the
prisoners), but all we can observe are the shadows cast on the wall (empirical data) by
the flame in the back of t hHoweverwehaveonet hods
i mportant advantage over the prisoners in F
the flame. We can develop new technologies and methodologies, and we can combine
methodologies in interesting, novel, and insightful ways.
Cohen, 2011

The oscillating brain.

Neurons are the basic unit of the central nervous systéeing causal for neural
communication via action potential generation andsfieniThompson, 2000)Action potentials in turn
are responsible for one important characteristic of the brain: its oscillating nature. When recording
electrical activity emitted from the brain, one registers an oscillating electrical current. This was first
shown in humans berger(1929) Three spatial scales exigticroscopic oscillationare spike trains
from single cellsmesoscopic oscillatioree local fieldootentials (LFP) including several ten thousands
of nerve cells, andnacroscopic oscillationgre either recorded from subdural electrocorticogram
(ECoG) summing up millions of cells or at an even broader scale from scalp recordings (EEG,
magnetencephalogphy[MEG]) integrating several cortical are@3anolty & Knight, 2010; Young &

Eggermat, 2009)

The causal relationship between microscopic oscillations in the form of spike trains and neural
communication is straightforward. It can be experimentally investigated by manipulating cells with
substances; this manipulation leads to alteredlaisons and, in turn, to an altered signal transmission
from the manipulated neuron to its dowtneam neurongloéls & de Kloet, 1992)n contrast, meso
and macroscopic oscillation are more complex and therefore more difficult to understand. They do not
reflect action potentials generated by single ne
produce when “tal king” t o-oenacréscopidobcdlatigns. nthecadee “ he
of macroscopic oscillations, the sound is congglosf the synchronous spiking of several millions of
cells. Therefore, macroscopic oscillations are effectively epiphenomenal. They do not represent the
direct neuronal information transfer, but instead are produced by the information transferring cells of
the brainBergerhas already stateti: Wi r sehen i m El ektrenkephal ogr ami

standigen Nervenvorgénge, die im Gehirn stattfinden, genau wie das Elektrokardiogramm eine

5 By saying this, the importee of glia cells, making up about 50 % of the brélerEulaneHouzel,2009) is
neglected. Research on glia cells and on their contribution to neuronal information tramsifemishebeginning
stagesaandshould be integrated in all aspects of electrophysiology in the future
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Begleiterscheinung der Kontr akt i(Bengernl928,e669%ei nzel r
Notwithstanding being effectively epiphenomenal, macroscopic oscillations have a direct connection to
neuronal information transfer and are correlated with behavBursaki, 2006) By modulating
macroscopic scillations, e. g. via transcranial alternating current stimulgfiwsskuhl, Huster, &
Herrmann, 2015pr transcranial magnetic stimulatigheyer & Damasio, 2009)behaviour can be
modulated. Mesoscopic oscillations were shown to predict concrete behaviwell as spike trains
(Mehring et al., 2003; Pesaran, Pezaris, Sahani, Mitra, & Andersen, 2002)

Thereare two compelling reasons for choosing to investigate macroscopic over microscopic
and mesoscopic oscillations. First, macroscopic oscillation can be relatively economically, and most
important, norinvasively measured in human brains. Second, networéallsfcode information in the
brain, not single cells alon@uzsaki, 2006; Hebb, 1949; Meyer[Bamasio, 2009; O'Reilly, 1998;
Sporns, 2011)therefore the measurement of cell networks is essential to gain a full understanding of
brain functioning. Saying this, research on microscopic or mepas oscillation is by no means
dispraised. For a full understanding of the brain, each spatial level has to be studied.

Macroscopic oscillations produce negative and positive far fields at the scalp. Negative far fields
reflect increased excitability oleurons while positive far fields reflect decreased excitability of neurons.
Why is this the case? Due to architecture and characteristics of cortical neurons and their synapses,
macroscopic oscillations are mainly produced by excitatory synapses logdtesl iegion of apical
dendrites of pyramidal neurons (d¢agemann, 199%or an excellent and thorough disquisition; see
alsoJackson & Bolger, 2034Signals arriving at synapses of apical dendrites evoke a relative reduction
of positivity outside th@euron in the subsynaptical area, causing an ion flow in the extracellular space
betweerthe proportionally more positive cell soma (relative sousoelthe proportionally less positive
apical dendrite (relative sink). Given that a large number of unijoarranged neurons generate
superimposed activity, the relative sink is measureable at the scalp level. Because propagation of electric
current decreases with distance to the place of origin, action potentials arriving at the dendrites cannot
nudge the dwnstream neuron to generate its own action potential, but solely influence the membrane
potential of the downstream neuron by elevating it to a more positive charge (depolarisation) or lowering
it to a more negative charge (hyperpolarisation). Actionrpiatis which arrive at the cell soma, ideally
close to the initial segment of the neuron, are capable of triggering an action potential in the downstream
neurons. These are facilitated or obstructed by the membrane potential. Therefore signals steuld arriv
at times when neuronal ensembles are most excitable, in order to be optimally decoded and transferred.
Oscillations emitted from the brain at mesw macroscopic scale indicate that neuronal networks
constantly switch between states of increased exXayalmegative far field) and decreased excitability

(positive far field), i. e. facilitation and inhibition of spike generation, respectively.

phprivraenan @frttee wonstaatly engoéng reenvouseppocesses of the

“I'n the elect c
[ he electrocardiogram is an epipheno

brain; just
M. J. H.)
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Oscillations span a wide range of frequencies futtna slowfluctuations of about 0.05 Hz to
ultra fastoscilations of up to and above 600 KRenttonen & Buzséki, 2003plower frequencies are
more powerful than faster frequencies. Slow frequencies are thought to integrate activity of larger
amounts of cells, while fast frequencies are expectaddgrate activity of smaller amounts of cells:

When a goal is scored in a football stadium, the coordinated roar of fans can be heard for miles, in contrast
to uncoordinated local conversations, which are lost in the background noise. Similarly, skowsrhyt

involve very |l arge numbers of cells and can be
oscillations involving only a small fraction of neurons may be conveyed only to a few paiBuzsaki,

2006, p.119)

Mor eover, “di fferent frequencies prGanoityde di s

& Knight, 2010, p506). With lower frequencies, the window within which information from other cells
can be integrated (the duration of thestage) is larger than with fast oscillations that switch more
rapidly between on and off states and can therefore only integrate information arriving in a short time
window. Consequently, low oscillations can integrate information of larger cell pamdatian fast
oscillations are able tf@uzséaki, 2006, ppal15-116). Accordingly, it was found that higher frequencies
only synchronize in compact neuronal patches, whereas lower frequencies ebigibgt between
distant regiongCanolty et al., 2007; von Stein & Sarnthein, 2000)

The fast spikdbased computation of neurons hasé coordinated and integrated at different
spatial scales. Single neuron activity is integrated within netwehiksh leads to two other important
characteristics of the brain: its smalbrld architecture and its modularity.

The smallworld network arc hitecture of the brain.

Networks can effectively be investigated via graph theory. The most important concepts of
graph theory are nodes, edges, and paths. A node is a unit of a network, e. g. a neuron in the brain or a
person in a city. Edges are direohaections between two units, e. g. a direct axonal connection from
one neuron to another or the direct friendship between two persons. Paths are connections that can
include several edges. The length of a path is defined by the amount of edges, nophysaat
distance. Instead of neurons and axonal connections, nodes can also represent neural regions of interest
and edges can represent some statistical dependency between these reghRusinSeeand Sporns
(2010)for a concise an8porng2011)for a thorough description of neuronal network analysis.

Two parameters are especially important when describing -svodlli networks: clustering
coefficient and characteristic patmigh. Theclustering coefficients best explained within a social
network(Watts & Strogatz, 1998, g41) foreachpr son it descri bes how many
are also friends with each other. Averaged over all people in the network, the clustering coefficient
describes the cliquishness of the network, and is therefore a simple measure of modularity (see below)
For neuronal networks, the clustering coefficient specifies the fraction of a nodes direct neighbours that
are also directly connected. Thbaracteristic path lengtlis the average length of all shortest paths

between any two nodes, hence the mean teaigall shortest paths.
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A smallworld network stands out due to its rich local connections (high clustering coefficient)
and sparse lontange connections (low characteristic path length). This kind of network is located
between a completely regular netkk@Figure 1.2a), where each node is only connected to its nearest
neighbours (high clustering, long characteristic path length), and a completely random nétguoek (
1.2c), where each node is randomly coneddb a fraction of all possible nodes (low clustering, short
characteristic path length). A¥atts and Strogat¢l998) have shown, a regular neivk with a few
long-range connections keeps its high clustering, but greatly reduces the average path length, hence

forming a smahworld network Figurel1.2b).

a) b) c)

Figurel.2: a) Exampleof a regular network. Each node is connected timibsnearest neighbours. b) Example of
a smalworld network. Two edges have beercannected and become lergnge connections. ¢) A random

network. Each node is randomly connected to a fraction gbcakible nodes. Adapted by permission from
Macmillan Publishers Ltd: Naturgyatts & Strogatz, 1998copyright 1998.

In the case of the brain, the smatbrld architecture provides a perfaattwork structure to
reduce energetically expensive larange connections and, at the same time, keep a fast information
transfer between all brain areas. Leaagge connections not only need to be restricted because they are
energetically expensive, batso because they take up a large amount of space due to myelination. It
has been shown, even though white matter grows disproportionally strong compgnegnatter in
brains of increasing siz&hang & Sejnowski, 200Qthat as the number of neurons increases, the
proportion of connections needed to keep the same level of connectivity deBeaséki, 2006)Not
proportional (isometric) connectivity, but absolute (allometric) connectivity is maintgiBeorns,
2011) thereby restriing spatially and energetically expensive laagge conections. Watts and
Strogatz (1998) proved that infectious diseases propagate very fastsrallworld networks.
Analogously, information should be able to be transferred easily in-srodtl networks(Bassett &
Bullmore, 2006; Nishikawa, Motter, Lai, & Hoppensteadt, 2003)

Watts and StrogatZ 998)were the first to demonstrate that the central nervous system of the
nematodeCaenorhabditis elegan&C. elegany had smalworld properties at the cellular scal&ith
roughly 300 neurons and several thousand connections between these (\lnites Southgate,
Thomson, & Brenner, 1986)his nervous system could be completely analysed on the cellular scale.
This project is unfeasible for the human bratonsisting of roughly 86 billion neurofiderculane
Houzel, 2009)

Summing up, a neuronal smatbrld network is energy efficient, spatially efficient, and enables

a fast and easy information transfer. In addition to being theoretically compelling, this network structure
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has been shown empirically in neuronal networks of various species and at vahooik rseales
(Achard, Salvador, Whitcher, Suckling, & Bullmore, 2006; Bassett, Meiyetenkerg, Achard, Duke,

& Bullmore, 2006; Eguiluz, Chialvo, Cecchi, Baliki, & Apkarian, 2005; Fair et al., 2009; He, Chen, &
Evans, 2007; Salvador et al., 2005; Sporns & Zwi, 2004; Stam, .2do4@over, smaivorld networks

are not only a fundamental charatgtc for central nervous systems, but also occur ubiquitously in
biological, social, and mamade systems like the U. S. power didatts & Strogatz, 1998)

Modularity of the brain.

The third important characteristof the brain is its modularity: modules are groups of nodes
which possess strong interconnectivity and sparse connectivity to other nodes. A high clustering
coefficient, which is a feature of smalbrld networks can, but does not have to, imply modwlaFor
example Muller-Linow, Hilgetag, and Ht€2008)found modularity in the nervous systemtloé cat,
but no modularity in the nervous systemfelegansboth proven to be smabNorld networks with
high clustering coefficients.

Network modularity has been repeatedly fofdhen, He, Rosaéleto, Germann, & Evans,

2008; Fair et al., 2009; Hagmann et al., 2008pwever, results differ regarding locatiand

functionality of networks. This might be due to differences in methodology, but presumably modules
are subject to changes de-jqmlpsis of mgre tiban 16800MR| studidss ° a c
detected modularity at the whebeain scale, inclding modules spanning the occipital lobe, central

brain area (including sensorimotor areas), frgrddetal network, and default mode netw(kossley

et al., 2013) There are also indications that the typical modularisation of human brains is disturbed in
persons suffering from mental disorders, e. g. childhood onset schizopbbdéexanderBloch et al.,

2010)

Revealingly, computer scientists $&at to program in a modularized form as soon as software
started to become extensivBoudreau, Tulach, & Wielengayear unknowh Modularized
programming had manifold advantages and is a core programming principle nowadays: different groups
can work on parts of the same software independently. Neither group needsnaréefthe exact
operating mode of other groups’ modul es; only ¢
Additionally, modularized software has proven to be more robust to errors thamadutarized
software. A software module contains basic pssoey, which can be used as elements of more complex
functions. This is the same concept as assumed for neuronal modules, with functionally segregated local
processing units which have to be globally integrated to implement complex fur{Btayks Friston,

2013) Empirical data has shown that the relatively simple neuronatraysf C. elegansis not
modularized, but that more complex neuronal systems are indeed m@diilar-Linow et al., 2008)

This parallel is intriguing. Nature seemingly evolved modularity as size and complexity of biological
systems increased. In the same manner, humans started to create modularized systems as the size and

complexity of thé systems increased.
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PhaseAmplitude Cross-Frequency Coupling.

A fundamental aim of neuroscience is to elucidate how the above described modular structures
of the brain cooperate and communicate. So far, research concentrated on the spatial locdlization
neur onal processes; the temporal course of neuroc
Pl ato’s cave, our current approach to understan
looking at shadows cast on a region of the wdlthe cave without observing how they change
dynami cal | y(Cobene20l1l, td). meE E G, h a vse tegiporal reSolutiore io ithe
mi | | i s e c dHuldemanm 2@L& 'f7), being nornvasive and therefore applicable to large
samples of human subjects, is an excellent tool for studyimgneammunication.

Crossfrequency coupling is a recent concept proposed to explain how neuronal networks
cooperate and communicate. It is hypothesized to provide "hierarchical control-afresksynchrony"
(Monto, 2012, pl)and being an “indicator of net wAllenk coor d
etal., 2011, 59). Itis assumed to be a "mechanism for binding distributed neuronal actigifiesto,

2012, pl), thatist he “integration o fQJirsd i&dvillleri 20U3t gl a i nf or n
"mechanism for selectively routing information through neuronal netwdvisi' der Meij, Kahana, &
Maris, 2012, p111), a "mechanism that is able to separate spatially distributed networks operating in
parallel" (van der Meijj et al., 2012, p11), as well as a "mechanism for the interaction of local and
globalprocesses(Jirsa &Mdiller, 2013, p1). In essence, there seem to be three core functions of cross
frequency coupling:

1. Information transfer between distinct neuronal sites

2. Binding of distributed neuronal activity

3. Enabling parallel processing in time and space
All authors agree on crog$sequency coupling being a mechanism to facilitate communication between
neuronal ensembleas well as, separation of communication processes from one another and, thereby,
enabling parallel processing.

Three forms of crosbequency coupling can be distinguished: pkasgplitude coupling

(PAC), phasephasecoupling, and amplitudamplitude copling. As shown in the next paragraphs, the

first mentioned attribute of crodsr e quency <coupl i ng, “information t
sites”, i s r eapmpesietnutdeed choyu pdhansge whil e the secon
neurmal activity”, i s -phasdchuplingAmpétydeanpliridetcauplinglisyessp h a s e

well understoodCanolty & Knight, 2010)

In contrast to both other forms ofossfrequencycoupling, phaseamplitude coupling implies
a clear direction of action: it is defined as the phase of a comparatively slow oscillation modulating the
amplitude of a comparatively fast oscillation. While this directionality is inherent to the definition of
phaseamplitude coupling, technically it is a correlational measure and cannot imply causality: Phase

amplitude coupling is defined as the statistical dependence between the instantaneous phase of
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frequency A and the instantaneous amplitude of frequency B ef ¢ite same or two distinct signals
(seechapter2 for a detailed description). This technical definition makes it easy to understand the other
two forms of crosgrequency coupling. Phagsase coupling is the statistical degence between the
instantaneous phase of frequency A and instantaneous phase of frequency B of either the same or two
distinct signals. Amplitudamplitude coupling describes the statistical dependence between the
instantaneous amplitude of frequency Al amstantaneous amplitude of frequency B of either the same
or two distinct signals.

For now, crosdrequency coupling measured from scalp EEG remains a markEiglafe 4 in
Aru et al., 2015, p56), whose interpretation for neuronal communication exceeds what is currently
known about the parameter. Nevertheless, these interpretations are based on reasonable assumptions and
should therefore be investigated. This thesis will contribute to answiiénguestion as to whether
phaseamplitude coupling is present during the execution of cognitive control and whether an assumed
performance effect of stress on executive functioning is reflected inphgd@ude coupling strength.

Phaseamplitude couplig is a ubiquitously found phenomenon in mammalian brains. More than
80 studie§ of which 90 % were published in the last decade, report famapbtude coupling measured
via EEG (e. gNakatani, Raffone, & van Leeuwen, 201MEG (e. gKaplan et al., 2014 ECoG (e. g.
Szczepanski et al., 200,4r LFP (e. gLopezAzcarate et al., 20)0Phaseamplitude coupling is found
in conscious (e. gRoux, Wibral, Singer, Aru, & Uhlhaas, 2018d unconscious states (e. g. sleep:
Staresina et al., 2016. g. anaesthesiigtukamel, Wong, Prerau, Brown, & Purdon, 2pIduring rest
(e. g.Foster & Parvizi, 201Pand activation (e. gfanagisawa et al., 2012t is found during various
experimental tasks, amongdhers the oddball task (e. gllen et al., 201}, Sternberg task (e. g.
Axmacher et al., 2030go-nogo task (e. doirschmid et al., 20)4t-maze (e. gTort et al., 2008 and
attentional blink task (e. dvlizuhara & Yamaguchi, 2031So far rats (e. d.i, Bai, Liu, Yi, & Tian,
2012, mice (e. gScheffzik et al., 209 Lnonhuman primates (e.$paak, Bonnefond, Maier, Leopold,
& Jensen, 2012 and humans (e. foster, Friese, Schone, TrujiltlBarreto, & Gruber, 20)ave been
studied. Sample sizes in these studies range from single casadigakpshi et al., 201)3to up to 400
subjects (e. ¢Kirihara, Rissling, Swerdlow, Braff, & Light, 20)2

In most studies, thetgamma coupling, i. e. gamma amplitude nested within the theta cycle, is
found (e. g.Canolty et al., 2006; Tang et al., 201®ne reason for the frequent discovery of theta
gamma coupling is that many studies exclusively analyisefiequency pairBut dso in studies that
scan broad frequency ranges (exploratory analysis)-¢fagtema coupling is often evident and in some
cases the only phasenplitude coupling present (e. NlcGinn & Valiante, 2011 Nevertheless,
virtually all other frequency combinations were also found to be engaged irgrhpside coupling

(e. g.Cohen, Elger, & Fell, 20Q9Importantly not only the pure existence of phasaplitude coupling,

” A complete lisbf these studies can be founddippendix A Certainly, this list of publications is not exhaustive,
but it represents the majority of published studies on paag#itude coupling.
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but also its association with behaviour was found (&dgter et al., 2014; Mizuhara &amaguchi,
2011; Soto & Jerbi, 2032

One prominent example of theg@amma coupling and its relation ¢ognition shall be briefly
reviewed.Jensen and Lismafi1998) formulated a neurobiological theory of working memory that
incorporates phasemplitude couplingJensen, 2006; Lisman & Jensen, 2023)shown irFigurel.3,
gamma amplitude is strong during the rising phase, peak, and decreasing phase of a theta cycle and weak
(dedcted as not present Figure 1.3) during the trough of the theta cycle. According to this theory,
each memory item is coded by a unique set of neurons, which fire in union in gamma frequency. Each
item that has to bkept in working memory fires for one gamma cycle and this gamma cycle takes up
“one space” wit higurelB)h.e Tthhee tsae tcsy colfe n(ecufr.ons r epeat
in the next theta cycle. Thadt item to be held in working memory will fire first, then the second set of
unigque items representing memory item B will fire second etc. Overall 7 + 2 gamma cycles fit into each
theta cycle (depending on the exact frequency of theta and g&rmtrauingly it is exactly 7 + 2 items
that humans normally can keep in working men{Mifler, 1956). FurthermoreSternberd1966)found
that participants, when required to judge whether a test stimulus matches to a list of stimuli seen before,
need about 38 milliseconds processing time for every item that was presented ifl Tetist, reaction
times of participants become on aver&ganmilliseconds faster when there is one stimulus less in a list
they have to remember. Additionally, if the target stimulus matches an early presented stimulus from
the list, reaction times are correspondently faster, implying a serial search of memasrjhiat stops if
target and memory item matckensen and Lismaii1998)formally showthat this theory can explain
many of the empirical working memory phenomena. One assumption within this theoretical framework
is that the theta cycle must slalewn in order to increase working memory capacity. Accordingly,
Vosskuhl et al(2015)showed that short term memory capacity is indeed increased when slowing down

individual theta frequency via transcranial alternating current stimulation.

Memory A Memory B

Figure1.3: Memory items are represented by unique sets of neurons which fire in union in gamma frequency.
Each unique set of neurons, representing a memory ite
within the theta gcle. Active memory items are repeated in each theta cycle. Selection of memories are divided

via a silent time during the trough of the theta cycle. Adapted and republished with permission of the Society for
Neuroscience, from the Journal of Neurosciedeesen and Lismat8(24),1998

81n a theta cycle with a length of 200 milliseconds (5 Hz), 7 gamma cycles with a length dizcamnts (about

48 Hz) can be fitted during the up state of theta, leaving 50 milliseconds refractory period (duration of the trough).
%In a theta cycle with a length of 250 milliseconds (4 Hz), 5 gamma cycles with a length of 38 milliseconds (about
26 Hz) can be fitted during the up state of theta, leaving 63 milliseconds refractory period (duration of the trough).
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In relation to stress research, the finding that cortisol might modulate the coupling between delta
and beta power (arfijude-amplitude coupling), is especially interesting. This form of cfosguency
coupling was found in approximately a dozen of studies (for a revieSdréter & Knyazev, 2032
and seems to vary systematically with cortisol and related concepts (e. g. anxiety). In this theoretical
framework deltabeta coupling is interpreted as executive control, while decoupling is interpreted as
behavioual disinhibition. So far all studies investigating ddieta coupling (seBchutter &Knyazev,
2012for an overview) calculated intémdividual correlation coefficients, but interpreted their results as
intrarindividual correlations: delta and beta power were correlated within a subsample of all participants
(one coupling measure for each subsample) and not individually for each patt{ciparcoupling
measure for each subject). This is problematic, because the interpretation of the results as intra
individual coupling is not covered by the performed statistics. The only sigdycalculatingntra-
individual coupling was published §nyazev(2011) though he could not find deltzeta coupling
being related to cortisol or another direct stress measure.

It seems plausible that creequencycouwling is a mechanism by which the brain exchanges
information and parallels cognitive and emotional proce@®ezssaki, 2006; Canolty &night, 2010;

Jensen & Colgin, 2007 herefore, in this thesis the relationship between stress, executive functions,
and crosgrequency coupling is explored with appriate methods in the tirfeequency domain. Using
completely different methods, it would not be surprising if former findings regardingégtaoupling

and stress (cfiKnyazev, 201} cannot be replicated. Thatugy exploratory analyses are conducted

with being open about the exact frequency bands and the location of coupling, but not about the general
idea of a relationship betweestress executive functionsand crossfrequency coupling. Phase
amplitude couphg is chosen, because it is the most studied method for assessinfyeryosacy
coupling so far. This is of advantage when conducting an exploratory analysis, as it is helpful to compare
findings with the results of other research areas. Secondly,-phgdgude coupling implies a causal
direction: it is assumed to reflect the modulation of one neuronal source by another. In contrast, phase
phase or amplitudamplitude coupling rather reflect the cooperation between two neuronal sources.
Thus, phas@mpitude coupling seems toe the adequate concept, as it corresponds to the concept of

executive functioning in respect of directionality and modulation.

1.4 Summary

The relevance of stress, executive functions, and grapétude cros$requency coupling, as
well as their interrelation, has been demonstrated. Stress, particularly cortisol, influences the brain in
manifold ways. Presumably, it especially influences those structures that are active. The prefrontal
cortex and the frontparietal network are hyploesized to support executive functions, which are crucial

for purposeful and optimized behaviour. Not much is known about how exactly the brain implements
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executive functions, but it could be by phaseplitude cros$érequency coupling, a concept that
provides a theoretical explanation about how one neuronal structure modulates another. Additionally,
the brains modularized structure and the presence of oscillations of various frequencies require the
assumption of a mechanism by which neuronal structuresnomicate. This mechanism could be
phaseamplitude cros$requency coupling. The aim of this work, therefore, is to investigate whether
executive functions are implemented via phasglitude cros$requency coupling in the prefrontal
cortex and frontgarietal network and whether stress modulates the ability to execute executive
functions on a behavioural (at the level of executive functions) and neuronal (at the level -of cross
frequency coupling) level. As described above, cfomguency coupling seems be a ubiquitous
phenomenon in mammalian brains, and hence not the proof of its pure existence, but exploring its
association with behaviour is essential. It is therefore expected to findaninasicude crosfrequency
coupling and further hypothesizetat it will vary with the behaviour of humans in executive

functioning paradigms arid potentially moderated by stress.
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2.1 Introduction

Sectionl.3 described the geraridea behind crossequency phasamplitude coupling and
summarized previous findings regarding this concept. 3é&ion showed that phasamplitude
coupling is a promising method to study cognitive processes in EEG. There is no convention yet of how
to calculate phasamplitude coupling. This chapter is designed to give a short overview about the
heterogeneity of phasamplitude calculation methods used in the literatBegformance of two of the
most widely used phassemplitude coupling measuresmean vector length (MVL) byCanoly et al.
(2006) and modulation index (MI) byort et al.(2008)— is thoroughly compared with the help of
simulated data.

From a historical viewoirt, the first amplitude modulations that have been detected are
amplitude fluctuations of specific frequency bands, becoming apparent in the fast Fourier transform
(FFT) of constituents of these signéBurgess & Ali, 2002; Novak, Lepicovska, & Dostalek, 1992;
Pfurtscheller, 1976)Becaise the FFT approach can solely reveal that the amplitude of a higher
frequency oscillates at a lower frequency (characteristic of one signal), these amplitude modulations
should not be misinterpreted to account for true temporal coupling between théaimstais phase of
the lower frequency and the amplitude envelope of the higher frequency (association between two
signals). Neither the lower frequency itself nor its instantaneous phase are extracted in this approach.

Some of the most widely used phaseplitude coupling measures today are the phaddng
value [PLV](Mormann et al., 2005; Vanhatalo et al., 2Q@%0 called synchronization index [SI] by
Cohen(2008) the modulation index [MI{Tort etal., 2008) the mean vector length [MVI{Canolty et
al., 2006) the envelopeo-signal correlation [ESQ[Bruns & Eckhorn, 2004the general linear model
approach [GLM](Kramer & Eden, 2013; Penny, Duzel, Miller, & Ojemann, 20G8)ase binning
combined with ANOVA [BA] (Lakatos et al., 2005and the weighted phase locking factor [wPLF]
(Maris, van Vugt, & Kahana, 2011All of these measures use the instantaneous phase and amplitude
of bandpassfiltered signals to calculate a measure that represents coupling strength. However,
conceptualdeas and mathematical principles differ substantially between meakuedsET approach
is also still used.Figure 2.1 depicts the

application frequency of these measures in at

extensive, but not exhaustive selectmin82 14 % 9 %
5% 3% 3%

Amount of
Publications

publications on phasamplitude coupling (see

Appendix Afor references). Q\)A @@Q\» <§& ({%Q \)@ &@&
QNG

Several of these phaseamplitude

coupling measures were compared with the
help of simulated and real data in four reviews.
Tort, Komorowski, Eichenbaum, and Kopell

(2010) the

comparison so far, including most of the above

executed most  extensive

Figure 2.1: Frequency of various phasenplitude
coupling measures in28ublications five of whict
apply two measures). Ml: modtian index; PLV
phaselocking value; MVL: mean vector length; FF
FFT approachESC: envelopeto-signal correlatior
GLM: general linear model approadReferences ¢
these publications can be foundAppendix A
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listed measures and evaluating their performance pertaining to tolerance to noise, amplitude
independencd sensitivity to maltimodality, and sensitivity to modulation width. The modulation
index, introduced by the same grqdjort et al., 2008)is wellrated in all aspects while, amongst others,

the phasdocking value has poor ratings in all aspects. The mean vector length has good ratings in some
aspects (e. g. tolerance to noise), but weaknesses in others (e. g. amplitude dependence).

Penny et al(2008)introduced the GLM approach and compaitet the mean vector length,
phasédocking value, and envelogie-signal correlation in respect to noise level, coupling phase, epoch
length, sample rate, signal netationarity, and multimodality. They found that the methods
discriminated between datasilated with and without coupling to different extents, ranging from
below chance level to perfect discrimination. Performance of the measures differed under poor
conditions (high noise, low sampling rate, etc.), however, all measures performed equaliydeel
good conditions (longer epochs, less noise, etc.).

Kramer and Ede(2013)introduced a new GLM crodsequency coupling measure. It proves
to be valid and performs equally well as the modulation index. The advantages of this method are that
it can be interpreted as percentage change in amplitude strength chedldtation. Additionally
confidence intervals are easily computed and the measure can detect biphasic coupling.

WhenOnslow, Bogacz, and Jong11) compared three phaaenplitude coupling measures,
they found that “no -peref owmermesd (Qasiow atdalWHBL ipHey | v o ut
They concluded that each measure seems to be particularly suited for specific data conditions. Mean
vector length for example is suitable for noisy data, exploratory analyses (analysing a broad frequency
spectrum) and when the power of #raplitude providing frequency band is low.

The above cited reviews do not point to a single optimal measure for calculating phase
amplitude coupling. They rather show that mebut not all- of the used measures perform well and
are equallyaffected byvarious confounders. Despite the availability of manifold measures, 79 % of
studies use the mean vector length, modulation index or jbedag value adapted for phase
amplitude coupling. Why is this the case? Possibly the predominant application oventamnength
is due to its mathematical directness. The modulation index is conceptually intuitive. This will become
evident in the following sections where both measures are explained in detail. Théopkiagevalue
is derived from a longised, phasphase coupling measure that is easily adapted for the purpose of
phaseamplitude measurement. Its familiarity in the scientific community might have promoted its
application. Its usage is potentially problematic because phase information is extractetherom
amplitude envelope of a signal. Phase information can only be correctly extracted from truly oscillating
signals; this is not necessarily the case for an amplitude envelope. So far, no review evaluated this

measure explicithaspositive.

10 Amplitude independence denotes to the independendheomeasurdrom the amplitude strength of the
amplitudeproviding frequency band.
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The majority of reviews used very straightforward data simulation methods. Oftentanes
sinusoidal oscillation is constructed at a lower phlaseiding frequency and at a higher amplitude
providing frequency. Phasamplitude coupling is introduced by multiplying hatignals (cfOnslow
et al., 2011, p52). Amplitude is then extracted from the so constructed signal and phase is extracted
from the pure sinusoidal oscillation of the lower frequency. White noisidisdeto both signals. There
are two pitfalls in this approach. Both sinusoidal signals reflect a plain prototype ofgyrhpbtide
coupling, but in real neuronal data, pure sinusoidal oscillation cannot be filtered;fratiiggncy bands
containing diferent amounts of various frequencies are extracted. Second, white noise is added to the
simulated dataeven though it is known that not white noise but Brownian noise is inherent to brain
dynamicg(He, Zempel, Snyder, & Raichle, 2010; Miller, Sorensen, Ojemann, & den Ng9) 2

Because none of the hitherto existing reviews simultaneously meet the requirements of realistic
simulation of EEG data, providing inferential statistics for comparison of the measures, investigating
moderators of phasamplitude coupling, and inclirty two of the most widely used measures (mean
vector length and modulation index)new comparison of both methods is presented in this chéipter
aimsto combine the best aspects of all previous reviews. EEG data is simulated rather realistically
accoding to the procedure describedksamer and Ede(2013) The infuence of several moderators
(multimodality, data length, sampling rate, noise level, modulation strength, and modulation width)
inspired byTort et al.(2010)is investigated. Sensitivity and specificity of the phasw®litude coupling
measures are checked according to the methods descrili@dsiow et al.(2011) For all these

comparisons inferential statistics are provided.

2.2 Methods
2.2.1 Extracting Frequency,Phase, andAmplitude from EEG Data

An oscillation carries three pieces of information:
(1) Frequency:specifying how many full cycles can be completed within one second,;
measured in Hz.
(2) Instantaneous Amplitude specifying how poweul the signal is at each instance;
usually measured in microvolts (MV) in el
(3) Instantaneous Phasde specifying which portion of the cycle has already been
completed; ranging from 62360°(0—-2 m r adi ans) .
In order to measure crof®quency phaseamplitude coupling one needs to extract all o th

information from raw data. This is done by the following preparatory steps.

11 The term amplitude has two meaningssignifies the vertical distance between the zero crossing and peak of
each cycle of an oscillaticendit signifiesthe amplitude envelopeoften referred to as amplitude magnitude

as described above. Here, ampl# is used in the sense of the amplitude envelope

12The term phase has two meaninigsignifies the phase offset of each cycle of an oscillatiutit signifies the
instantaneous phase as described above. Here, phase is used in the sense ofdostphtesge
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First, raw data (Figure2.3A, grey thick line)is band-passfiltered in the frequency bands of
interest (Figure2.3A, red and blue line). When analysing phaseplitude coupling, phase is extracted
from a relatively slow oscillation while amplitude is extracted from a relatively fadtatiei (cf. p.
18). For simplicity, preparatory steps are illustrated only for the frequency band®f4.

Second the real-valued band-passfiltered signal is transformed into a complexvalued
analytic signal This is commonly done by using the Hitbransform. It transforms the signal into a
time series of complexalued numbers of the form a + bi, representing an oscillation of one specific
frequency band (in this case-6 Hz). The imaginary part is a 90° shifted version of the original real
valued filtered signal; this becomes apparent when plottiageal and imaginary part of the analytic
signal fFigure2.3B). A complex nhumber can be depicted as a vector in a polar faged2.2A),
which is a twedimensional plane where the abscissa represents the real part (a) and the ordinate
represents the imaginary part (bi). When analysing EEG data, there is not only one vector, but as many
asthe number oflata pointsOneminute EEG data with a sampling rate of 1000 Hz produces 60000
data points. The representationtbis signal in the polar plangould be a circulating arrowF{gure
2.2B), whose length depends on the amplitude strengththe signal. InFigure 2.2B, a constant
amplitude strength is depicted. The vector circulates counter clockwise. By conffiguref.2B and
C, one can see the correspondenemvien the oscillating arrow in the polar plane and the regular wave

in the Cartesian plane. One full cycle in the polar plane represents one full wave cycle.

A) imag B) imag Q) ‘
20°]5 sine(y)
2i A = 60° i
magnitude — 6l
9 I PG T, —_
1
- 160°/u ; 160°
- . ity F) X
: i 1 0 S 020 eal ; Degrees
-2 1 1 rea 7 rad. 02n g 507 IR0 Jesrees

180° 2707

r
22 240°

Figure2.2: A) Representation of one data pojat+ 1i) of a complex analytic signal in the polar plane. The angle
between vector and abscissa repres the instantaneous phase. Emgth of the vector (magnitude) represents

the instantaneous amplitude of the signal. B) Representation of thregalata and their corresponding
instantaneous phases of the analytic signal in the polar plane; all data points have identical magnitude (amplitude
strength). C) Data points frofaigure 1.2B mapped onto the Cartesian plane. Oné dytle in Figure 1.2B
corresponds to one sine wave cycle.

Finally phase or amplitude is extracted from the complewalued analytic signal.Phase is
extracted by measuring the angle between the vector and the positive pasdlsdissaKigure2.2A,
Figure 2.3C). Phase is a circular variable (0° and 360° are identical). Amplitude is extracted by
measuring the length (magnitude) of the veckagire2.2A, Figure2.3D). The precise mathematical
operations are

for extraction of phase 3 OAT— (Equationl)

for extraction of amplitude  © i QOaQa 0©'Q (Equation2)
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Figure2.3: The steps to extract phase and amplitude from raw data are depicteidahapSee the text nex
to each figure for a detailed description
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All these steps are essentially implemented in MATLAB with four lines of code:

filtered_data = pop_eedfiltnew(raw_data,lower_frequency_bound,upper_frequency_bound);

hilbert_data = hi Ibert(filtered_data);
amplitude = abs(hilbert_data);
phase = phase(hilbert_data);

In addition to the Hilbert transform, there are two other widely used methods to convert real

valued bangass filtered signals to complerlued analytic signalsnamely the complex Morlet

wavelet andhe shorttime fast Fourier transform. ABruns(2004)has shownthe Hilbert transform,

the Complex Morlet Wavelet, anithe Short Time Fast Fourier Transform can produce nearly identical

results. Differences only arise from different filter characteristics. Therefoegher method

outperforms the other. Aiethod should be chosen according to the aim of the analysis carried out. In

thisworkt he Hi |l bert transform i

S used because

charact er i s {(Johes, 2004, pl25)than bbth dther enettiods.

Filtering can seriously distorawdata; it is therefore essential to take care of an optimal filtering
routine Widmann, Schroger, & Maess, 20150 guarantee prevention of artefacts due to filtering, the

following aspects were always takieo considerationonly continuous data was filterehd first and

last samples, where edge artefacts can pa@ue later on discarded.z&rophase Hammingvindowed

sincfinite impulse responsé&(R) filter implemented in EEGLAB
(pop_eedfiltnew.m; written by A. Widmann) was used. Ti
function automatically chooses the optimal filter order a
transition band vdth for a precisely selectable filter bandwidth
Some authorsas well as MATLAB choose degrees ani
radians to range froni80°to 180°{fm t o 1T r adi a
cosine wave) instead of O0°
sine wave; cfFigure 2.4). Because MATLAB is used for all
subgquent data analysis, this work complies with this pract
such that 0° (0 radians) represents the peak®8@f/180° {rt / -

radians) represents the trough of an oscillation.

2.2.2 Mean Vector Length

Cosine Wave

Figure2.4: Relation between sine a
cosine Instead of defining a full cyc
(0° to 360°), MATLAB assign
negative degrees180° to 0°) to th
second half of the unit circle.

The phasemplitude coupling measure mean vector length (Mixitroduced byCanolty et al.

(2006)utilizes phase angle and magnitude of the complex number in a quite direct way &testiem

gi v

degree of coupling. As described above, each complex value of the analytic time series is a vector in the

polar plane. Phasamplitude coupling is present, when the magnitude M of a fraction of all data points

is especially high at a specific phaseat a narrow range of phas€ggure2.5A). Averaging all vectors

creates a mean vector with a specific phase and length (white arfoguine2.5). The length of this

vector represents the amount of phasplitude coupling. The direction represents the mean phase
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where amplitude is strongest. When no coupling is present, all vectors cancel each other out and the
mean vector will be shorF{gure2.5B). Then its direction does not repees any meaningful phase.
The mean vector length is calculated by the following formula:

0od Z—— (Equation3)
where n is the total number of data points, tis a data peintsa t he ampl i tud@s at ti

the phase angle at time point t. This value cannotrbeategative because it represents the length of
the mean vector (white arrowsfingure2.5). The length of a vector cannot be negative.

A) 90° B) 90°

0.08

(-) 180° (-) 180°

- 90° -90°

Figure2.5: An idealized depiction of simulatl phasemplitude coupling (A) and no coupling (B). The white
arrow indicates coupling strength (length of the arrow) and is pointing into the direction of the preferred phase in
thecase of coupling.

Three caveats come along with this measure: (1)ah&\vs dependent on the general absolute
amplitude of the amplitude providing frequency (independent of outliers), (2) amplitude outliers can
strongly influence the mean vector length, and (3) phase angles are often not uniformly distributed. All
caveatsare simultaneously counteracted by nonparametric permutation testing (see Cohen, 2014,
chapter 30.3, pp. 41018 for detailed description). Additionally permutation testing allows an
evaluation of the meaningfulness of the observed phamditude couplingvalue. For permutation
testing the observed mean vector length is compared to a distribution of shuffled mean vector length.
Shuffled mean vector lengthare constructed by calculating the mean vector length between the original
phase time series and armuted amplitude time series (or vice versa). The permuted amplitude time
series is constructed by cutting the amplitude time series at a random time point and reversing the order
of both partsKigure2.6). Generating surrogate ddtas way is most conservative, because it leaves all
characteristics of the EEG data intact, except the studied one, namely the temporal relationship between
phase angle and amplitude magnitude. Shuffling is usually repeated 200 to 1060 Tieesbsered
mean vector length is standardized to the distribution of the shuffled values according to the following

formula:

13 In the selection of B studies Appendix A), 38 report permutation testing. Of these 14 (37 %) apply 200
permutations and 10 (26 %) apply 1000 permutations. Other amounts are ~50, 100, 300, 500, and 10 000
permutatios.



32 CHAPTER 2 — QUANTIFICATION OF PHASE-AMPLITUDE COUPLING

0 wd (Equationd)

where g denotes the mean a(8.d.) Gnlydveen tha observed mean st a n c
vector lengthg larger than 95 % of shuffled valuestislefined as significant. It is then assumed that

the observed mean vector length value could not have been found, had the original signals been
uncorrelated (like the surrogate data). That is, the standardized veetor length should exceed a

critical value, for example being larger than 95 % of the values expected under the null hypothesis of

no coupling (surrogate mean vector length distribution). One of the reviews cited in the introduction

(Tort et al., 2010Jinds faults with the mean vector length being amplituejgethdat. As this paragraph

shows, this is only true for the raw, but not for the permuted mean vector length.

/WWI/I/I/]/ Original Phase Angles
/\/\/\/\’\/ Original Amplitude Envelope
v\//\/\/\/ Shuffled Amplitude Envelope

0 0.5 1 1.5 2
Time (sec)

Figure 2.6: Depiction of shuffling the amplitude time series. The amplitude time series & autandom time
point within a trial and the order of both parts is reversed. Thereby the temporal relationship between phase time
series and amplitude time series is destroyed while all other characteristics of the time series are preserved.

In the inerest of completeness, it should be mentioned @mdurt and Schnitzle(2011)
proposed direct mean vector lengthihich is amplitudenormalized and ranges between 0 and 1. When
applying permutation testing to both mean vector length and direct mean vector length return essentially
the same vales. That is, when applied along with permutation testing, both measures are exchangeable.
Without permutation testing, the direct mean vector length is recommended because it takebeare of
possible amplitude differences in raw data. However, it imglyorecommended to apply permutation
testing. Firdy, in order to verify the meaningfulness of the observed coupling. Sgcondt 0 ma ke one
own measure comparable to other stuedeeasures. Thilg, to counteract all three caveats of the raw

mean veair length simultaneously, not only the amplitude dependency.

2.2.3 Modulation Index

Tort et al.(2008)suggests a very different way of computing pkasgplitude coupling, which
anyways is based on the same parameters of the analytic signal, amplitude magnitude and phase angle.
For calculating the modulation indéMI) according toTort et al.(2008) all possible phses froni180°

to 180° are first binned into a freely chosen amount of Biog.et al.(2008)established to use 18 bins
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of 20° each, which many authors follow. The amount of bins can influence the results, as will be
explained below. The average amplitude of the amplipudeiding frequency in each phasia of the
phaseproviding frequency is computed and normalized by the following formula:

a
B a

nQ (Equations)

where a is the average amplitude of one bin, Kk
of bins; p is a vector of N values. With the help @sécalculationsoneobtainsthe data for the phase

amplitude plot which depicts the actual phasaplitude coupling graphically{gure2.7).
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Figure2.7: Detailed depiction of a phaserplitude plot.

Subsequently Shannon entropy is computed; a measure that represents the inherent amount of
information of a variable. If Shannon entropy is not maximal, there is redundancy and predictability in
the variable. Shannon entropy is maximal, hié tamplitude in each phase bin is equal (uniform
distribution,Figure2.8). Shannon entropy is computed by the following formula:

on B 1l 1ncQ (Equation6)
where p is the vectaf normalized averaged amplitudes per phase bin and N is the total amount of bins.
It does not matter lich logarithm base is used if permutation testing is applied latg&aren, 2014)

Like in Tort et al(2008)the natural logarithm is used here. Shannon entropy is dependent on the amount
of bins used and this is why the modulation index is likewlsgendent on the number of bins. The
higher the amount of bins, the larger Shannon entropybeaome There are different ways of
calculating the optimal number of bins, most of which depend on data lengfioken, 2014, pf891-

394). Complying with the dginal author and most other studies, 18 biase been employeikere.
However, squeezing different amounts of data into the same mask of 18ilbinst produce most
comparable results. The more data we squeeze into a fixed mask the more inforrfagioihe ideal
procedure for choosing the amount of bins cannot be determined in this work, thencempliance

with 18 bins.
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Uniform Distribution Phase-Amplitude Coupling

Amplitude (arbitrary units)

-180°  -90° 0= 90 180 -180° 907 0° 90°  180°
Phase Degree Phase Degree

Figure 2.8: Shannon entropy is maximal for uniform distributions (left parehe KullbackLeibler distance
measures how much a distribution X (right panel) deviates from the uniform distribution (left panel).

Phaseamplitude coupling is defined by a distribution that significantly deviates from the
uniform distribution. Kullbak-Leibler distance, a measure for the disparity of two distributions is
calculated by the following formula:

OO T T6C 0N (Equation?)
where U is the uniform distribution, X is the distribution of the data, N is the total amount of bins, and
H(p) is the Shannon entropy according to equation 6. The uniform distrilmitiopresented by log(N).

The final modulation index is calculated by the following formula:
h

00 (Equation8)

where KL(U,X) is the Kullback eibler distance according to equation 7 and N is the &otelunt of
bins. Like the mean vector length, the modulation index is subjected to permutation testing in order to

quantify the meaningfulness of the derived value.

2.2.4 Preliminary Summary

The logic of both measures is very different. Due to the paag®itude plot, the modulation
index is intuitively understandable, but combines manifold mathematical concepts. The mean vector
length on the other side involves just a single formula, but requires an understanding of complex
numbers. Both are reasonable meastir@m a theoretical point of view. Furthermore, both measures
arewiddy used in the literature. This is why the performance of these two measures will be extensively
tested in this chapter to give empirical reasons for choosing one of the measurpkdati@pon EEG

data.

2.2.5 Simulation of EEG Data and Implementation of PhaseAmplitude Coupling

A characteristic of natural EEG data is the proportionality of its frequencyrspeto a power
law P(f) ~ (1/f%). Namely, the higher the frequency f, the weaker the amplitudeFgi)re 2.9). The
exponent B defines the strength of the amplitude
by B = 1 and Br o wn iD#ferent(investdationdaves shgwrihbt yhe fBequency?2 .
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spectrum of human brain activity (Heetbla20B0sMile o Br ow
et al., 2009) Because of this, Brownian noise was generated using MATLAB code provided by
Zhivomirov (2013) in order to simulate EEG data
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Figure2.9: White (first row), pink (second row), and Brownian (red) noise (third row) in the left column and its
corresponding frequency spectrum in the middle column. The right subplot depicts titedenidcrease with
increasing frequency of white, pink, and Brownian noise.

Simulated data was then filtered at a low phRasiding frequency, from here on referred to
as phase time series, with a constant and narrow bandwidth of 2 Hz. The sames ditex@¢hat a high
amplitudeproviding frequency, from here on referred to as amplitude time series, with a broad
bandwidth. The exact bandwidth of the amplitude time series depended on the frequency of the phase
time series. ABerman et al(2012)have shown and is illustrated kigure2.10:

[ ...] a mpnodulateddignals have a complex frequency spectrum with a bandwidth that is related to

the frequency of mad! at i on. [ ..] the consequence of an inapp

uni ntenti onal el imination of t h e-freguengynamplitude a mp | i t

modulated signal is either distorted or attenuated by the filter, then then€#iC will na be accurate.

(Berman et al., 2012, 456

For this reason data was filtered, such that the sidelanitte modulating frequency were
always included (i. e. centre frequency of amplitpdaviding frequency band * upper boundary of
phaseproviding frequency band). Data was filtered by using the EEGLAB function pop_eedfiltnew.m
provided by A. Widmann. Lorequency was set t0-810 Hz and high frequency to 5070 Hz.
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Figure2.10: A) Idealized frequency spectrum of a signal containing a pure 3 Hz sinusoidal and a 12 Hz oscillation
modulated by the 3 Hz aflation. B) Narrow filtering for both frequency bands leaves out the modulating side
bands of the upper frequency band (left side). Broad band filtering for the upper frequency band includes the
modulating side bands and leaves the frequency spectrume ofiddulated frequency intact. C) Simulated data

show the side bands of a modulated frequency band (right side), which are not present in the same unmodulated
frequency band (left side). (A) and B) adapted fidenman et aJ.2019.

To introduce coupling, the procedure Kdfamer and Eder(2013) was followed. A Hanning
window plus on& (black curve inFigure 2.11) was multiplied with the amplitude time series. This
multiplication of the Hanning window with the amplitude time series was not done continuously, but
cented at specific time points (s€éggure2.11 for the example of one time point). These specific time
points are either the relative maxima (peaks) or the relative maxima and minima (peaks and troughs) of
the phase timeeries, in order to simulate monophasic and biphasic coupéisgectively (se€igure
2.12for monophasic coupling). Extremum times are chosen because they are easy to detect. They relate
to phase angles of 0° and 18@80°. Phasamplitude coupling measures would not change if the

coupling was tobe introduced at another phase angle. Examples for monophasic and biphasic coupling

Y“Hanni ng wi n ddenstesptHatteach data pdint of the Hanning window is added with one.
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are displayed ifrigure2.13A. The Hanning window itself is multiplied with thectar | to graduate the
intensity ofphaseamplitudecoupling Figure2.13B). To double the amplitude of the time series at the
specified time | = 1.0 is chosen. | = 0.0 reflects no plaasplitude coupling (i. e. not modulating the
anplitude time series; uniform distribution; &figure2.8). The length of the Hanning window was also
modul ated to si mul at eamglitudefmedulationfigufe®13d).tParanietere f p h a
chosen arepecified below. In a final step, additional noise was added to the phase and amplitude time
series. Therefore, Brownian noise of the same length was simubatedpassfiltered at the same
frequencies as the phase and amplitude time samesadded tdhe original phase and modulated
amplitude time seriegespectively. Frequency matched noise is disruptive to the modulated phase
amplitude coupling and therefore allows to check for the robustness of thegphaliede coupling
measures.

Subsequentlyphase and amplitude were extracted from the correspondent time series via
Hilbert transform, using the Signal Processing Toolbox of MATLAB. Then continuous phase and
amplitude time series were segmented. This was done to introduce data discontinuitiesenpriesent
in real data as well. Filtering, Hilbert transform, and phase or amplitude extraction were always

conducted on continuous data, to prevent filtering or other artefacts in the later analysed data epochs.

0.05

Arbitray Amplitude

.05

2 8 14 2 2% 32 R® 2 8 14 20 26 32 38
Time (ms) Time (ms)
Figure 2.11: Original (blue line) and modulated (red line) amplitude time series. Modulation was realised by

multiplying the original data (blue line) with a Hanning window (black line). The right subplot is an enlarged
duplication of the left sbplot without depiction of the Hanning window.
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Figure2.12: Example of monophasic coupling. Amplitude of the modulated upper frequency (red line) is higher
during the peaks of the lower frequency bandcklline).
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Figure2.13: A) Monophasic (left) versus biphasic (right) phaseplitude coupling. B) Strong (left) versus weak
(right) phaseamplitude coupling. C) Broad (left) versus narrow (right)ggFemplitude coupling

Data sets with a length of 42, 105, and 180 seconds were simulated. This amount of data is
sufficient to simulate 30 trials with a length of 400, 2500 and 5000 milliseconds plus additional 30
seconds to introduce data discontinuitidsew segmenting the data. These parameters were chosen to
mirror the properties of EEG data analysedhapters3 & 4. (1) at least 30 trials per unigue condition
for which phaseamplitude couplingwill be calculated, (2) trial length between 400 and 5000
milliseconds, and (3) data discontinuities between trials. Sampling rate was set to 1000 Hz, identical to
the sampling rate of the EEG data analysed later on. In additionlated data was resaraglto 500
Hz in order to investigate to influence of sampling rate. Noise was scaled by the factor 0.9, 1.0, and 1.1
in order to simulate different signd-noise ratios. Scaling factor 0.9, 1.0, and 1.1 correspond to a noise
signal strength of 90 %, 10%, and 110 % compared to the data signal strength. Four modulation
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strengths were realised: | = 0.0 for no coupling and 1 = 0.9, 1 = 1.0, and | = 1.1 for increasing coupling
strength (I = 1.0 doubling the original amplitude strength). These values lia Wighrange of former

studies (e. gkramer &Eden, 2013 The length of the Hanning Window ranged between 22.5 % and
27.5 % of one | ow frequency cy ampitude modutadich.uThiat e di
width is equivalent to about a quarter of one cycle and threrefovers the peak (or trough) phases of

that low frequency cycléHgure2.14). At thesephases amplitude of the higher frequency was increased.

All parameters were realised for meramd biphasic coupling (factor multimodality).
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Figure 2.14: Partition of one wave cycle into quarters: first quadrant (trough), second quadrant (increase), third
quadrant (peak), and fourth quadrant (decrease).

2.2.6 Statistical Analyses
All statistical analyse were conducted with IBM Statistics for Windows Version 23 (SPSS,
Inc., IBM company), except otherwise specified. Significance level were mgit@q< .05. Violations
of sphericity were, whenever appropriate corrected by Greenlibase s §Geisser & Greenhouse,
1958) Further analyses of significant results were

procedurgDunn, 1961) Ef f ect si ze measur e wf{Hays 4973)kipamr t ed f

estimator for the popul ation effect Q2, which s
the overall variancéRasch, Friese, Hofmann, & Naumann, 20@&)cording toCohen(1988)Q2 = . 01
is considered a small, Q2 = .06 a medium, and Q¢

effects | arger than w2 > . 05(Schwessthat 20073i dered r el e

Specificity of phaseamplitude coupling measures

In a first step 1000 data sets without coupling vegraulated by setting the modulation strength
to I = 0. Simulations were carried out for the frequency pail8 Hz for phase time series and-500
Hz for amplitude time series. Phasmplitude coupling values were generally comparedina 2 x 3 x 2
x 3 analysis of variance (ANOVA) with the repeated measurement factors-pimgpdiéude coupling
measure (mean vector length, modulation index), data length (400 ms, 2500 ms, 5000 ms), sampling
rate (500 Hz, 1000 Hz), and noise level (90 %, 100 %, 110 %).

As described above, for both measures nonparametric permutation testing was performed.

Thereby one c an -ampiitsde cotipling valug compargs ioaadistribution of [phase
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amplitude coupling] values expected under the-hufi p o t HGolsen, 2014, pil14) i. e. the
assumption of no coupling. Normalalues directly imply pralues; a value of 1.64 corresponds to a
p-value of 5 %. The phasemplitude coupling value distribution which is egfed under the null
hypothesis does not have to match the standardised normal distribution. Theigfhifreance was not
inferred from the standardised normal distribution, but instead by that-pimgsitude coupling value,
at which 5 % of simulated ¢& (with no coupling) s classified as false positive. Shuffling for
permutation testing was done within trials because later analysis will alsmndactedwithin trials.
Coupling measures were then calculated on concatenated trials.

Specificity of meagres was analysed by counting false positives (significant coupling, even
though it was not engineered into the simulated data) depending on (1) data length, (2) sampling rate,
and (3) noise level. To be able to conduct an ANOVA, the 1000 simulationsdividted into 10
subsamples of 100 simulations each. For each subsample false negatives (dependent variable) were
counted and each subsample was treated as a case in the subsequent 2 x 3 x 2 ANOVA with the repeated
measurement factors data length (400 8§02ms, 5000 ms), sampling rate (500 Hz, 1000 Hz), and
noise level (90 %, 100 %, 110 %). ANOVAs were carried out for both piragditude coupling
measures separately.

Sensitivity of phaseamplitude coupling measures as a function of moderating variables

Performance of phasamplitude coupling measuresere quantified by simulating 100
independent data sets and modifying the parameters (1) multimodality, (2) data length, (3) sampling
rate, (4) noise level, (5) modulation strength, and (6) modulation withim each dataset. A2 x 2 x 3
x 2 x 3 x 3 x 3 ANOVA with repeated measurement factors paag#itude coupling measure (mean
vector length, modulation index), multimodality (monophasic, biphasic), data length (400 ms, 2500 ms,
5000 ms), sampling rate @8 Hz, 1000 Hz), noise level (90 %, 100 %, 110 % compared to signal
strength), modulation strength (90 %, 100 %, 110 %), and modulation width (22.5 %, 25.0 %, 27.5 %
of one low frequency cycle) was calculated. Because overall magnitude ofgrhpliide oupling
values was highly different for both measures, threay ANOVA was split into two &vay ANOVASs
excluding the factor phassamplitude coupling measure.

Simulations were carried out for two frequency pairs {8 Hz/50- 70 Hz and 16-18 Hz/202
— 238 Hz). Only results of one frequency pair{80 Hz/50— 70 Hz) are reported in detail, because
effects in both frequency pairs are highly similar. SPSS datasets, . symdeoutputs for all simulations

are available from the author.
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2.3 Results

2.3.1 Specificity of PhaseAmplitude Coupling Measures

Phaseamplitude coupling values did not differ depending on plaasplitude coupling
measures, data length, sampling ratenoise level. Because of the high number of simulations (n =
1000), some main effects anddrdactions became significant. But all effect sizes were bel¢pw.002,
therefore these differences are irrelevant.

Figure2.15 shows the phasamplitude coupling value distribution for the mean vector length
and the modulation inde At a value of 1.86 for the mean vector length and 1.99 for the modulation
index, five percent of the simulated data were classified as containing coupling (false positive). These
values were therefore defined as criticalatues to imply significance/alues larger than the critical
z-value are defined as reflecting significant coupling. Values smaller than the critedakzare defined
as not reflecting any coupling.

2000

2000

1500 1500

1000 1000

-5 0 5 10
MVL
Z

Figure2.15: Phaseamplitude oupling value distribution of mean vector lengift(panel) and modulation index
(right panel). The red line marks the critical phaseplitude coupling value. 18 000 values contribute to each
distribution due to 1000 simulations in 18 conditions (datath [3] x sampling rate [2] x noise level [3]).

Amount of false positives did not differ depending on data length, samplingraiase level
in neither measure. One interaction in each analysis became significant, but effect sizes were] below

< .02, and are therefore considered negligible.

2.3.2 Sensitivity of PhaseAmplitude Coupling Measures as a Function of Moderating Variables

The Zfactor analysis showed that mean vector length (2.13 + .08) and modulation index (12.02
*+ .71) differed in thei absolute magnitude independently of any other factor (main effect-phase
amplitude coupling measurBi 99y = 241.99,p < .001,¥2 = .55). For simplicity further analysis were

conducted for each phaaenplitude coupling measure separately.

Mean Vector Length by Canolty et al. (2006)

All included factors contributed with a significant main effect. In contrast to biphasic coupling
(.02 £.01), monophasic coupling could be found (4.22 + .15) by the mean vector lengik 824.83,
p <.001,¥ ]=.80).Mean vector length increased with increasing data lerigihof) = 1041.07 p <
.001,¥2= .87, Dungi=.29). Mean vector length slightly increased with increasing samplingase) (
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= 20.26, p < .00y |=.09). Mean vector length decreased wittreasing noiseM(2,19sy= 400.60,p <

.001,¥ |= .73, Dung. = .06). Mean vector length increased with increasing modulation stréfngts)(

=173.02p < .001,¥ ]= .53, Dungi = .06). Mean vector length increased with increasing modulation

width (F,108= 160.47p < .001,¥ )= .51, Dungi = .06). All factor levels in all effects are significantly

di fferent from each other according to Dunn’s
Multimodality interacted with noise level, modulation strength, and modulation (etllih 6<s

.001). Comparably data length interacted with noise level, modulation strength, and modulation width

(all p 6<s.001). Multimodality and data length also interacted (001). Sampling rate was the only

factor that did not interact with any @thfactor. Further, thre@ay interactions of multimodality and

data length with noise levelF@ 3= 103.99,p < .001,¥ ]= .19, Dung: = .13), modulation strength

(Fa,396= 60.06,p < .001,¥ |= .12, Dung: = .14), and modulation widthF(s,306)= 62.25,p < .001,¥ |

= .12, Dungi = .14) were significant.

These interactions had a monotone pattern, following thikerpaof each main effect. For

example, mean vector length increased with increasing modulation strength, but it increased even more

when modulation widtllsoincreases. This pattern was true for each added factor. Mean vector length
did not find biphasicoupling at all. Because of this, the described pattern is only valid for monophasic,
but not for biphasic coupling. Patterns for each main effect are depictadure 2.16. Threeway
interactions are depicted Table2.1, Table2.2, andTable2.3.

0 Multimodality Effect 10 Data Length Effect 0 Sampling Rate Effect
8 8 8
3 6 v 6 3 6
N4 N 4 N4
2 2 2
0 ——— 0 0
monophasic  biphasic 400 ms 2500 ms 5000 ms 500 Hz 1000 Hz
o Noise Effect 0 Modulation Strength Effect 0 Modulation Width Effect
8 8 8
2 6 v 6 3 6
N 4 N 4 N 4
2 2 2
( 0 0
90% 100% 110% 920% 100% 110% 225% 25.0% 27.5%

Figure2.16: Mean (+ S. D.) phasamplitude coupling values for the mean vector length for each main eflect.
effects except the modularity effecare solely depicted for monophasic coupliighe red line marks the
significance level. All values above this line represent significant pluagditude coupling. All factor levels in
all effects are significantly different from each

ot

h



CHAPTER 2 — QUANTIFICATION OF PHASE-AMPLITUDE COUPLING 43

Table2.1: Mean and standard error of mean vector length for the-thagénteraction of multimodality,
data length and modulation widtBignificant phas@mplitude coupling values are printed in bold.

Monophasic Biphasic
Modulation Width Modulation Width
Data Length 225% 25.0% 27.5% 225% 25.0% 275 %
.219 .275 .304 .060 -.003 .050
400 ms
(.037) (.035) (.037) (.024) (.027) (.024)
2500 ms 3.318 3.437 4.056 .027 .047 .023
(.155) (.160) (.179) (.029) (.026) (.028)
5000 ms 8.047 8.547 9.858 -.008 -.006 -.004
(.255) (.269) (.306) (.025) (.026) (.029)

Table2.2: Mean and standard error of mean vector length for the-thaganteraction of multimodality,
data length and modulation strength. Significant pfzamplitude coupling values are printed in bold.

Monophasic Biphasic
Modulation Strength Modulation Strength
Data Length 90 % 100 % 110 % 90 % 100 % 110 %
.239 274 .285 .022 .037 .048
400 ms
(.036) (.038) (.036) (.024) (.028) (.028)
2500 ms 3.160 3.543 4.109 .022 .059 .016
(.153) (.163) (.178) (.027) (.029) (.028)
5000 ms 7.899 8.840 9.713 -.005 -.018 .006
(.253) (.285) (.293) (.031) (.026) (.024)

Table2.3: Mean and standard error of mean vector length for the-thagenteraction of multimodality,
data length and noise. Significant phas®aplitude coupling values are printed in bold.

Monophasic Biphasic
Noise Level Noise Level
Data Length 90 % 100 % 110 % 90 % 100 % 110 %
341 .258 199 .030 .026 .051
400 ms
(.045) (.037) (.028) (.030) (.026) (.025)
2500 ms 4.438 3.507 2.867 .041 .054 .003
(.187) (.151) (.156) (.032) (.028) (.023)
. . . - .01 -.022
5000 ms 10.041 8.819 7.592 006 010 0

(.286) (277) (.268) (.026) (.030) (.025)
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Modulation index by Tort et al. (2008)

All included factors contributedith a significant main effect. Modulation index was larger in
monophasic than in biphasic couplifiu(ee)= 488.978p <.001,¥ |=.71). Modulation index increased
with increasing data lengthrg,198y= 324.20,p < .001,¥ |= .68, Dung = 3.79). Malulation index
slightly increased with increasing sampling rdg o= 23.98,p < .001,¥ )= .10). Modulation index
decreased with increasing nois& (s = 323.32p < .001,¥ = .68, Dung = .70). Modulation index
increased with increasing mddtion strength K108y = 161.32,p < .001,¥ |= .52, Dung = .52).
Modulation index increased with increasing modulation widk16s) = 160.68,p < .001,¥ |= .52,
Dunn.it = .48). All factor levels in all effects are significantly different freach other according to
Dunn’s post hoc test.

Data length interacted with multimodalitl(,198)= 325.69p < .001,¥ |= .52, Dung = .90),
noise level Fu,3906= 229.21p < .001,¥ |= .50, Dungi = 1.49), modulation strengtfr g zes= 108.00,

p <.001,¥ |= .32, Dungi = 1.23), and modulation widthr 3e6)= 99.32,p < .001,¥ |= .30, Duni

= 1.27). Additionally there was a multimodality with modulation width interacti@iuds)= 21.05,p <
.001,¥ |=.06, Dungi = .68), which was sall compared to the other effects found here. Sampling rate
was the only factor that did not interact with any other factor.

Like for mean vector length, these interactions had a monotone pattern, following the pattern of
each main effect. For example, dutation index increased with increasing modulation strength, but it
increased even more when modulation wiglfoincreases. Patterns for each main effect are depicted

in Figure2.17. Two-way interactions are depictén Table2.4 to Table2.8.

2 Multimodality Effect 2 Data Length Effect 35 Sampling Rate Effect
30 30 30
25 25 25
£20 £20 £20
i 15 i 15 i 15
10 10 10
5 I 5 5
0 0 0
monophasic  biphasic 400 ms 2500 ms 5000 ms 500 Hz 1000 Hz
25 Noise Effect 3 Modulation Strength Effect 35 Modulation Width Effect
30 30 30
25 25 25
£20 £20 £20
Z 15 i 15 i 15
10 10 10
5 5 5
0 0
90% 100% 110% 90 % 100% 110% 225% 250% 27.5%

Figure2.17: Mean (x S. D.) phasamplitude coupling values for the modulation index for eaainreffect. The
red line marks the significance level. All values above this line represent significantgrhplstede coupling.
Al'l factor levels in all effects are significantly di
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Table 2.4: Mean and standard error of modulation
indices for the interaction of multimodality and data
length. Significant phasamplitude coupling values
are printed in bold.

Table 2.7: Mean and standard errof modulation
indicesfor the interaction of modulation width and
data length. Significant phasenplitude coupling
values are printed in bold.

Multimodality Modulation Width
Data Length  Monophasic Biphasic Data Length 225% 25% 275%
400 s 283 045 400 ms 101 226 241
(.035) (.022) (032) (028  (.032)
8.477 5.083 6.164  6.328  7.848
2500 ms (.541) (.423) 2500 ms (452)  (464)  (.535)
33.816 24.300 25.720 27.726  33.727
5000 ms (1.755) (1.553) °000 ms (1.481) (1579) (1.913)

Table 2.5: Mean and standard error of modulation
indices for the interaction of noise and data tang
Significant phas@mplitude coupling values are
printed in bold.

Table 2.8: Mean and standard error of modulation
indicesfor the interaction of modulation width and
multimodality. Signiicant phaseamplitude
coupling values are printed in bold.

Noise Level Modulation Multimodality
Data Length 90% 100% 110% Width Monophasic Biphasic
S a mee
BOM (g ey B o (oo
R B L

Table 2.6: Mean and standard error of modulation
indicesfor the interaction of modulation strength and
data length. Significant phasenplitude coupling
values are printed in bold.

Modulation Strength

Data Length 90 % 100 % 110 %
400 me 148 249 262
(028)  (032)  (.032)
5710 6557  8.073

2
500 ms (415)  (459)  (572)
24693 29.001 33.479
5000 ms (1.480) (1.650) (1.857)
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Table29:Ef f ect sizes w2 for all significant
Main Effects 9 Hz /60 Hz 17 Hz / 220 Hz
Multimodality .80 .81
Data Length .87 .88
Sampling Rate .09 .82
Noise .73 .76
Modulation Stregth .53 .61
Modulation Width .52 .67
Interaction with Multimodality
Multimodality * Sampling Rate - .59
Multimodality * Noise .56 .64
Multimodality * Modulation Strength .36 44
Multimodality * Modulation Width .38 .49
Interaction with Data Length
Data Length * Multimodality - .79
Data Length * Sampling Rate - .48
Data Length * Noise .32 .36
Data Length * Modulation Strength 21 .26
Data Length * Modulation Width .22 .28
Interaction with Multimodality and Data Length
Multimodality * Data Length * Sampling Rate - .33
Multimodality * Data Length * Noise .19 .21
Multimodality * Data Length * Modulation Strength A2 .15
Multimodality * Data Length * Modulation Width A2 .16
Interaction with Sampling Rate
Sampling Raté& Modulation Width - .06

Table210.Ef f ect si zes w2 for all significant
Main Effects 9 Hz/60Hz 17 Hz / 220 Hz
Multimodality 71 74
Data Length .68 .68
Sampling Rate .10 .58
Noise .68 .67
Modulation Strength .52 .53
Modulation Width .52 .55
Interaction with Multimodality
Multimodality * Modulation Strength - .08
Multimodality * Modulation Width .06 .16
Interaction with Data Length
Data Length * Multimodality .52 .53
Data Length * Sampling Rate - .45
Data Lemyth * Noise .50 .52
Data Length * Modulation Strength .32 .35
Data Length * Modulation Width .30 .34
Interaction with Sampling Rate
Sampling Rate * Noise - 12
Sampling Rate * Modulation Width - .07
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Effect of sampling rate on phaseamplitude coupling measures

The factor sampling rate stands out because of its comparatively small effect size and lack of
interactionwith all other factors. A second set of data was simulated testing mean vector length and
modulation index at 1618 Hz for moduléing frequency and 202238 Hz for the modulatddequency.
This analysis showethat sampling rate is indeed important, but only if the investigated frequencies
approach the Nyquist frequencyable 2.9 and Table 2.10 list all significant effect sizes for both
simulations, of 8 10 Hz/50- 70 Hz (9 Hz/60 Hz) and 16 18 Hz/202— 238 Hz (17 Hz/220 Hz) for

mean vector length and modulation index respectively.

2.4 Discussion

Specificity of phaseamplitude coupling values.Neither raw mean vector length naaw
modulation index can become negative. This is reflected in the positive skewedapipisede
couplingz-value distribution. Both measures have slightly more false positive®iueected under the
standardised normal distribution. This is corrected by increasing the critre#ie for both measures
individually. The absolute phasenplitude coupling valyeas well as the amount of false positives
does not differ between meass and is not modulated by data length, sampling rate, and-tgnal
noise ratio.

Multimodality influences both measures very differently. The mean vector length cannot
find biphasic coupling as it was implemented here (amplitude of the higher frequasdéyoneased at
peak and trough of the lower frequency). Because of its mathematic construct (EqUEitione2,18),
this is not surprising. Peak and trougipaaron opposite sides in the polar planeirtineeanwill cancel
each ¢her out. If other forms of biphasic coupling would be present, the mean vector length could be
able to find it, but would probably underestimate its strength and would furthermore return distorted
phase information. Therefarit is important to have a @k at the polar plot before interpreting tme
results. The modulation index is able to find biphasic coupling, but biphasic coupling leads to a reduction
in the phasemplitude coupling value. The selection of 82 studies cited earlier, indicates threibiph
coupling plays a minor role in empiric data. Only three studies (~ 3 %) report biphasic céuptag
Burke, Jacobs, & Kahana, 2016; Leszczynski, Fell, & Axmacher, 2015; van der Meij et al,, 2@l 2)
two further studies report biphasic coupling in a single sulffg@se et al., 2013; Koster et al., 2D14

Nearly 70 % of studies report monophasic coupling and nearly 30 % do not reveal the nature of coupling.
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Amplitude

(arbitrary amplitude)

-180° -90° 0° 90° 180° -180° -90° 0° 90° 180°
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Figure 2.18: Idealized depiction of monophasic (left column) and biphasic (right column) -ainadiude
coupling. The white arrows are an idealized representation of the mean vector length.

The longer the data, the larger mean vector length and modulation indeare. This
association was found in the data presented here, but must not generall{Bapalyse coupling was
simulated continuously into the data, there was proportionally more coupling in longer data epochs. If
coupling is transient and does not proportionally vary with data length, this relationship does not need
to apply. Potentially, thgeneral rule is that the longer the data epochs where coupling occurs, the
stronger the phasamplitude coupling values. This should be tested in a fellpwanalysis. This
analysis further showed that a minimal data length is required for finding cpuptiich should exceed
at least 400 milliseconds per trial when including 30 trials. Neither modulatiex nor mean vector
length were able to detect coupling in the shortest simulated epoch of 400 milliseconds. It might be
useful to develop a correctidactor for data length, to make phasaplitude coupling values more
comparable across studies.

The noisier the data, the lower mean vector length and modulation indeste. This aspect
is not desired but logical. Noise obscures the relation betweerh#se pf the lower frequency and
amplitude of the higher frequency. The data as a whole contains-guhatitude coupling to a lesser
extent, as the relative amount of noise compared to the relative amount of signal increases.

The stronger the coupling, thelarger mean vector length and modulation indexare. As
Tort et al.(2010) has shown, this behaviour is not inherent to all ptaasglitude coupling measures.
Sinceresearcherglo not only want to pne the existence of phasanplitude coupling, but also

differentiate its strength, a measuwvkich cando thisis indispensable. Botimcreasing and decreasing
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amplitudes are conceivable. Only increasing amplitude was simulated. The modulation index should be
able to detect phasemplitude coupling with decreasing amplitudes: The phasglitude plot will
equally deviate from the uniform distribution, no matter if amplitude strength is increased or decreased
at specific phases. The mean vector lengththe other hankc an only correctly det
narrow phase angles, and would therefore supposetiyetect amplitude decreases for a narrow range
of phase angles, because this pattern implies a broad range of phase angles with strong amplitudes,
which drive the estimate of the mean vector length.
The broader the coupling width, the larger mean vectolength and modulation indexare.
Width of coupling was defined as either 22.5 %, 250%27.5 % of one slow frequency cycle. The
relation of broader coupling with stronger phaseplitude coupling values might be reversethd

phaseamplitude couplingvidth becomes too broaéigure2.19).

Amplitude
(arbitrary units)

-180° -90° 0° 90° 180° -180°-90° 0° 90° 180°
Phase Degree Phase Degree

Figure2.19: Illustration of two modulation width: narrow (left) and broad (right).

Sampling Rate has a minor effect on mean vector length andodulation index. It seems
to be only important if investigated frequencies approach the Nyquist frequency.

All interactions are ordinathat is they simply add up: phasamplitude coupling measures
decrease as modulation width decreases, and theyadecexen faster when modulation strength
decreases additionally. Therefprihe potentially complex -@iay analysis of variance becomes
comprehensible. The higher the interaction, the more the effect size decreases. The generally large
effects sizes are owdo choices of data simulation. Apparently, varying modulation strength about 10
percentage points is easily detectable for either coupling measure. This implies that even smaller
differences in modulation strength and modulation width can be easilytetbteg both measures
(depending on sample size). Detection depends, as this analysis shows, on confounding variables like

data length, signdb-noise ratio, modulation width, etc.
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2.5 Conclusion

Analyses indicate that both measures behave as desireffgbgrdiating coupling strength and
coupling width. In addition, other factors like data length, sigmaoiseratio, sampling rate when
approaching Nyquist frequencies, and multimodality of coupling also influences the level of the phase
amplitude couphg values. In the worst case, this can lead to insignificant measures, even though
coupling is present. Comparing absolute coupling strength across studies might be difficult because of
the confounding variables. Comparisons within one stady the otherhand, can be done with
confidence. Neertheless, one should make stinat signato-noise ratio is comparable within all
experimental conditions and over the course of the experiment.

If it is not clearwhether crosdrequency coupling will be monmr hiphasic, the modulation
index byTort et al.(2008)should be used. Literature suggests that biphasic coupling can be neglected
but it is not yet clear if this is due to the lack of its existence or methodological reasons (e. g. usage of
mean vector length). Consequently, mean vector lengt@amplty et al(2006)should only be used
when restricting analysis to monophasic coupling. This measure cannot detect multiphasic coupling.
Besides that it seems to be negligible which measure is used, as both are equally good in indicating
coupling strength and coupling width, while being equally prone to data length, sampling rate, and
signatto-noise ratio.

The modulation index, even thdugs calculation is less intuitive than that of the mean vector
length, proved to be a valid measure. Both plaasplitude coupling measures lead to comparable
results. The modulation index is quantitatively larger. But even despite substantial quantitati
differences in values, the qualitative decision for significance of plnapditude coupling is the same
for both measures. Nevertheless, comparison of coupling strength between both measures is
problematic. Because of the lack of comparability betwmeasuresit would be advisable for the
research community to either report both measures or select one obligatory measure for future analyses.

Generally it is advisable to work with standardized phaseplitude coupling measures via
permutation testingt facilitates the interpretation of the measures, first and forerhgggiving the
researcher knowledge about the probability that the observed modulation index would have been also
found under the assumption of the Awothesis. This aspect is oftgmored in the literature.

Kramer and Ede(R013)stated thatanoptimal analysis method to assess this efiesguency
coupling (CFC) does not yet exist?” (p.64). Even
susceptible to confounding variablegspecially data length summarizing this analysis, it shoube
rather concluded that at least two reasonable analysis methods exist. For further analyses in this work
the modulation index is chosglirstly, because the existence of biphasic coupling cannot be excluded
and condy, because most former studiesdabone third) used this measure. Therefore, the results

presented here are comparable to a majority of former studies.
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3 Flexibility and Inhibition under Acute Stress: a Phase

Amplitude Coupling Study
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3.1 Introduction

The relevance of invesfating the relation between stress, executive functions, and- cross
frequency coupling has been extensively discussed in chiapidiis chapter will present data about
effects of stress on flexibility and inhibition as wellitssrelation to phasamplitude cros$requency
coupling. So far there are no studies examining all three components (stress, executive functiens, phase

amplitude coupling) simultaneously.

3.1.1 Flexibility, Stress, and PhaseAmplitude Coupling

The majority ofstudies exploring the effect of acute psychological or physical stress on
flexibility in healthy subjects found detrimental effects of stress on flexilffigxander, Hillier, Smith,
Tivarus, & Beversdorf, 2007; Hillier, Alexander, & Beversdorf, 2006; Liston, McEwen, & Casey, 2009;
Plessow, Kiesel, & Kirschbaum, 2012; Renner & Beversdorf, 2010; Seehagen, SchnaidgrhRu
Ernst, & Zmyj, 2015; Shields, Trainor, Lam, & Yonelinas, 2016; Yildiz et al., 2044)inority found
no or small, negligible effects(Ishizuka, Hillier, & Beversdorf, 2007; Renner Beversdorf, 2010;
Steinhauser, Maier, & Hubner, 200Alternately, somebeneficial effects of stress on flexibility
performance weralsofound (Beste, Yildiz, Meissner, & Wolf, 2013; Delahayeakt 2015; Kofman,
Meiran, Greenberg, Balas, & Cohen, 2Q06hile direction of effects differed, effect sizes showed
considerable conformity ranging around 10 % explained variaicéoth cases of detrimental and
beneficial effects of stress on fleXibi. The studied populations are young, healthy individuals of both
sexes with a sample size between 20 to 50 subjeatkbut two casesThe first exception included 75
female and 38 male students and found that only men exhibited less flexikélitpeifig stressed, while
s behavi our waShieldsetal., 20d6Nane & thesother Studiessraparteds s

sex differences. Due to highly unequal group sizes, results should be interpreted carefggcofiae

wo me n

exception examined infants, finding more habitual behaviour after having them stressed in comparison
to a nonstressed control groy®eehagen et al., 2015)

A potential explanation for the heterogeneity of results could be the diversity of stressors as well
as flexibility measures. However this seems not to be theasasesingle stressaor flexibility tasks
can be exclusively associated with beneficial or detrimental effects of stress.

The classification of stressed participants into low and high responders could be important and
will be applied in this study. Low responders are subjbetisphysiologically barely respond to a stress
induction procedure, while high responders show a marked physiological stress response. Other studies
have already shown that the separation of low and high responders can be useful because variance in
cortisol response is larg&lzinga & Roelofs, 2005)r effects can only be found in one of the two groups
(al'Absi, Hugdahl, & Lovallo, 2002)

15This value was extracted by quantifyingdadtv al ues with the effect Rasche meas.L
etal. (200602 esti mat es t h eQ2 fspecilids the percemtage of Explained variarceof the total
variance.
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The induced physiological stresssponse could be another aspexplaining differences
between study resultShe Trier social stress tesT$ST), and to a lesser extent the SECRBie known
to reliably and significantly elevate cortisol levéBickerson &Kemeny, 2004)and also lead to a
significant autonomic stress responsesi$inot the case for noié&ndren, Lindstedt, Bjorkman, Borg,

& Hansson, 1982)movies(Qin et al., 2012and the CPTSchwabe, Haddad, & Schachinger, 2008)

Not all studies measured the physiological stress response. Of those who did report corgsahieel

were solely the studies using TSST and SEGHTmeasured significant cortisol increases in response

to the stressor. Three studies showed less flexibility in the stressed group compared to the control group
(Plesow et al., 2012; Shields et al., 2016; Yildiz et al., 2G) one showed increased flexibility in
stressed versus control subje(@este et al., 2013another study did not find significant differences
between stressedrfale subjects and female contr@@hields et al., 2016Neither absolute cortisol

level nor time of task in relation to stresduction procedureeem to explain the different effects.

Like the majority of reviewed studies recent metanalysis concludes that acute stress impairs
flexibility (Shields, Sazma, & Yonelinas, 2018hey further found that the greater the stress severity,
the geater the detrimental effects. Sex seemmotanfluence this effect; however this result should be
interpreted cautiously, because statistical tests lacked power. In samadyais of pharmacological
cortisol effects on flexibility, no effects were falinindicating that nojust cortisol, but the entire
psychophysiological stress response causes detrimental stress effects on flexibility béBhietds,
Bonner, & Moons, 2015)

Assumingthat for complex behaviours like the core executive function flexibility several basic
processing units have to be integrated, the occurrence of-agimditude coupling is expected during
flexible behaviour.Voloh, Valiante, Everling, and Womelsdo(2015) empirically showed this
association. Two monkeys executing an attentionispitask, in which relevant information had to be
selected and combined in a flexible manner, showed girapétude coupling in prefrontal cortex and
anterior cingulate cortex when successfully executing this task, but not when failing. Furthermore
phag-amplitude coupling was found to be higher during a task switching paradigm, than during a simple
stimulusresponse mapping task in four humg@vieytek et al., 2015)This effect wasound within the
prefrontal cortex and between prefrontal and primary motor as well as premotor cortex, respectively.

These findings suggest that if flexible behaviour decreasdnsch can be assumed under stress
— strength ofphaseamplitudecoupling slould also decrease. Behavioural findings are in accordance
with Arnsten’s theory r eghAansteni 20@0sessectionk2s Pheasegnal | i
amplitude coupling findings are al s®assuanpsahal e of
the topdown control of the prefrontal cortex over other brain regions (e. g. the parietal cortex) collapses
during stressSo if phaseamplitude coupling, being a mechanism that could represent thdotap

control, collapse due to stressop-down control equally collapsesausing behavioural stress effects
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3.1.2 Inhibition, Stress, and PhaseAmplitude Coupling

Behavioural Effects.

Three groups investigated how examination stress influences performance of(Ktfoan
et al., 2006; Pattyn et al., 201d4nd genogo taskWu et al., 2014)Cognitiveinhibition testing was
executed under basal cortisol levels. It was expected that stress would be generally exaggerated in the
exam period compared to a control pdrigithout exams. In none of the studies was cortisol directly
assessed, but all reported elevated subjective stress ratings during the exam period compared to the
control period. Sympathetic activation during the exam period was at least descriptivatgcliev
Kofman ¢ al. (2006) and Pattyn et al(2014) It was not measured Wu et al.(2014) Even though
Kofman et al(2006)found overall increased reaction times in participants in an exam period compared
to participants having no exams, no group differences regarding inhibitionrparfoe (interference
effect) were found in these studiédsoWu et al.(2014)did not find irfluences of stress on inhibition.
Pattyn et al.(2014) found increased error rates in a Stroop version which used emotional stimuli
especially relevant to the subject group and thereby increased interference for personally relevant
emotional stimuli. Significant efcts explained about eight to nine percent of variance in these studies.

Six studies investigated how acute psychosocial stress (TSST or SE@EIHces inhibition
ability (Plessow, Fischer, Kirschbaum, & Goschke, 2011; Plessow, Schade, Kirschbaum, & Fischer,
2012; Sanger et al., 2014; Scholz et al., 2009; Schwabe, Hoffken, Tegenthoff, & Wolf, 2013; Yildiz et
al., 2014) All of these six studies esl a betweesubject design with youndealthy participants and
ran their study in the afternoon (excéfildiz et al., 2014 who tested their subjexin the morning
hours; personal communicatiof§Sample sizes ranged between 25 and 56 subjects of either solely male
participants or mixed samples. All studies induced a significant HPA axis activation and ANS activation
as well as higher subjective stgeratings in the stress compared to the control condition. Cognitive tasks
were executed mostly immediately after the stress procedure and lasted at most until 50 minutes post
stress onset. Therefo@dl cognitive tasks laid roughly in the phase of igsamd peaking cortisol levels.
However, length of stresmduction proceduregabout 15 minutes for TSST, about 5 minutes for
SECPT) and length of cognitive testing differed. For exarSgleger et a2014)applied the SECPT
three times and tested 20 minutes after €5lEEPT onsetcognitive tasks lasting 15 minutes. Other
participants were tested for 50 minutes without repeated induction of stress after the fi(¥iltlinest
al., 2014) Schwabe et a{2013)waited 30 minutes before cognitive testing took place, just after cortisol
levels peaked.

Irrespective of stressor (TSST, SECPT), time lag of cognitive testing relating to stress onset,
and potentially irrepective of task, positivéPlessow et al., 2011; Schwabe et al., 201&pative
(Plessow et al., 2012; Sénger et al., 2014; Scholz et al., , 28@@noeffects(Yildiz et al., 2014)of

stress on inhibition were found. Sex differences vmetdound in studies using both sex@dessow et

16 Due to the diurnal rhythm of cortisol this factor might influence resQltstisol levels ardighest shortly before
awakening and decaee over the course the awake peridddjitzman et al., 1971)
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al., 2011; Plessow et al., 2012; Schwabe et al., 2008)}id a recent metnalysis on this topic report

sex differenceg§Shields et al., 2016fffect sizes ranged from 4 to 22 % explained variantieeinase

of detrimental effects and from 7 to 14 % explained varian¢kenase of beneficial effectkike for
flexibility there is a tendency for mostudiesto showdetrimental effectswhereas theecent meta
analysigShields et al., 2016pund that stress enhanced response inhibition (e. g. assessehozogo
task), but impaired cognitive inhibition (e. gssessed via Flanker task). The qualitative review
conducted here did not differentiate between response and cognitive inhibition. Because of the
guantitative metanalysis and the heterogeneous results from the qualitative review, beneficial effects

of stress on behavioural inhibition are expected in thrago task applieth this thesis

PhaseAmplitude Coupling Effects.

At least four studies directly explored the relationship between inhibition and-pmdicude
coupling(Dirschmid et al., 2014; Popov, Steffen, Weisz, Miller, & Rockstroh, 2012; Tang et al., 2016;
van Wingerden, van der Meij, Kalenscher, Maris, & Pennartz, 2&eptfor one study(Popov et
al., 2012)all solely investigated and found thegamma phasamplitude coupling.

In an MEG studyPopov et al(2012)analysed and found alptgmmma couplingn a sample
of 24 healthy human subjects during an emotion regulation task. Gamma amplitude was strongest at
alpha phase peaks. They found stronger phagditude coupling while participants regulated their
feelings towards unpleasant pictures versus yealyswatching them but do not provide significance
testing for the coupling per se. A repeated measurement design was used, showing that coupling strength
varies intraindividually with task demands. Coupling was found within the medial prefrontal cortex.

In a ganogo task executed by three subjects, plaasglitude coupling strength increased in
parallel with reaction time decreas&xi(schmid et al., 20940nly correct gdrials were aalysed and
therefore simply motor responses were investigated the inhibition of behaviourCoupling was
primarily found in motor regions. Simultaneoudlyree additional subjectaho performed purely nen
inhibitory tasks also requiring a motor resge to a stimulus, were analysed. Thgganma coupling
was found to be associated to performance in all six subjects. Therefore coupling appears to be a
mechanism by which motor responses are programmed and optimized. In a previoudistahmid
et al.(2013)manipuhted the needed amount of cognitive control for a motor learning task and found
significant thetegamma phasamplitude coupling following the motor responses in the nucleus
accumbens contralateral to the used hand. Coupling only reached significancekis &l high
cognitive control, but not during blocks of low cognitive control. Additionadhgferred coupling phase
between blocks of high and low cognitive control vari@thaseamplitude coupling was further
diminished in error trials, as a negativerrelation between the phaamplitude measure and error

probabilityappeaed.
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Tang et al(2016)detected significant the@amma coupling while 15gpticipants executed a
Stroop task. Coupling was evident in half of the recorded electrodes. Strength of coupling was not
modulated by trial type (congruent versus incongruent) and no correlation with behaviour was reported.

Recording LFPs from therbitofrontal cortexof three awake rat®xecuting an odour
discrimination genogo task,van Wingerden et al(2014) found manifold associations between
behaviour and thetgamma coupling. Phasemplitude coupling appearéd betime locked to odour
sampling and was found tcelthigher in correct trials compared to incorrenes Furthermore the
preferred coupling phase differed between correct and incorrect trials and showed more consistency in
correct trials than in incorrect trials. In correct trials, no matter whether argmgoeresponse was
expected, coupling strength correlated positively with behavioural performance -dphaltede
coupling strength differed between regions within dinbitofrontal cortex being strongest between
posteromedial phaggroviding channeland posterolateral amplituggoviding channels.

The association between inhibition and pkaswlitude coupling was indirectly measured by
Lee and Yun(2014)in an EEG study, comparing intoxicatadd sober human subjects. Alcohol
consumptioris thought to decrease executive control @finn & Fromme, 2016 Deltagamma and
thetagamma coupling were reduced in intoxicated subjects compared to the sober ones. This was true
for a resting state but no group differences were found during an arithmetic task. Coupling strength was
found to decrease at frontal and parietal regions. Unfortunaggyand Yun(2014)do not provide
significance testing fophaseamplitude coupling and duwot relate coupling directly to beViaur.

The review of these studies gives an idea of what to expect when looking foraphglgede
coupling in inhibition paradigms. Some of the studies have a rather loose relationship with inhibition as
defined insectionl.2 So far, no study investigated phasaplitude coupling at scalp EEG level in
healthy human subjects providing significance testing and associating inhibition with performance. This
is why no strong hypotheses are inferred from these studies but araeyl@hase@amplitude cross
frequency analysis is conducted. Nevertheless, if an association betweeamppésale coupling and
inhibition was found (four of six studieBjirschmid et al., 2013; Lee &un, 2014; Popov et al., 2012;
van Wingerden et al., 20)4it always pointed towards stronger coupling during increased need of
inhibition. Summing up, increased response inhibition is expected stness which should be mirrored
in increased phasamplitude coupling when executing inhibition (e. g. nogo trials) compared to

control task (e. g. go trials).

3.1.3 Hypotheses

Exploratory phasamplitude coupling analyses are conducted across a broaermgrange
to investigate whether flexibility and inhibition are reliably accompanied by grapétude coupling.
This first step is necessary to establish knowledge whether-phgdi#ude coupling is actually present

during executive functioning. Furtiraore phaseamplitude coupling strength will be analysed to
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address the questi@s towhether coupling strength might be associated with task demands and stress
level of participants. For behaviour and coupling strength the following hypotheses aratedmu

1.1 Reaction times will be faster and error rates lower in switch compared to repeat trials for the task
switching design and error rates lower in the go trials compared to the nogo trials irntbgogo
paradigm.

1.2 Groups will not differ in their flexillity and inhibition performance before the SECPT.

1.3 a) Stressed participants, especially those with a marked physiological stress respopsdorm
less flexiby after the SECPT than before SECPT awdsethan the control grougfter the SECPT
b) Stressed participants, especially those with a marked physiological stress respibrstw
better behavioural inhibition behaviour after the SECPT than before SECPT and better inhibition
than the control grougfter the SECPT

2.1 Phaseamplitude coupling stngth will be stronger in switch compared to repeat trials for the task
switching design and stronger in the nogo trials compared to the go trials inbgaparadigm.

2.2 Groups will not differ in their coupling strength before the SECPT.

2.3 a) Stressed pécipants, especially those with a marked physiological stress respoihsbow less
coupling after the SECPT than before the SECPT and less coupling than the control group in the
flexibility task after the SECPT
b) Stressed participants, especialypse with a marked physiological stress respongeshow
increased coupling after the SECPT than before the SECPT and stronger couplihg ttaarirol
group in the inhibition taskfter the SECPT

2.4 Phaseamplitude coupling should correlate negativelshweaction times in the flexibility task.

3.2 Material and Methods
3.2.1 Participants

The final sample size was comprised of 33 male students from Trier University. Mean age =
standard deviation was 24 + 3 years and ranged from 19 to 30 years. Initially £isswije invited
to participate in the study. Two participants had to be discarded because of technical problems which
lead to an interruption of EEG recording. Another six subjects were discarded for the following reason:
as will be described below, ranEE data was transformed from sensor to source level (independent
component analysidCA). When analysing sensor level data, sensors (F3, Fz, etc.) are construed as
being equivalent across subjects. When analysing source level data, equivalent sowepeaderd
components; ICs) across subjects have to be defined. Because ICs differ between subjects, it is not
always possible to find equivalent sources for all subjects. Subjects that did not contribute with a source

to all required regions of interest wetherefore excluded in order to keep the sample identical for all
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statistical analyses. Excluded subjects did not differ from included subjects regarding age, task order
experimental manipulation.

Preconditions for eligibility were the following: (Age between 18 and 30 years, (2) body mass
index between 18 and 30, (3) being a-+samoker, (4) no use of illegal and legal drugs or substances
possibly influencing cortisol levels, (5) righandedness, (6) absence of any acute and chronic mental
disorderor physical disease (especially the Raynaud syndr@s&)ell as absence of a history of mental
disorders, (7) nativ&erman speaker, (8) normal or correeteeshormal vision, and (9) nattudying
psychology Precondions were to ensure that cortisoldds were to the greatest possible exteitiin
the normal range (#), participants had similar hemispheric specialisafi¢s), had no problems
understanding instructions and complying with the experimental proced@ge &d guaranteeing
unbiased bedviour in the experiment (9).

Participants gave written informed consent prior to participation. The study was approved by
the local ethics committee and is in accordance with the Declaration of HdMilokid Medical

Association, 2013)Participants received either course credits or 35 euros figipation.

3.2.2 Experimental Procedure

Subjects were invited for an initial screening sessldrereeligibility was determined with a
structured interview. The aim of the study was explained and detailed information about experimental
procedure was provided\ battery of personality questionnaires as well as additional information and
sampling devices for measuring the cortisol awakening resgéngs, Dettenborn, & Kirschbaum,
2009) werehanded out to eligible participants. Analysis of this data can be fourecimtne(2012)
Participants conducted the experiment another day at 1200h,, b430t00h to guarantee comparably
low cortisol levels across subje¢kdrschbaum & Hellhammer, 2000y hey had refrained from physical
exercise and alcohol consumption on the day of the experiment and from caffeinated drinks and meals
one hour prior the experimtal session.

Immediately after arrivalsubjects provided their first saliva sample (#01, approximately 48
minutes prior to the stress induction procedure). Participants were seated in a douytattenuated
and electrically shielded recording aaband prepared for EEGelectrooculography HOG), and
electrocardiography HCG) recordings. Participants were left alone in the recording cabin; all
instructions were given via computer screen. They provided their second saliva sample (#02, 37 minutes
prior to the stress induction procedure), practiced the first task (64 or 16 practice trials for the task
switching paradigm or googo paradigm respectively; feedback was given during practice) and
subsequently executed the baseline block of this task. Aftare minute breakhey practiced the
second task and subsequently executed the baseline block of this task before providing the third saliva

sample (#03, 2 minutes prior to the stress induction procedure).

17 According toGalin, Ornstein, Herron, and Johnstofi®82)handedness affects hemispheric specialization and
can thus lead to differences in EEG measurement.
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Participants were then exposed to the soc@ibluated cold pressor test or a socially evaluated
warm water control procedure (SECPT). A female investigator, unknown to the partieientd the
room and led the participant through the stress induction procedure. After the stress inductiomgrocedu
participants were again left alone in the recording cabin, rated their subjective stress perception and
conducted another block of each task, providing salivary samples before and after each tagRg#04
8 — 39 minutes after SECPT). Order of taskss completely randomized between subjects resulting in
four possible task orders: TG|TG, TG|GT, GT|GT, GT|TG (T represents task switching while G
represents the googo task; | represents the SECPT). After removal of all recording depacisipants
were debriefed by the investigator who conducted the stmdsstion procedureprovided a last saliva
sample (#07, 50 minutes after SECPAnd were compensatedth course credits amonetarily. The
whole experimental procedure took about two hours. Tdirout the experimensubjects filled out

several state questionnair€sgure3.1) whose results are not analysed here.
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Figure3.1: Experimental procedure for the task ordefT& (task switching, genogo, task switching, gnogo).

Tasks were practiced once before the first execution of each task. Times of practicing the tasks are not depicted in
this overview. The subjective stress rating reported in this study, was given immedfteelthe SECPT. Q.:
Questionnaires; Task A: task switching; Task B:nggo paradigm.

3.2.3 Cognitive Tasks
Cognitive tasks were presented on a 20" LCD monitor (Eizo FlexScan, S2031W) with a 60 Hz
refresh rate using-Brime presentation software (Eprime 2.8yéhological Software Tools, Pittsburgh,

PA). Participants had a distance of 100 cm to the computer screen.

3.2.4 Task Switching Paradigm

In this study a taskcueing paradigm was used to investigate cognitive flexibility. That is,
participants have to switcletween two categorization tasks. Which task is required is indicated by one
of two cues. This paradigm is often used and well valid@deztel et al., 2010; Monsell 0D3).

One trial consisted of a sequence of three slilegife 3.2). First the cue was presented for
200 ms (20 % of trials) or 1200 ms (80 % of trials). The second slide consisted of the target letter (A, E,
LU, a, e i, u, G, BT, D, g, b, t, d). It was presented until the participant resporidedthird slide
appearedgimultaneously as they respongsbowing a fixation cross for a variable time interval (3600
ms— cue slide presentation time in ms minus reaction time intheg) cduration of one trial was always
3600 ms.
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A total of 208 trials were presented before and another 208 trials were presented after the stress
induction procedureEach block of 208 trials took approximately 12.5 minutes, resulting in 416 trials
and 25minutes of total processing time for the task switching paradigm. Subjects could not decrease
the duration by answering especially fast.

In each trial subjects had to classify the target according to the cue. A circle indicated to classify
whether the targf is an upperor lowercase letter. A triangle indicated to classify whether the target is
a vowel or consonant. The target letter was never the same in consecutive trials. There were no more
than four repetitions of the same cue in a row. Fifty perdeniaés were repeat trials and 50 % of trials
were switch trials. This was balanced acrosstaoget intervals (200 vs. 1200 ms). Subjects could not
predict repeatand’ switch trials. The cudarget interval of 200 ms was realised for exploratorymess
beyond the scope of this investigation. Therefore only trials with dacget interval of 1200 ms were
further analysed resulting in a total amount of 333 trials for each participant. Participants responded with
a key press on the left or right arrdey. Mapping of response keys to vowel/consonant and lower
/uppercase was counterbalanced across subjects, but kept constant within subjects. Participants were
meantto respond as fast and accuhates possible. They always responded with the index Hfioiggne
right hand Subjects werenear to rest their index finger in between the response keys, i. e. at the down
arrow, to guarantee unbiased reaction times in each trial.

Slides were always black with white stimuli. Cues were either a filled triangldilted circle.

The triangle had a total horizontal visual angle of 1.146° and a vertical deviation of 0.974°. The circle
had a total horizontal and vertical visual angle of 0.917°. Target letters were presented in typeface
Courier New and font size 3®his is equivalent to an approximate horizontal and vertical visual angle

of 0.458°. All stimuli were centred horizontally and vertically.

Target
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Figure3.2: One trial of the task switching paradigm. Only triaith a 1200 ms presentation duration for the cue
(cue duration) were analysed here. Participants responded by either pressing the left arrow or right arrow key.
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3.2.5 Go-Nogo Paradigm

A go-nogo task was used to investigate cognitive inhibition. Participants sleown two
stimuli: To one they had to respond as fast as possible and to the other had to withhold a f@sponse.
is an ofterused and well validatedhibition paradigm(Criaud & Boulinguez, 2013)

One trial consisted of three slideBigure 3.3). The first slide contained the target and is
presented for 400 ms or until the participant responded. If participants responded slower than 400 ms an
empty slide was shown until the participant respondéiteinase of a go task or for 1100 mghie case
of a nogo task. The last slide contained a fixation cross and was presented for 2500 ms minus reaction
time inthe case of a go task and for 1000 m¢hiaecase of a nogo task.

A total of 180 trials were presented before and another 180 trials weenme after the stress
induction procedureEach block of 180 trials took approximately 7.5 minutes, resulting in 360 trials and
15 minutes of total processing time for thergmo paradigm. Subjects could not decrease the duration
by answering especialfast.

In each tria| participants had to respond as fast as possible to go trials by pressing the down
arrow key on the keyboard, while withholding a reaction to nogo trials. There were no more than three
repetitions of go or nogo trials in a row. Fiftgrneent of trials were go trials and 50 % of trials were
nogo trials. Mapping of go and nogo letter to X and Y were counterbalanced across subjects but held
constant within subjects. Participants werearn to respond as fast and acculat@s possible. The
always responded with thedex finger of the right hand.

Slides were always black with white stimuli. Target letters X and Y had a horizontal and vertical
visual angle of 0.458°. Target letters were presented in typeface Courier New and font side 36. Al

stimuli were centred horizontally and vertically.
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Figure3.3: One trial of the gaogo paradigm. Participants responded as fast as possibldrialgdy pressing
the downward arrow key or withheld esponse iithe case of a nogtrial.

3.2.6 Socially Evaluated Cold Pressor Test

Aside from minor changes, the socially evaluated cold pressor test was conducted in accordance
to the protocol oSchwabe et a{2008) An investigator of female sex and unfamiliar to the participant
entered the recording cabin, wearing a white lab coat, greeting the subject briefly. The investigator
adjusted the camera and started the video recordings, requesting thetsubcinto the camerat

all timesduring hand immersion in order to be able to analyse facial expression and gesture. Participants
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were already informed about the videotaping and analysis of their gesture and facial expressions in the
screening interdw. Written informed consent was obtained, stating that recordings could be presented
to a scientific community.

The water container was brought in and placedheleft hand side of the subject. Subjects
were informed about the duration of hand immergibnee minutes) at the initial screening session.
Immediately before hand immersion, subjects were informed that the investigator would tell them when
to remove the hand from the water. Participants were then asked to immerse their hand up to and
including the wrist into the water container and hold their hand completely still. The investigator
measued the time, watched the participantstia# time throughout the tesand took notes about their
behaviour in addition to the videotaping. She correctecabebr of the participantthat was not
desired, like looking away from the camera, moving the hand, or moving excessively with short
standardi zed sentences; aaltings "“ Blebdasvséobuoobfinthe
was neutral and served. After three minutes participants were instructed to take their haofitoat
water If they had removed the hand beforehand they were informed that the hand should still be
immersed and asked to immerse the hand again. Regardless of whethgrapéstremmersed their
hand or not, observation and videotaping was always executed for three minutes. The investigator then
turned off the camera, removed the water container from the recording cabin and left the subject alone
in the recording cabin.dpticipants completed the subjective stress rating and then proceeded with the
second part of the experiment.

Procedures for the socially evaluated cold pressor test and the warm water control procedure
were identical. The only difference was the waterperature and appearance of the water, being
between 14 °C for the cold pressor test with some ice cubes in the water and betwe&8 36 in
the warm watecondition. Because it is knowthat the socially evaluated cold pressor test does not lead
to oortisol elevation in all participan{Schwabe et al., 2008wo thirds of the subjects were exposed
to the cold water, while one third was exposed to the warm water. That way three equally numbered
groups could be formed post hoc vizedian split of the cold wer group: the warm water control group,
the stress group with no or a low cortisol response (low respyn@erd the stress group with a
substantial cortisol increase (high resposdeifime of investigation and order of tasks was
counterbalanced acrossld water and warm water conditions, controlling for potential influences of
this variables. In the following text the abbreviation SECPT is used generally for both warm and cold
water condition if statements over both groups are madg; Af t e rCPT, pagticiparis provided

the fourth saliva sampl e”.

3.2.7 Endocrine Stress Response
In total 7 saliva samples were collected and subsequently analysed: approxiditetin
(#01),-37 min (#02);2 min (#03), +8 min (#04), +21/26 min (#05), +39 min (#06y 480 min (#07)

in reference to the start of the SECPT. Depending on task order participants provided the fifth saliva
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sample 21 minutes after SECPT (order QGQGTGT) or 26 minutes after SECPT (order
TGTG/GTTG). This was due to different task lengths: dira of task switching was approximately
12.5 minutes and duration of g@go was approximately 7.5 minutes.

Samples acquired before and after the first block of tasks served as baseline measurement of
cortisol activity (samples #02, #03). To determinesgireactivity, the mean of baseline cortisol levels
were subtracted from the meafrcortisol levels between 20 and 40 minutes after SECPT onset (samples
#05, #06), as this is period when cortisol level are generally hifbiegerson &Kemeny, 2004)

Saliva samples were obtained using Salivette® collection devices (Sarstedt, Nurnbrecht,
Germany). Sampling instructions were given via computer screen and adherence was monitored.
Samples were frozen immediately after theegipent at20 °C for later biochemical analyses. Salivary
cortisol was analysed with a timnesolved immunoassay with fluorescence detection as described in
detail in Dressendorfer, Kirschbaum, Rohde, Stahl, and Strasbi@®2) Intra and interassay

variability was less than 10 % and 12 % respectively.

3.2.8 Subjective Stress Ratings

Participants rated their perception of the SECPT on several items, from whigdrsianalysed
here. Participants responded on a scale from strongly disagree (1) to strongly agree (6) to items about
how stressful the SECPT was, how painful the SECPT was, how tense they felt during the SECPT, and
how they coped with the situation (thriéems: encouraging themselves, pulling themselves together,

distancing from the pain).

3.2.9 EEG Recording and Quantification

EEG was recorded with an Ea®gap electrode systerigsyCap GmbH, HerrschinGermany)
from 28 sites positioned according to thelllkelectrode reference systé@hatrian, Lettich, & Nelson,
1985) Fp1l, Fpz, Fp2, F7, F3, Fz, F4, F8, FC3, FC4, T7, C3, €218, CP3, CPz, CP4, P7, P3, Pz,
P4, P8, O1, Oz, 02, Al, and A2. EOG was recorded from four positions: centred above and below the
left eye (m. orbicularis oculi, pars palpebralis and m. orbicularis oculi, pars orbitalis respectively) as
well as from eackemple (close to the lateral canthus). All sites of EEG and EOG were online referenced
to FCz. AFz served as ground. Siks#iver chloride Ag/AgC) were utilized for EEG and EOG (Falk
Minow Services, Munich, Germany).

EEG and EOG was amplified by aBrahmp ampl i fi er with an input
(Brain Products GmbH, Munich Germany). Recordings, in AC mode, were sampled at 1000 Hz.
| mpedances of EEG el ect r ods®bsandwasisetto 0¥ pot499H22] ow 15
dB/octave roloff). Recorded data was stored to hard disk for later processing using MATLAB® 2014b
(MathWorks, Natick, USA), including its Statistics and Signal Processing toolbox, and EEGLAB
v13.4.4b(Delorme & Makeig, 2004)
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One of the biggest challenges in analysing macroscopic oscillations ,igltleato volume
conduction, one can only record a mixture of all neural activity at the scalp leegheinwords, data
recorded at one sensor includes activity from different neuronal sources potentially scattered across the
entire brain. One has to disentangle the distinct neuronal sources that contribute to the mixture by post
hoc applied algorithmsnlorder to extract unique neuronal processed(thea blind source separation
algorithm, was applied to raw EEG dabebener, Makeig, Delorme, and En¢2005)very concisely
described why there is good reason to apply ICA to EEG data

| CA exploits temporal i ndepende Belle& Sejmowskgi,el®9b;0r m bl i

Makeig, Bell, Jung, & Sejnowski, 1996; Makeig, Jung, Bell, Ghahremani, & Sejnowski]. 19f@¥ds a

square unmixing matrix that maximizes the joint entropy of-meean input vectors, and can decompose

linearly mixed processes having ngaussian distributions. The fitness of this approach for the analysis

of EEG data has been de mo nBelbmaea & BRakeigr 208eJang etdll, y ( e . ¢

2000; Jung et al., 2001; Makeig et al., 1999; Makeig et al., ]RO2A decomposition of EEG data

providesspatially fixed and temporally independent components without a priori assumptions on the

temporal dynamics or spatial structure of the underlying procggssener et al., 2005, p11)

That is, by aplying ICA, raw EEG data, where each channel records a mixture of various brain
sources (due to volume conduction), is separated into independent components. ICA achieves a
separation of physiologically reasonable sources even though not knowing aaybinigohysiology.

Further background knowledge about ICA and its application to EEG data can be gain@mhfoom
Westerfield, Townsend, and MakdRP06)andDebener, Thorne, Schneider, and Vig@a10) A more
technical report on ICA and its mathematical principles can be foudguarinen, Karhunen, and Oja

(2001)

Preprocessing and Independent Component Analysis.

Stationarity of raw data is a prerequisite for ICA, but fomguency drifts can be
spatiotemporally nostationary. Thefore raw data wasigh-pass filtered at 1 Hzbefore running the
ICA algorithm(Miyakoshi, 2016; Winkler, Debener, Muller, & Tangermann, 20idhg azercphase
Hammingwindowed sincFIR filter implemented in EEGLARpop_eedfiltnew.mWidmann et al.,
2015. No resamplingwas carried out. A high sampling rate can be beneficial when analysing phase
amplitude coupling at frequencies close he tNyquist frequency (cfchapter2). Thendata was
segmented into experimental partsBlock 1 (before SECPT) and 2 (after SECPT) of each paradigm
(task switching, gaogo) were segmented and concatenated. From now on, datih garadigms was
analysed separately but analogously. This was done to account for possibly unique processes, reflected
in unique ICs within each paradigm. Channels were checkdthfiime periods exceeding 5 seconds
via artefact subspace reconstrust{dSR) method Kothe, 2013. Flatlines never occurred, except in
one channel of one subject for thekawitching paradigm; this channel was discarded. EEG and EOG
channels weree-referenced offline to average referencand onlinereference FCz was restored. Even

though preconditions for average reference, namely high density equidistant electrodsrana@agd
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electrodes on upper and lower part of the head were violated, avefagmce seemed to be the better
option compared to common reference (e. g. linkadtoids). Criterion for decision of performance

was noractiveness of the reference. Cz wiescarded after reeferencing to match amount of channels

and rank of data for ICA. Cz was chosen because its activity is best captured by neighbouring electrodes,
and presumably least information will be lost by discarding this electrode. Data wasakynpo
segmented into orsecond epochs araftefactual epochs were rejected automaticallfDelorme,
Sejnowski, & Makeig, 2007)Epochs were rejected if activations exceeded amplitude thresholds of
500 and 500 pV (EEGLAB function pop-whehwille es h) .
separated byhe ICA decomposition- this criterion was not applied to channels Fefz, and Fp2.
Furthermore a probability distribution of data points for each epoch was calculated for single electrodes
and for the entirety of electrodes. Supposing artefacts are improbable, improbable epochs were rejected
(EEGLAB function pop_jointprob)improbability was determined by means of standard deviations of

the probability distribution. The threshold was 5 standard deviations for single channels and 2 standard
deviations for all channels. Criteria were chosen to aim for a rejection rate oflyw@0dgh (Delorme et

al., 2007) Rejection of a trial always led to rejection of this trial in all channelés @tomatic
procedure led to an average of 7.66 + .87#jected epochs for task switching and an average of 7.92

* .84 % for the ganogo task. Remining segments were concatenated in ordarcAMICA |, the best
performing ICA algorithm availabl@Delorme, Palmer, Onton, Oostenveld, & Mak&§12) AMICA

itself is applying another artefact rejection procedure to the data before starting the decompabsition.

ICA algorithm returns as many independent components as included sensors (square unmixing matrix).

Equivalent Dipole Fitting.

After running ICA raw data was reloaded, this timet filtered, again not resampled,
experimental parts were extracted, and dataferenced as described above. Finally ICA weights were
applied to the so processed data and all following processing was dd&heamponents (source level)
instead of electrodes (sensor levEuivalent dipole source localizatiorof independent components
was done by using Dipfit2, an EEGLAB phirg contributed by R. Oostenveld (Donders Institute for
Brain, Cognition and Behavim, Netherlands). A standardized boundary element head model
(Oostendorp & van Oosterom, 19&@s used. EOG channels were excluded from the fitting procedure,
beause their positions were not standardized. Selered data was saved as continuous data and then
temporarily segmented into epochs of trial lengthatdomatic artefact rejection on component data
For task switching, epochs were segmengdd ms to 8400 ms with reference to cue onset. For go
nogo, epochs were segment2@0 ms to +2300 ms with reference to target onset. Artefactual epochs
were rejected according to criteria described above (threshold, probability). Trial indices of rejected
trials were saved for later rejection of these trials. Component artefact rejection led to an average of
11.05 + .48 % rejected epochs for task switching and an average of 10.67 + .78 % femdhe tpsk.

18 Statistical data is reported as maastandard error (S. E.) except otherwise specified.
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Clustering and Reclustering components.

In order to idetify ICs that represent functionally equivalent sources across subjects, all
available ICs of reasonable quality were clustered byre&ns algorithm implemented in EEGLAB
(Onton & Makeig, 2014)Reasonable IC quality is defined by a residual varidmddess than 15 %
and a dipole locatin within the brain. The validity and reliability of the residual variance criteria was
confirmed byArtoni, Menicucci, Delorme, Makeig, and Mice(@014). The within brain dipole
localization criteria guaranteed the exclusion of all ICs which dipole was localized outside of the brain
and therefore presumably repretsea norphysiological source.

For the task switching paradigm, from a total of 124%,1682 ICs of reasonable quality
remained (mean residual variance: 7.02 %; range:-A33®4 %). Each subject contributed on average
17 ICs (range: 12 23). For the genogo task, from a total of 1248 ICs, 674 ICs of reasonable quality
remained (mean rigkial variance: 7.4 %; range: 0.784.97 %). Each subject contributed on average
17 ICs (range: 1022). These statistics relate to all 39 subjects who€e s wer e initially

Criteria for clustering were dipole position @nelquencyspectrageeAppendix Bfor a diagram
of the kmeans clustering process). Althougimieans clustering is not an ideal appro@Biydely-
Shamlo, MullenKreutzDelgado, & Makeig, 2013; Spadone, Pasquale, Mantini, & Della Penna, 2012)
it is widely used and gives back reasonable re¢Oitdon et al., 2006; Onton & Makeig, 2008he
amount of clusters is one critical parameter regarttiagluster solution. There is no statistical way to
derive an optimal number of clustgBigdely-Shamlo et al., 2013)lherefore a number was chosen
that made it likely that each cluster included on average at least one IC per subject.

Visual inspection of the automatluster solutiomevealedseveral possibilities of improvement
and furthermore reclustering was necessary because exactly one IC of each subject in each cluster was
required for calculating phasamplitude coupling. Reclustering criteria were dipole fiocafrequency
spectra, topography, and residual variance of the ICs. In the majoritye @lases, these criteria
unanimously lead to one IC, underlining the practicality of the criteria. Furthermore, in the majority of
the cases these criteria pointexdthe originally clustered IC. In the task switching paradigm on average
16 % of ICs were manually selected, ranging from 3 % to 29 % for all relevant clusters. Imibgogo
paradigm on average 17 % of ICs were manually selected, ranging from 10 % fo3he all relevant
clusters. The majority of manually picked ICs were from one or two other clusters, meaning that
according to kmeans criteria these ICs were very similar to each other. Clear rules, which were applied
here (and can be foundAppendix Q, guarantee a minimum of objectivity for the reclustering process.
To further increase objectivity reclustering results should be validated via calculation of interrater

reliability.

19 Residual variance (R. V.) dignates the amount of deviation of the actual IC scalp map from the scalp map that
would be produced by the estimatequivalent dipole.
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Six participants were excludeadter the eclustering processecause for these participants a
suitable IC had not been found for eaufhthe relevant clustey (cf. section3.2.7). The six relevant
clustes arelocalized left, midline, and right frontal as well as Jeftidline and right parietaF{gure
3.4). These regions of interest were chosen because they are reliably assodiatedesutive
functioning eesectionl.2)

Filtering data and applying Hilbert transform.

Subsequently, continuous data for each chosen IC from all subjects and clusters was filtered in
the relevant frequency bands usingesophase Hammingvindowed sinc FIR filter implemented in
EEGLAB (pop_eedfilthew.mWidmann et al., 2015 Data was filtered from 3 19 Hz in 2 Hz steps
with a fixed bandwidth of 2 Hz (24 Hz, 4— 6 Hz, 6— 8 Hz, etc.) for extracting instantaneous phases
(phase time series) and from 23.00 Hz in 5 Hz stepwith a variable bandwidth (cBerman et al.,

2012 also compare sectigh2.5 for extracting the amplitude envelope (amplitude time series). Phase
amplitude coupling investigated here, ifined as elevated amplitude of a higher frequency at a specific
phase of a lower frequency. Coupling was only calculated for frequency pairs where the lower bound of
the amplitudeproviding frequency band is absolutely higher than the upper bound of #se ph
providing frequencies, avoiding overlapping frequency b&Bdsman et al., 2015Hilbert transform

was applied to filtered data and phase or amplitude information was extracted from the continuous
complexvalued analytical signah exactly the same way described in chapt&: Subsequently phase

and amplitude time series were segmented: For task switching, epochs were segd®énted to

+3400 ms with reference to cue onset. Feanggo, epochs were segment2d0 ms to +2300 ms with
reference to target onset. Artefactual trials, according to the automatic cleaning procedure described

above, were discarded.

Exploratory analysis of phaseamplitude coupling.

Overall nine networks werecreened for phasemplitude cros$requency coupling by
calculating the modulation indeidort et al., 2008)as described in chapt@ Networkswere left,
midline, and right frontdrontal network (coupling within the same source), left, midline, and right
fronto-parietal network (phase at the frontal source drives amplitude at the parietal source), and left,
midline, and right parietérontal nework (phase at the parietal source drives amplitude at the frontal
source;Figure3.4). To identify networks displaying significant couplipgrmutation testing with 200
iterations was applied. Two hundred peratioins mark the lower bound of itéans used by most
studies Appendix A). The amount was chosen in order to keep calculation time in reasonable terms.
Networks that showed significant coupling averaged over the whole sampdl @odditions were
further analysed. Phasenplitude coupling in these networks was recalculated with 1000 iterations.
One thousand permutations mark the upper bound ofiitesatised by most studieAdpendix A.

Significancewas derived via permutation testing (cf. secfidh 2. According to findings from chapter
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2 a zvalue larger than 1.99 is considered significan& (.05). Because in the screening analysis it
beame evident that significant coupling emerged at the borders of the analysed frequency range, the
phase frequency range was broadened from 3 ¥ Hz to 3 Hz 29 Hz in the follow up calculation.

It was not broadened at the amplitude frequency rangeibedais would have massively exceeded the
available calculation time and memory space. Furthermore it can be argued that frequencies above 100
Hz are not ideally recorded via scalp EEG.

Figure 3.4: Graptical depiction of all nine screened networks: left, midline, and right frirotdal network
(coupling within the same source); left, midline, and right frepadetal network (phase at the frontal source
drives amplitude at the parietal source); lefijlme, and right parietérontal network (phase at the parietal source
drives amplitude at the frontal source).

3.2.10 Statistical Analyses

Statistical analyses were conducted according to descriptions given in &2tbhiterature
reveals small to mediummpirical effects (see secti@l.1and3.1.2. Hence effect sizegrom w 2>
.03 were considered meaningful and are reported. The basic hypotheses assume a dpokderre
group interaction irthe case of behavioural data and a frequency pair by block by responder group
interaction inthe case of electrophysiological data. Given the sample size of 33 subjects and a
significance level op = .05, the tweandthreeway i nt er acti ons can detect a
= .03 wit hl-ba.9% This batchatidns assyme a plausible population correlatjon &0
for reaction time measures and .30 for electrophysiological data (supported by the ecaidata).

Power even increases for higher order interactiBesause the population correlation for errors was

lower than for reaction timesg € .62), only effect® f >2Q2. 05 coul d be fol@nd wit!
b > .85.All power calculations wereahe by hand according Rasch et al2006)using tables provided

by Hager (1987) Starting time of the experimental session and task order were balanced over
experimental conditions (warm water, cold water). These factors were therefore controlled for and not
included in statistical analyses. Dataalways preseatl as mean * standard error (S. E.) except
otherwise specified.

Manipulation Check Cortisol Profile. The success of the experimental manipulation, i. e.
change of cortisol levels during the experiment was checked via a 7 x 3 ANOVA wittitttin-
subjectsfactor measurement time4g, -37, -2, 8, 21/26, 39, 50 minutes from SECPT onset) and
betweemrsubjectdactor responder group (warm water contlaly respondershigh responder).

Subjective Stress RatingSubjective stress was analyseithva 4 x 3 ANOVA with thewithin-

subjectdactor question type (stress, pain, tension, coping effortpatwdeersubjectdactor responder
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group (warm water controlpw responders hi gh responder). The depende]
rating rangingrom 1 (no stress, no pain etc.) to 6 (strong pain, stress etc.).

Task Switching Paradigm.Behavioural results (dependent variables: reaction time, error rate)
in the task switching paradigm were analysed by a 2 x 2 x 3 ANOVA wittvithen-subjectsactors
block (block 1- before SECPT, block 2 after SECPT) and trial type (switch, repeas)well aghe
betweemrsubjectsfactor responder group (warm water contioly respondershigh responder). For
reaction time analysis only trials with correct rasges were included. Furthermore reaction time
distributions for each subject were calculated. Reaction times exceeding the third quartile of the
corresponding distributiofTukey, 1977)r were faster than 200 ms were deemed outlierseanadved
for statistical analyses. Switch costsaction timen switch trials minugeaction timdn repeat trials)
in correct trialsvere analysed by a 2 x 3 ANOVA with ththin-subjectsfactors block and with the
betweeprsubjectdactor responder group

Go-Nogo Task.Behavioural results (dependent variable: reaction time) in theogo task
were analysed by a 2 x 3 ANOVA with thwthin-subjectdactor block (block 1 before SECPT, block
2 — after SECPT) anthetweensubjectsfactor responder group (wa water controljow responders
high responder). Only trials with correct responses were included. Because in nogo trials there are no
responses, only go trials could be included in the reaction time analysis. Reaction time distributions for
each subjectwere calculated. Reaction times exceeding the third quartile of the corresponding
distribution(Tukey, 1977)r were faster than 100 ms were deemed outliers and removed for statistical
analyses. Participants made on average 1.99 % deroos.rates ranged from .28 to 6.67 %. This error
rate was considered too low to analyse.

Exploratory phase-amplitude coupling. After inspection of the comodulograms it was
decided to split the comodulogram into five distinct frequency pairs, namelybégttaroupling, delta
gamma coupling, theteta coupling, thetgamma coupling, and betmmma couplingKigure 3.5).

The chosen division is in accordance with the natural logarithmic relationship between braitiaszill
(Penttonen &uzséki, 2003and will be further justified by the found coupling pattern Fofure 3.11

and Figure 3.15). Coupling values within these fregncy pairs were averaged and subsequently
submitted to a 2 x 5 x 2 x 2 x 3 ANOVA with the repeated measurement factors hemisphere (1ét, right)
frequency pair (deltbeta, deltagamma, thetdeta, thetgjamma, betgamma), block (before SECPT,
after SE®T), and trial type (switch vs. repeattire case of the task switching paradigm; go vs. nogo
in the case of the gmogo paradigm) as well as thetweersubjectsfactor responder group (warm

water controlslow respondes, high responders).

20 In anticipation of the results: because only coupling within frontal sources became significant, the factor
caudaliy can be omitted in these analyses.
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Figure3.5: A simulated comodulograland its division into five distinct frequency pairs: ddieta (DB), delta

gamma (DG), thetheta (TB), thetgamma (TG), betgamma (BG). Frequency pairs within the white triaradle

the right bottom corner were not calculated because they represent frequency pairs where frequency bands overlap
(Berman et k, 2012; Berman et al., 2015X- and yaxis display the centre frequencies of the corresponding
frequency bands. As described before, bandwidth of amplijtuoléding frequencies depend on the corresponding
phaseproviding frequency.

Correlation between modulation indices and reaction times. Reaction times in the task
switching paradigm were correlated with the corresponding modulation indices separately for
hemispheres, frequency pair, block, and trial type (Spearrdam). Correlations between modtitan
indices and error rates were not calculated, because-ah@itude coupling was only calculated for
correct trials. Correlations between reaction times and modulation indices in-tiegggaradigm
could only be calculated for go trials, becausdhare no responses in nogo trials. Correlations were

calculated across the whole sample.

3.3 Results

3.3.1 Manipulation Check: Endocrine Stress Response

Participants completing the SECPT were split into low and high responders according to a
median split of thei cortisol reactivity as described section3.2.7 (median:-0.17 nmol/l). Low
responders (n = 12) had a mean increas@.@B + .62 nmol/l. High responders (n = 11) had a mean
increase of 3.99 + 1.34 nmol/l. The warm watentcol group (n = 10) had a mean increaseld8 +
.39 nmol/l. The median split is justified, because all low responders and no high responder had absolute
cortisol decreases in response to the SECPT. Furthermore eight of eleven high responders had a
biologically significant cortisol increagdiller, Plessow, Kirschbaum, & Stér, 2013)

Cortisol level showed a significant interaction of time of measurement and responder group
(Fa2,180=6.06p< . 01, w?2it=3.20).2Pdst hocestaravealed that cortisol levels of the warm

water control group and low responder group did not change significavitlythe course of the

experiment. Only high r es poantyafterthe stress pracédsre(froml e v e |
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+ 8 minutes onward) until they peaked 21 to 26 minutes after the stress pro€églune3(6). Cortisol
level of the warm water control group and low responders differed significantly betwesard 200
minutes after SECPT onset. High responders thereby constantly having the highest and the warm water
control group constantly having the lowest levélsw responderand warm water control group did
not differ significantly in their cortisol leveAdditionally groups did not differ significantly in their
cortisol levels before the onset of the stress procedure and at the last measurement 50 minutes after the
stress procedure. Cortisol data did not depend on task ordgfiGTGEGT, GT|GT, GT[TG; data not
shown).
SECPT
Task A
Task B
—Warm Water

— Low Responder
High Responder

6/ H
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Figure3.6: Cortisol profile (mean + S. E.) for each experimental group over the course of the experiment. One of
four possible task orders is depicted (task switching)ago, task switchg, gonogo). Red stars mark significant
differences between high responders and both low responders as well as warm water controls. The blue star marks
the only significant change in cortisol levels within a group.

* Depending on task order participamvided the fifth saliva sample 21 minutes after SECPT (ordé&TG

GT|GT) or 26 minutes after SECPT (order [TG, GT[TG). This is due to different task length.

3.3.2 Manipulation Check: Subjective Stress Ratings

Amongst others participants rated how strdsafud painful they perceived the SECPT, rated
their tension and effort to cope with the situation. There were significant main effects question type
(Feon=10.02p< . G4.17, Dounai=.54) and responder grouB{so)= 16.99p< . 01,9, w2 =
Dunn.it = 1.09), which were further qualified by a question type by responder group inter&eioan (
=3.04p< .01, w?2kit =1.14)0 8 , Dunn

Groups differed significantly from each other in each ratifigure3.7), excepfor tension were
only the warm water control group differed from high responders. Differences were larger than one
point on the rating scale in all differences. The warm water control group rated stressfulness, painfulness,
tension and coping effort caiasitly lowest, low responders had constantly medium ratings, while high
responders rated stressfulness, painfulness, tension and coping effort constantly highest. The warm

water control group rated tension and coping effort significantly higher than pain.
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Figure3.7: Mean subjective stress ratings (mean £ S. E.) of each experimental group in perceived stress, pain,
tension and coping effort. Red stars mark significant differences between groups (upgfeelingars: difference
between low and high responders; lower line of red stars: difference between warm water controls and low
responders; for tension only ratings between warm water controls and high responders differ significantly). Blue
stars mark gjnificant differences within the warm water control group.

3.3.3 Task Switching Paradigm

Behavioural Data

Task Switching Paradigmi Reaction Times. Replicating typical task switching results,
participants responded about 29 ms faster to repeat (767.38 + 2§.8mamto switch (795.96 + 29.56

ms) trials Fa30=16.85p< . 01, w? = .19). Subjects responded
+ 28.58 ms) compared to the first block (802.63 + 29.22 ms), suggesting a mere practiceeffget (
75p= .01, w2z = .09). Thi s e fefgmaptfe:ma398,d=ur.t0Oh3e,r wRuU ¢

= .08, Dung. = 78.60), showing that only low responders had significantly decreased reaction times in
the second compared to the first block, being about 90 ms (Rijare3.8). Low and high responders
responded faster than the warm water control group in the second block. Low and high responders did
not differ from each other. Groups did not differ in reaction times in the first block.
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Figure3.8: Reaction timegmean + S. E.pverged over switch and repeat trials for each block (block 1: before
SECPT, block 2: after SECPTnd experimental group. Red stars mark signifcance differences between
experimental groups. The bluerstaarks the significance difference between reaction times of both blocks in low
responders.

Task Switching Paradigmi Switch Costs.Switch costs significantly decreased from block 1
(40.39 £ 9.33 ms) to block 2 (16.76 * 8.05 Hg3z0= 5.09,p=.032,w2 = . 06). Even t hou



74 CHAPTER 3 — FLEXIBILITY AND INHIBITION UNDER ACUTE STRESS

by responder group interaction did not become signifigart.05), switch costs descriptively differed

between blocks and responder groupgre 3.9). Because repeated measuremeidsnot correlate
strongly f or @,thisanalysis ltad ted little power to-find azmall theoretical effect of

Q2 = —=B03F (124). Only | arge t heor@hendeBcoulhdvee ct s o
been found with sufficient power of43 = . 8 8. Switch costs can eithe
changesn switch trials or due to reaction time changes in repeat trials. Here it became evident that low
responders became generally faster from block 1 to block 2, without displaying changes in switch costs
(Table 3.1). High responders descriptively decreased switch costs by becoming especially faster in
switch trials Table3.1). Warm water controls on the contrary, reduced their switch costs by becoming

descriptively slower in repeatdls (Table3.1).
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Figure3.9: Switch costsrhean + S. B.for each block (block 1: before SECPT, block 2: after SECPT) and for
each experimental group.

Table3.1: Mean reaction times (S. E.) in rfts the task switching paradigeeparately for each block, trial type,
and responder group. Reaction times differences are not significant.

Warm Water Low responders High Responder
Block 1 Switch 846.52 (57.55) 795.56 (52.53) 826.41 (54.87)
Repeat 805.79 (49.34) 773.11 (45.04) 768.42 (47.04)
Block 2 Switch 844.09 (53.41) 702.28 (48.76) 760.91 (50.93)
Repeat 835.12 (51.15) 682.82 (46.69) 739.05 (48.77)

Task Switching Paradigm i Errors. Participants made on average 5.6 % errors. Error rates
ranged from .6 to 15.6 %. Participants made more errors in switch (6.4 + 0.8 %) than in repeat (4.8 =
0.7 %) trials Fa300=11.29p= . 002, w2 = .13) . Arebtock il (6.6 p BO4E) s ma d e
than in block 2 (4.5 £ 0.6 %130=9.40,p= . 005, w2 = .11). These effe
responder group. They reflect typical task switching results.

Electrophysiological Data
Task Switching Paradigmi Clustering Results. Average scalp maps of all ICs of each cluster
and their comsponding residual varianaee shown ifFigure3.10. Dipole locations for all ICs in these

clusters are depicted Appendix D
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Figure3.10: Final dusters-of independent components:found for thie task/switching paréaigthsix regions of

interest. For ICs in these clusters phaslitude coupling was calculated eitherhait the frontal clusters or
between frontal and parietal clusters.

Task Switching Paradigm i Initial Screening for PhaseAmplitude Coupling. Only
coupling within the left and right frontfsontal network (i. e. coupling within one source) was found to
be significant over the whole sample and @tinditions(Figure 3.11). The screeningndicatedthat
gamma amplitude was nested within the beta cycle. Also-bleteacoupling within these two fronto
frontal networksshowed the tendency for significance. Based on these screening analyses, all further
analyses were restricted to the left and right frdriatal networks.

Task Switching Paradigm i PhaseAmplitude Coupling in Fronto-Frontal Networks.
Coupling between he and gamma (27.87 £ 7.69) was significant and significantly different from all
other frequency pairs (deltzeta [1.77 £ .34], deltgamma [1.74 £ .95], thetaeta [.97 + .20], theta
gamma [1.47 + 59F4120=11.98p= . 001, wai=£3.75).Neither @ thenother frequency
pairs exhibited significant coupling nor differed in their coupling stre(fgtiure3.12).

The preferred phase of bedamma coupling is 40° to 8Q%¥presenting the range of decreasing
phases of the loirequency oscillation; amplitudes are lowest1&t0° to-100°, representing the range
of increasing phases of the ldvequency oscillatiorfFigure3.13).
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Figure 3.11: Screening of nine networks for phaamplitude coupling within the task switching paradigm (see
titles of panels for network name). Frequency pairs within the white triangle at the right bottomvesnaeot
calculated because they represent frequency pairs where-grioagding and amplituderoviding frequency

bands overlap. Only the left and right frofitontal network exhibit significant phasenplitude coupling between

beta and gamma frequeasi (upper right corner) as well as indicate potential coupling between delta and beta
(lower left corner). Avalues > 1.99 are considered as significant coupling. Here greyscale shading is chosen to
enhance the difference between significant and nonsignificoupling.
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Figure 3.12. Comodulogram during the task switching paradigm of the frénotatal network averaged over
hemispheres, blocks, trial types, and experimental groups. The bar plot showsedetation indices + S. E. for

each frequency pair. The red line marks the significance threshold. Please note that axes scaling for the
comodulogram is different from that Figure 3.11. Here coloured shading is chosen to enhandbilitg of
modulation index graduatioBB: DeltaBeta; DG: DeltaGamma; TB: Thet8eta; TG: Thet&Gamma; BG: Beta

Gamma.
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Figure3.13: Phaseamplitude plots for each frequency pair and its correspondamgiatdised modulation index

value (ML) for the task switching paradigm. Mean amplitudes are averaged over all participants, hemispheres,
blocks, and trials types.

There was a significant frequency pair by trial type by responder group interdgtios € 3.01,p =
04, w2 =169 baple3R)uOnly for betagamma coupling within the warm water control
group, a significant difference in coupling strength between trial types were found: switch trials
displayed more coupling (37.23 £ 14.16) than repeat trials (35.16 + 13.71). In no other frequency pair
nor in any other experimental group did switch and repeat trials differ in coupling strength. However,
groups generally differed in their coupling stréngn both switch and repeat trials, the warm water
control group had highest, low responders had medium, and high responders had lovwgshbeta
coupling strength. For thegamma coupling the warm water control group was the only group
displaying sigrficant coupling and had higher values than low and high responders, which did not differ
from each other in their coupling strength. Finally, high responders were the only group displaying
significant deltagamma coupling, having higher coupling strengpint warm water controls and low

responders, which did not differ significantly in their coupling strength from each other.

Table3.2: Mean modulation indices (S. E.) in the task switching paradigm for eagbeincy pair, trial type, and
responder group. Averaged over both hemispheres and blocks. Values printed in bold represent significant
coupling. Differences exceeding Durr= 1.69 are significant.

Warm Water Controls Low Responder High Responder

Switch

) 1.85 (.61) 1.40 (.56) 2.21 (.58)
Delta-Beta Coupling
Repeat 2.03 (.64) 1.31 (.59) 1.80 (.61)
) Switch 1.87 (1.62) .29 (1.48) 3.32 (1.54)
Delta-Gamma Coupling
Repeat .86 (1.84) .36 (1.68) 3.75 (1.75)
i Switch .92 (.34) 1.01 (.31) 71 (.32)
Theta-Beta Coupling
Repeat 1.29 (.46) 1.35 (.42) .55 (.44)
. Switch 2.50 (1.05) 1.19 ( .96) .76 (1.00)
Theta-Gamma Coupling
Repeat 2.56 (1.10) 1.08 (1.00) .73 (1.05)
. Switch 37.23 (14.16) 27.37 (12.93) 19.16 (13.50)
BetaGamma Coupling
Repeat 35.16 (13.71) 27.61 (12.52) 20.67 (13.07)
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Task Switching Paradigm i Correlations between Modulation Indices and Reaction
Times. Behaviour, in form of reaction times, significantly and positively correlated with modulation
indices within theéft fronto-frontal network for betamma coupling. Correlations did only become
significant within the first block, explaining 31 % and 24 % of variance for switch and repeat trials
respectively (according to r?). In the second block, this correlatioreassd and did not become
significant anymore. No other correlation becasignificant Table 3.3). Here positive correlations

reflect that the higher the modulation indices, the longer the reaction times.

Table3.3: Spearman’s rho correlation between modul ation i |
for each network, frequency pair, block, and trial type. Significant correlations are printed in bold.

Frequency Pair

DeltaBeta DeltaGamma ThetaBeta ThetaGamm: BetaGamma

(N=33) (N=133) (N=33) (N=33) (N=33)
Switch -.08 .14 -.07 .05 .55**
Block 1
Left Repeat .03 .05 -.08 .05 49**
Hemisphere Switch .08 .30 .08 31 .22
Block 2
Repeat .15 -.18 -.24 .03 .20
Switch -.07 .07 -.03 .15 .19
Block 1
Right Repeat -.03 .08 13 .03 .25
Hemisphere Switch 17 .26 -.15 .22 .07
Block 2
Repeat .06 .26 -31 .08 -.03
**p<.0l.

3.3.4 Go-Nogo Paradigm

Behavioural Data

Go-Nogo Paradigmi Reaction Times.Because participants have to withhold from responding
to nogetrials, only reaction times in gials can be analysed. Neither the factor responder group nor
block did influence reaction times in go trials. As reported in the methods sgct@®h power to detect

small effects was sufficient.

Electrophysiological Data
Go-Nogo Paradigmi Clustering Results. Scalp maps of the mean IC activations of each
cluster and their corresponding residual variance can be fiouRjure 3.14. Dipole locations are

depicted inPAppendix D
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Figure3.14: Final dusters-ofiindependent components found:for:theamgo itaskfor all six regions of interest.
For ICs in these clusters phaseplitude coupling was calculated either within the frontal clusters or between
frontal and parietal clusters.

Go-Nogo Paradigm i Initial Screening for PhaseAmplitude Coupling. Similarly to
flexibility, only coupling within the left and right fronttvontal network (i. e. coupling within one
source) was found to be significant over the whole sa@updeall conditiongFigure3.15). Based on
these seening analyses, all further analyses were restricted to the left and rightffoomsd networks.
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Figure3.15: Screening of nine networks for phaa@plitude coupling within the gnogo paradigm (seéles of

panels for network name). Frequency pairs within the white triangle at the right bottom corner were not calculated
because they represent frequency pairs where yraseling and amplituderoviding frequency bands overlap.

Only the left and righfronto-frontal network exhibit significant phasemplitude coupling between beta and
gamma frequencies (upper right corner) as well as indicate potential coupling between delta and beta (lower left
corner). Zvalues > 1.99 are considered as significantpting. Here greyscale shading is chosen to enhance the
difference between significant and nonsignificant coupling.
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Go-Nogo Paradigmi PhaseAmplitude Coupling in Fronto -Frontal Networks. Coupling
between beta and gamma (21.78 = 6.21) was significantsigndicantly different from all other
frequency pairs (deltheta [1.50 + .30], deltgamma [.49 + .16], theteta [1.04 + .33], thetgamma
[.56 = .11];F@41200= 11.28p= . 002, % =41.23)2Neither Dfuhe ather frequency pairs
exhilted significant coupling nor differed in their couplisgength Figure3.16).
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Figure 3.16. Comodulogram during the gmgo paradigm of the frontibontal network aveaged over
hemispheres, blocks, trial types, and experimental groups. The bar plot shows mean modulation indices + S. E. for
each frequency pair. The red line marks the significance threshold. Please note that axes scaling of the
comodulogram is differenfrom that inFigure 3.15. Here coloured shading is chosen to enhance visibility of

modulation index graduatioBB: DeltaBeta; DG: DeltaGamma; TB: Thetd8eta; TG: Thet&Gamma; BG: Beta
Gamma.

The preferred phase of begamma couphg is 40° to 80°, representing the range of decreasing phases
of the lowfrequency oscillation; amplitudes are lowestE20° t0-100°, representing the range of
increasing phases of the ldvequencyoscillation Figure3.17).
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Figure3.17: Phaseamplitude plots for each frequency pair and its corresponding standardised modulation index

value (ML) for the genogo paradigm. Mean amplitudes are averaged over all pariisi, hemispheres, blocks,
and trials types.

The hemisphere by frequency pair by block by responder group interdegen)c 3.76,p=0 3 3, ®?
= .03, Dungi = 853; Table 3.4) becamesignificant. It explained 3 % of variance and showed that
within the left hemisphere, the warm water control group showed significantly increasirgpbeta

coupling from block 1 to block 2. Low and high responders showed no significant difference-in beta
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gamma coupling strength, despite a descriptive tendency of decreasing coupling strength over the
blocks. The warm water control group had generally higherdstana coupling strength within the

left hemisphere than low and high responder, which did not differ in their coupling strength. For the
right hemisphere, none of the groups showed differences in coupling strength over the course of the
experiment, even thobgow andhigh responderbad descriptively increasing begamma coupling.

For the right hemisphere high responders had generally the highest coupling strength, warm water
controls had medium coupling strength, and low responders had the lowest cotiphigghs High
responders significantly differed from low responders in both blocks and from warm responders in the
second block. The warm water control group and low responders did not differ significantly in their
coupling strength in neither block. Warmwater controls and high responders additionally showed
significant deltabeta and thetheta coupling in the left hemisphere (data not shown). However coupling

strength did not differ between blocks or groups.

Table3.4: Mean modulation indices (S. E.) in the-gogo paradigm for each hemisphere, block, and responder
group averaged over both trial types. All phaseplitude coupling values represent significant coupling.
Differences exceeding Dugin= 8.53 a&e significant.

BetazGamma Coupling
Left Hemisphere  Right Hemisphere

Warm Water Controls Block 1 38.53 (17.86) 15.92 (7.19)
Block 2 56.98 (20.13) 15.64 (6.85)
Low Responder Block 1 19.73 (16.30) 8.77 (6.56)
Block 2 18.14 (18.38) 10.95 (6.2%
High Responder Block 1 19.17 (17.02) 20.90 (6.86)
Block 2 11.44 (19.20) 25.22 (6.53)

Two other interactions became marginally significant, explaining at most 4 % of variance. Trial type
interacted with responder group{s0=2.49p=. 1 00, w? =.62)8&nd was fDrther qualified

by frequency pair and blockg1200=2.85,p= . 056, %= 2.48.FiQuze3.18Dlurevealed

that only within betagamma coupling and withithe warm water control group did task conditions
influence coupling strength. Warm water controls showed significant more coupling in go compared to
nogo trials in block 1. In block 2 trial type did no longer influence coupling strength. Coupling strength
generally increased from block 1 to block 2 in both trial types for warm water controls. Warm water
controls showed generally stronger coupling than high responders, which in turn showed significantly

stronger coupling than low responders.
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Beta-Gamma Coupling
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Figure 3.18: Coupling strength (mean modulation index + S. E.) for-gatmma coupling averaged over both
hemispheres. Red stars signify that all groups differ significantly between each other in coupling strength. Blue
stars mark the significant differences within the warm water control group.

Go-Nogo Paradigmi Correlations between Modulation Indices and Reaction Times.

There were no significant correlations between modulation indices and reaction times in go trials.

3.4 Discussion

This study examined whether stress influences flexibility and inhibition behaviour, both being
core executive functions. Furthermpiie was examined whether phaamplitude crosfrequency
coupling is a physiological marker of executive funeti@and is similarly influenced by strassthe
way behavioural measures are expected to be.

The stress manipulation was successful and also the division of participants into low and high
responders is justified by the data. Each low responder exhibitaioisaiute decrease of cortisol level
in response to the SECPT (actually beamgpnresponder), while high responders all exhibited absolute
cortisol increases. Eighif eleven high responders had biologically significant cortisol increases
defined as aartisol increase of at least 1.5 nmdMiller et al., 2013) As desiredparticipants did not
differ in their cortisol level before the SECPT. Thermawater control group was neither
physiologically nor psychologically stressed. Low responders, who were nearly indistinguishable from
warm water controls in theirhysiological stress responseene psychologically more stressed than
warm water controldNeverthelesghey generally displayed only moderate distkelsie indicaing the
need for coping with the situation. High responders vpsgeehologically and physiologically highly
stressed. They had a marked cortisol increase in response to the S&€CRIlowing the SECPT
significantly higher cortisol levels than warm water controls and low responders. Additionally, they felt
significantly more stressed, experienced more,@aid indicated higher coping effort than both warm
water controls and lowespondersThey also experienced more tension than warm water controls.
Differences in the psychological stress experience between groups are insofar interesting as in most
studies low and high responders indicated no difference in subjective stresereogdrut are clearly
distinguishable in the physiological stress response. Here, low and high responders exhibited differences

in subjective stress ratings which mirror the physiological stress response.
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3.4.1 Flexibility, Stress, and PhaseAmplitude Coupling

In the task switching paradigm, which assessed the core executive function flexibility, typical
results were foungbarticipants needed significantly longer to resporahitd made more errorsswitch
comparedto repeat trials (switch costs). These resulhderline the validityof the task switching
paradigmby showing that participants need more time and make more errors in the conceptually more
difficult task of switching, than in the conceptually easier task of repeatimgtion

Analyses furtler re\ealed that low respondeamhich psychologically as well as physiologically
successfully coped with the stressor seemed to profit from the cold water stress: They markedly increase
their reaction times after the strésduction procedureithout committingany more errors than before.
High responders shad a tendency for a benefit, while warm water controls showed virtually no
reaction times differences. Due to these reaction time modifications, low and high responders were
significantly faster than warmater controls in the second block; groups did not differ in their reaction
times in the first blockLooking at reaction times in more detail, it became evident tatésponders
equallyincreased reaction timeés switch and in repeat trials (no switclests modification). High
responders became especially faster in switch trials (reduced switch costs). Warm water controls slowed
down in repeat trials (reduced switch codtisgir performance cannot be announced to have improved.
Taking all aspects intaccount, performance was enhanced by the cold water condition of the SECPT
low responders enhanced their general reaction times and high responders enhanced their flexibility.

It can be therefore concluded that in this study cortisol enhanced flexibititye stress
generally improved performance. These results contradict the findings of a receahaigssg Shields
et al., 2016)However, this study is not the first to report beneficial effects of stresexdbility (Beste
etal., 2013; Delahaye et al., 2015; Kofman et al., 2008en comparing the present and former studies,
no parameter sticks out thaight be causal fahe beneficiakffects. How can it be explaidéhat low
and high responders become significantly faster than the warm water controls in the second block?

Derived from participants comment s, it was esftg
monotone experinmg. The SECPT, as strégkand painful it is during hand immersion, might pull
participantsout of their monotony, increase arousal to an optimal level, and thereby mavmnefit
for subjects in the cold compared to the warm water condition, whossais too low for an optimal
performance(Hebb, 1955; Radvansky, 2015This potential benefit does translate into better
performance when participants cope well with the stressor and do not experience a significant
physiological stress respondgifferences in results might also be explained by the rather long cue
stimulus interval of 1200 ms (but s€eneral Discussign

Are the behavioural effects reflected in the pkasgplitude coupling data? Only within warm
water coirols did betagamma coupling differ significantly bgeen switch and repeat trialssA
expected, coupling strength was stronger for switch than for repeat trials, suggesting that more cognitive

control (higher coupling) is implemented during switch coragdatio repeat trialsThis patternwas
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expected to occur generally in the whole samptgential group differences were not expected to occur
before the experimental stress induction.

Coupling strength indeed differed according to blgtblock bytrial type by responder group
interaction occurre(further qualified by hemisphere and frequency pair). But these interactions became
only marginally significant and did not explain more than 1 % of variance. Even tkimigin(1988)
considers Q2 = .01 a small effect, her 8ecaubei s ef f
this pattern is only true for warm water controls, furtihésrpretations are difficult.

The overall pattern of highest bajamma coupling in wan water controls, medium coupling
in low responders, and lowest coupling in high responders is not reflected by the behavioural data, even
though there was a tendency of generally longer reaction times in warm water controls compared to low
and high respadersThere is no explanation yet why groups differed in their coupling strength for theta
gamma, deltgamma, and betgamma coupling. Trait differences can only serve as an explanation
when warm water controls (consisting of potential low and high nelgye) show intermediate coupling
values between low and high responders. This was never the cas@hemgoup differences in
coupling strengtlthatare found are¢hereforehard to explairand await replication

Lastly, looking into correlations betweerodulation indices and performance measures, it was
found that only for the left prefrontal hemisphere there was a signifccantlation between beta
gamma coupling and flexibility performanceven though the pattern was similar for the right
hemisphee. This indicates that the left hemisphere was more directly involved with flexibility behaviour
than the right hemisphere. @$ecorrelations were only significant in the first block for both trial types.
Assuming thatoupling strength reflects the amaowi cognitive control that is implementeid had
beenexpected thateaction times would decreagéth increasing cognitive control (high modulation
indices).Insteadreaction times increased with increasing modulation inditesreforethis result is
conflicting. On the other handf one interprets cognitive control as a wilful process, which needs active
control, it would be conceivable that the more active control is needed, the longer the reaction times will
become. Wilful, intended behaviour hetpsavoid errors and becomes necessaparadigms like task
switching. Wilful behaviour is slower than autoneaiehaviourln this studyparticipants @ not know
beforehand, which trial they have to execute and therefore they need to keep up arcedainch
cognitive control the whole time, irrespeet of switch or repeat trials.

Voloh et al.(2015)had found stronger thegamma coupling in correct compared to error trials
in a flexibility task Because error trials were rare in comparison to correct trials, -phgségude
coupling was only calculated for correct trials in this analysis. It could be useful to design a flexibility
task that leads to higher error rates, such thatinléenfys ofVVoloh et al.(2015)can be replicate(see
General Discussign

Voytek et al.(2015) on the other hanadompares coupling in a flexibility task to coupling in a
simple stimulusesponse mappirtgsk. They found thetgamma coupling specifically in the flexibility

task. This study also found coupling within the flexibility taskven though betgamma coupling-
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but did not realise a taskhere no executive functions are needed. To overdabhimsethe following
study €haptert) will include a paradigm covering the attention system and check the specificity-of beta

gamma coupling across different cognitive domains.

3.4.2 Inhibition, Stress, and PhaseAmplitude Coupling

For the genogo paradigm, by which the core executive function inhibition was assessed, no
significant effects of block or responder group were found. Errors could not be analysed because of
minimal occurrence A metaanalysis indicated that stress shobbzeimproved response inhibition
(Shields et al., 2016However, this is not the first study to report null findifgsfman et al., 2006;

Wu et al., 2014; Yildiz et al., 2014pne can be confidetiat these are true null findings as power for

the main effect block and the interaction block H@gponder group exceeded 97 Psesumably
inhibition was not requilg extensively in the here realised-gogo paradigm. The go response was
probably not established to be a prepotent response, as participants faced go and nogo trials equally
often. This could explain the lack of stress effects in beheaiagohibition results and further could
explainwhy no clear pattern regarding coupling strength was f@¢sed below)A detailed discussion

of possible reasons for these null findings can be foumderolf (2014, pp.33-36).

Regardless of behavioural results, the same pattern of stronrgametaa coupling was evident
during theinhibition taskasduring the flexibility task. Similar to the flexibility task, none of the other
frequency pairs showed significant coupling. Contrary to the flexibility task, coupling strength in the
inhibition task did differ between the hemisphereipling strength was markedly stronger for the left
than for the right hemisphere in the inhibition task. This is surprising considering thamagtses that
either found no hemispheric differences in prefrontal activation during inhikiilere et al., 2007;
Niendam et al., 2012; Yarkoni et al., 201dr) found stronger right hemispheric activati@ai et al.,

2014; Levy &Wagner, 2011)However, processes that can be seen in neuroimaging data are solely
those processes that consume more energy than a control process. Coupling occurs due to a temporal
association between two aspects of ongoing neural oscillations, namely phase and amplitude of specific
frequencies. For signals with the same amount of eneqggneliture, coupling could be present or
absentThese findings are therefore not contradicting but instead reveal methodological differences

Betagamma coupling strength depended not only on hemisphere, but also on block and
responder group. Within theft hemisphere, warm water controls showed a significant increase in
coupling strength from block 1 to block 2 which was not mirrored in behavioural data. Low and high
responders did not exhibit such a coupling strength increase. The cold water stbhaw®prevented
the coupling increaséhat was seen in warm water contral$iis coupling increase might occur when
cognitive control is more easily implemented due to task practice or because more cognitive control is
needed in the second blotk keep prformanceat the same level, even though participants might
experiencdatigue However, warm water controls were fast the only group exhibiting a coupling

strength increase¢hey also had generally higher coupling strength than low and high responder
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In the right hemisphere, low responders showed lowest, high responders highest, and warm
water controls intermediate begamma coupling strength. In this specific case, coupling strength could
be interpreted as a trait factor: people with low coupditigngth would be more stress resistant than
people with high coupling strength. The warm water control group assumingly consists of both
responder types, therefore they display on average intermediate coupling strength. It can be speculated
that more stres resistant people should have lower coupbegausdess coupling, interpreted as
insufficient coordination between brain regions or processes (low coupling strength), hinders the full
processing of stressful stimuli and thereby leads to a reduced msP0NSEStress sensitive people
should have higher couplindpecause gml coordination between brain regions or processes (high
coupling strength)on the other handould facilitate processing of stressful stimuli and thereby lead to
an enhanced sie response. When saying this, it should be kept in mind that the basic assumption of
more coupling indicating better neural communication has not been verified yet; in fact, even the
opposite pattern has been foujg Hemptinne et al., 2015Furthermoreboth causal directions are
conceivable: low coupling leading to stress resise or stress resistance leading to low couplihg
pattern of low coupling in low responders, high coupling in high responders, and intermediate coupling
for the warm water control groups (supposedly a mix of potential low and high responders),ywas onl
evident in the right hemispheréiemispheric specialisatiors a wellestablished fact in science
(Behrmann & Plaut, 2015; Hopkins, Misiurag®, & Latash, 201550 it is conceivable that differences
regarding coupling strength, which might represent traits, only occur in specific brain regions or
hemispheres. The effect size of this interaction is 3 % and thereby very small.

Even though explining as little as 2 % of variance, another interesting effect occurred. Only
warm water controls showed a modulation of coupling throughout the experiment. In block 1, before
the SECPT and when the task was still new, they showed markedly strongengduglp, compared
to nogo trials. This kind of result, namely coupling strength reflecting the optimization of a motor
response, had been shown bef@érschmid et al., 2014)n block 2, after the SECRPTwhen the task
was already familiar coupling strength in warm water controls significantly increased in both go and
nogo trials. Now, trial types did not differ anymore in their coupling strength. In both low and high
responderscoupling strength was not all modulated by task conditions. Additionalthese groups
generally showed markedly lower coupling strength than warm water controls and also differed in their
coupling strength between each othfs.stated above, these general group differencesifficild to
explain.

The association between inhibition and phas®litude coupling had been shown in previous
studies, but wador examplerestricted to emotion regulatigRopov et al., 20129nd disinhibition due
to alcohol consumptin (Lee & Yun, 2014)or had also only been shown to exist but not to vary with
task demandérang et al., 2016)s is the case in the present study. Another study reportetbtikesl
phaseamplitudecoupling and differences of the preferred coupling phase between correct and incorrect

responses. In the present thegiBaseamplitude coupling was averaged across the entire trial length.
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Preferred coupling phase seemed to be stable{80°), not only within the gmogo task but also for
the flexibility task. However, no concrete anagysf this parameter wa®t conducted.

3.4.3 Preliminary Conclusion

Betagamma coupling strength was markedly higher than coupling strength for all other
frequency pairs; frequency pair explaining about 20 % of variance in coupling strength. All other effects
regarding phasamplitude coupling were rather small, explaining between 3 to 5 % of variance. These
effects partly showed the expected modulation of phaggitude coupling strength due to task
requirements but also displayed general group differenceshwiiquire resultdo be interpreted
carefully until they have beaeplicated

That betagamma coupling did only occur within one source migatdxplained by the
circumstancehat different frequency bands are thought to represent different spatial @tadection
1.3): dower frequencies synchronize broader neuronal assemblies than faster frequencies, which are
more localized. Therefore it is not expected to find dgatiaama coupling between two sources that are
as far apd as the prefrontal and parietal cortex; here rather-daltthetagamma coupling would be
expected. lhasalready been shown that phase synchrony between cortical areas occurs between delta,
thetg and alpha frequencies while phase synchronisatiohirwitortical areas occurred in gamma
frequency(von Stein &Sarnthein, 2000)

When @mbining findings and interpretations of both the flexibility and inhibition taisks,
reveakd that results do not show a consistent, easily attributable jaimaditude coupling strength
pattern. Furthermore, trying to explain the findings shows that contradicting explanations can be
logically derived by slightly changing the concrete definition of pteamplitude coupling strength.

First, one could assume thabre coupling strength emerges because of task difficulty or task npvelty
to meet the task requirements sufficient process coordination (coupling) is n8ededd, one could
assume thamnore coupling strength emerges when processes ior te@gions are wekoordinatedand
thereby task requirements are easily méese different explanations have to be empirically tested in
order tobeverified or falsified.

To summarize, stress induction was successful. Flexibility behaviour benefitted from cold water
stress, which was not expectéshields et al., 2016put is definitely allegeable (arousal theory). The
inhibition task, initially designed for an everatedpotential study, was not idefalr the purposes of
thisstudy, which is why little conclusion can be drawn from behavioural data.-Bhgg#ude coupling
was consistently found during the flexibility and inhibition tasks, but it was not consistestlylared
by task demands or [ggress induction. The growjifferencedoundhave to be cautiously examined in
follow-up studies. That is, the exploratory analyses indeed revealed significantaphaigade
coupling but hypotheses regarding phasaplitude coupling drawn from the literature could not be
verified. Before refusing these hypotheses, more evidence needs to be gatherdgerises

Discussio.
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4 Working Memory and Attention under Acute Stress: a Phase

Amplitude Coupling Study
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4.1 Introduction

In the previouly presated study, the relationship between stress, executive function, and
phaseamplitude cros$requency coupling had been studied for the first time in a rather large group of
healthymale subjects with scalp EEG. Replications are needed to confirm thesr@3pkn Science
Collaboration, 2015; Schmidt, 200%or a first step, it was chosen to not directly replicate the previous
study, but to explore other aspects of this topic. Therefore, this experiment investigates
remaining core xecutive functions— working memory and cognitive inhibition. Simultaneously,
specificity of betagamma coupling for being a physiological marker of executive functions will be
tested by investigating the entire attentdystemThis study will not onlymclude male participants but

will be extended to female subjects.

4.1.1 Working Memory, Stress, and PhaséAmplitude Coupling

Behavioural Effects.

Effects of acute stress on working memory are investigated with a huge variety of stressors;
accordingly working menory is assessed by various tagkitasks usea@re accepted foroperlyassess
working memory. In contrast, the various stressors differ in their ability to induce psychological and
physiological stress. Therefothe literature review is grouped acding to the stressors used.

Cold pressor stress was found to cause detrimental effects on working memory, explaining 12
% of variancgSchoofs, Wolf, & Smeets, 2009But faster and more errprone responses were also
found in the stressed group compared to the control group, explamih§aof variance and indicating
a speeehccuracy trade offbuncko, Johnson, Merikangas, & Grillon, 2008hree experiments found
no effects of cold pressor stress on working menftsfyizuka et al., 2007; Porcelli et al., 2008)
However, power in these experiments was insufficient for finding effects of the size reported above.

Heat stress reduced working memory performance in a study with 8 subjects, evoking a huge
ef fect dMcMaobs etal., 2086WVith such a small sample, only large effects can be found
(Button et al., 2013a, 2013kkesults should be carefully interpret&thlader et al(2015) studying
subjects of about 30 and 70 yedmsnd no effects of heat stress working memory while having
virtually perfect statistical power for medium sized effect

Stress elicited by movié'scaused detrimentdGartner, Rohdéiebenau, Grimm, & Bajbouj,

2014; Qin et al., 20123nd negligiby small or no effect§Cousijn, Rijpkema, Qin, van Wingen, &
Fernandez, 2012; Qin, Hermans, van Marle, Luo, & Fernandez, 20@&ess orworking memory
performance. Detrimental effects were not generally present but were constrigpedific conditions
or groups (e. g. high works load®roblematically, three of these studi€susin et al., 2012; Gartner

et al., 2014; Qin et al., 2012%ed a withirstudy design witta single experimental sessj@uch that

21 All studies reported here ushort segments dfhe fi Il m “lrreversible” by Gasp
participants andegmentsof Comment j ' ai tué mon pascoetrdlcdndiiorAnne Font a
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endocrinological stress effects, which were reported in all studmdde carried ovefrom the stress
to therest conditn, inthe case of watching stressful movies first.

Three studies used natural, stress arousing training to measure stress effects on memory. One of
them, a military training, is highly successful in inducing stress and causes a twofold larger increase in
cortisol than the TSS{Taveniers, van Ruysseveldt, Smeets, & Grumbkow, 20$8@essed subjects
made more errors than controisaDigit Span Backward te¢t w2  =Rohin&o4, Sinrarhea, Leach,
and OwerLynch (2008)also found detrimental efftsof ¢ r ess (w2 = . 21) , even
activation was elicited in response tounderwater helicopter evacuation training. They investigated
solely male participants in the morning holRsbinson, Leach, Owelaynch, and Sinrarhea(2013)
found no effects of stress on a grammatical reasoning task, even though cortisol increased significantly
in response to a simulated firefighting emergency. Statistical power was sufficient for lactg bfie
not for medium ones.

Examinatiors causing psychological stress and elevated cortisolddaela small beneficial
ef fect ( wérking memoryperfoomancgewis, Nikolova, Chang, & Weekes, 200&ven
though cortisol levalin the examination period ahégher than in the control period, they are still basal
levelsand do not represent an acute HPA axis response. Performance pressure caused only negligibl
small detrimental effects, insofar as under stress higher working memory capacity did no loegeeinc
accuracy scores, as it does under (Bsilock & Decaro, 2007)Therewas no manipulation check
whether performance pressure wasialty perceived as stressful by subjects.

Studies using the TSST (in one case TSST combined with SHGIPEt al., 2013 found
equally often beneficialal'Absi et al, 2002; Buckert, Kudielka, Reuter, & Fiebach, 2012; Lai et al.,
2014; Schoofs, Pabst, Brand, & Wolf, 2013; Stauble, Thompson, & Morgan, 2013; Weerda, Muehlhan,
Wolf, & Thiel, 2010) detrimentalLuethi, Meier, & Sandi, 2008; Oei, Examrd, Elzinga, van Well, &
Bermond, 2006; Olver, Pinney, Maruff, & Norman, 2015; Schoofs et al., 2013; Schoofs, Preuss, & Wolf,
2008) and null effects of stress on working mem@Bornelisse, Joéls, & Smeets, 2011; de Veld,
RiksenrWalraven, & de Weerth, 2014; ElzingaRoelofs, 2005; Gathmann et al., 20Hbffman &
al'Absi, 2004; Oei et al., 2012; Smeets, Jelicic, & Merckelbach, 20D@grall, these studies
consistently induced significant cortisol increasdseyfound— if measured- heightened sympathetic
activation and worse mood in response to stress procedure compared to a control procedure
(betweemrsubject design) or compared tlaseline measuremertisithin-subject design). All but one
study, who investigated childrédeVeld et al., 2014)includedyoung healthy subjects, either all male
or mixedsex These tidies procedures produced a heterogeneous picteitberindicating a clear
direction of effectsior identifying parameters thate crucial for explaining theaviation in results and
effects sizes (summarized irable 4.1). Studies using male samples tend to be more likely to find
beneficial effects of stress on working memory performawithin-subjectscomparisons tend tind
beneficial or no effects, whileetweenrsubjectddesigns tend to find detrimental effects. Time of testing

might also play a role, insofar as basal cortisol kwehich are higher in the morning hours than in the



CHAPTER 4 — WORKING MEMORY AND ATTENTION UNDER ACUTE STRESS 93

afternoon hourgWeitzman et al., 1971)might influence eute cortisol effects. It has already been
shown that the influence of cortisol on flexibility behaviour differs accorttirige cortisol awakening
reaction, a measure for basal cortisol I€eérolf et al., 2016)Most studies conducted in the morning
showed detrimental effectshile most studies conducted in the afternoon showed beneficial effects.

A metaanalysis investigating how acustress influenced working memory performance
concludes that stress impairs working memory performéiaields et al., 2016Fven more so in male
compared to female subjects, contrary to the conclusion of the qualitative review remenged
Detrimental stress effects become worse the longer the delay between the acute stressor and the
execution of thevorking memory task is. Furthermore the more intense the stress, the stronger are the
detrimental effects. Detrimental effects are especially present in high compared to low workloads. The
metaanalysis did not investigate whether time of day of testinexperimental design (within and
between) explained differences in findinggain, the classification into low and high responders could

be helpful for explaining results and will be conducted in this study, as was done in the previous study.

Table4.1: Acute psychosocial stress effects (caused by the TSST) on working memory performance.

Beneficial Effects (n=7) Detrimental Effects (n = 6) No Effects (n =7)

Tasks n-back (3x) n-back (4x)

Sternberg (2x) Sternberg (1x)

ChangeDetedion Task (1x Operation Span (1x)
Dichotic Listening (1x)

n-back (2x)
Sternberg (1x)
Digit Span Backward (4x)

Explained Variance 4—-20 % 4-19% -
Sex of Sample Male (4x) Male (3x) Male (2x)
Both (3x} Both (3x} Both (5x)

Sample Size

12—109 (median = 40)

20-109 (median = 36)

23-158 (median = 44)

Time lag between
stressor and task

< 20 min (2x)
<40 min (4x)
> 40 min (1x)

<20 min (1x)
<40 min (4x)
> 40 min (1x)

< 20 min (2x§¥
<40 min (4x)
> 40 min (2x§

Time of Testiny

Morning (2x)
Afternoon (5x)

Morning (4x)
Afternoon (1x)
All Day (1x)

Morning (2x)
Afternoon (3x)
All Day (1x)

Experimental
Design

Within-subjectg5x)
Betweensubjectq2x)

Within-subjectq1x)
Betweensubjectg5x)

Within-subjectg5x)
Betweensubjecs (2x)

! Two of these three studies find effects only for mé&shoofs et al., 2013)
2 Two of these three studies find effects only for feméSahoofs et al., 2008)
3 One study examines effects < 20 min and > 40 min post ¢fEssga & Roelofs, 2003)
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PhaseAmplitude Coupling Effects.

Regarding phasamplitude coupling and working memory, the largest study so far was
conducted byRajji et al. (2016) investigating 70 healthy human subjects via scalp EEG on the
association between thegamma phaseamplitude coupling and working memory assessed \iaak
task.Rajji et al.(2016)particularly showedthatthetagamma coupling strength increasesda function
of the need for ordering information. Howemis association also indepdently applied for theta and
gamma power. Coupling was measured within frontal electrodes and averaged over them.

Mizuhara and Yamaguch2011) found that during successful maintenance of itéms
delayedmatchto-sample tasksignificant coupling between the phase of a 3 Hz oscillation at fronto
central sites and gamma amplitude at left frdateral as well as left occipitiateral sites occurred.
There was no direct comparison between tingstrength at successful and unsuccessful maintenance
trials. Coupling was measured during the retention period in 12 healthy humans via scalphekG.
conclude that theif r e sul t s s upp o predetibn thah sow oshillatmm rehearsed th
sensory inputs repr es e(Nizubala &Yamagudhie20ld gl®3B8paswasc i | | a't
proposedyy Jenser{2006)

Two further studies report thegmmma couplingn healthy subjects measured via scalp EEG
(Park, Jhung, Lee, & An,A3; Park, Lee, & Lee, 2011 hey explored the interrelation between
working memoryperformance and thegamma phasamplitude coupling during the maintenance
period of this task in older adultéPark et al., 2011)Phaseamplitude couplingpositively correlated
with the accuracy rate at one (Fp2) of 19 electrodes.@2; partial correlation controlling for subjects
age). Reaction times did not correlate witeseamplitude coupling strength. In a youngample
they found thetagamma coupling at Fp® be highelin a working memory compared to a vigilance
task(Park et al., 2013However, when analysing theganma coupling at higher gamma frequencies
(above 40 Hz)couplingwas more often found to be higher in the vigilance compared to the working
memory task. Because these studiestted permutation testing, one cannot be confident that the
reported coupling immeaningful(Cohen, 2008)Moreover, capling differences between taslor as in
the first study its correlation with behaviour, is founéaeeminglyarbitrary electrode

Five additional studiegxaminephaseamplitude couplingwhile subjects execute working
memory taskg¢Axmacher et al., 2010; Bruns Eckhorn, 2004; Leszczynski et al., 2015; Maris et al.,
2011; van der Meij et al., 2012 these studieECoG and LFPsvere recorded from humaubjects
diagnosed with epilepsy. Sample sizes range between 7 and 27 sulljesttgdies assess statistical
significance of the empirical phasenplitude coupling values. Theg@mma coupling was fmd to be
stronger in the maintenance than in the baseline period of a working memqrydassk ; fAxmashér
et al., 2010 Coupling strength did not vary with workload. However, theta frequency was slower for
high loads than for low loads, supporting the working memory thedrisofan and Jensg2013) In
contrast to this findingd,eszczynsket al.(2015)observed decreased phasaplitude coupling (over a

broad range of frequencies) during the maintenance period compared iingrirderleaved periods
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of the working memory w 224)=urthermore, they found an increased ampli{pideiding frequency
for high workloads, not a decreased phas®riding frequenc’f. Both studies measured LFPs from the
hippocampus and used 1000rpatations for significance testinthus these factors cannot explain the
opposing findingsDepending on the neuronal locatibtaris et al.(2011)found both increased and
decreased phasanplitude coupling in encoding and retention periods compared to baseline periods.
This was similarly foundior episodic memorysome regions in the hippocamgw increased phase
amplitude coupling during successful encoding and others during unsuccessful elficegagt al.,
2016)

Leszczynski et al(2015) Maris et al.(2011) andvan der Meij et al(2012) found phase
amplitude coupling to be presentraany frequency pairs not solelyatthetagammavan der Meij et
al. (2012)reportsphaseamplitude coupling to bdistributed across the entire sgalmcludingvarious
preferred coupling phases. They concldldat hese findings support the idea thptaseamplitude
coupling is a mechanism that separateskiaidepati al |
Meij et al., 2012, p111) In a case study, delgamma coupling was found t@ present during the
encoding period of a working memory task between an early visual area (modulator) and a higher visual
area (modulatedBruns &Eckhorn, 2003

Not only working memory literature, but also leteym nmemory researchrepeatedly finds
thetagamma coupling, preponderantly indicating stronger coupling to be associatesuegtssful
learning, encodingor rememberinge. g.Friese et al., 2013; Kaplan &k, 2014; Kdster et al., 2014;
Mormann et al.,, 2005 Memory research lmos exclusively investigatesthetagamma coupling
Nevertheless, even if broader frequency ranges are investigateegdheteaa coupling is frequently,

but not necessarily exclusiye present.

4.1.2 Attention, Cognitive Inhibition, Stress, and PhaseAmplitude Coupling

It has been shown that it is important to distinguish between cognitive and behavioural inhibition
when investigating stress effects on inhibit{&ields et al., 2016)n thatmetaanalysisbehavioural
inhibition was found to be enhanced by stregsereascognitive inhibition was found to be impaired
This suggest the presence dietter motor control ana broader attention foswnder stress compared
to control conditions. Becauseognitive and behavioural inhibition should be distinguished and
behavioural inhibition has already been investigated in the previous thigigtudy investigated stress
effects on cognitive inhibibin via the attention network te@dtan et al., 2002)The attention network
test combines a flanker paradigBriksen & Eriksen, 1974)ith the Posner cueing tadRosner, 1980)
It is thereforepossible to investigateognitive inhibition while simukreously testing the entire

attention systerof the human brain accordingRmsner and Peters€990) The objective of studying

22 Ratherthan any phasamplitude coupling parameter (e. g. coupling strength), it was the alternation between
increased and decreased criyegiuency coupling that predicted successful maintenaBoé nd only the
alternation between increased and decreased-frempiency couplingoredicted successful maintenandeit
alphaband power fluctuationdid as well
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the entire attention system is to probe the specificity of stress effects on executive functioning and the
specificity of phasamplitude coupling patterns found for executivactions in contrast to a second
cognitive domain, namely attention.

Posner and Peters€®90)formulated and subsequently validatéan et al., 2002; Fan et al.,
2007; Fan, McCandliss, Fosseldpmbaum, & Posner, 2005; PeterseP&sner, 2012he existence
of three discrete attention networks (alerting, orienting, and executive centajfitive inhibition]).

Two other groups appraised the attention network test and attested to itsivkagoality, while stating

that the three attention networks are to a certain amount dependent, and reliability of the test is only high
for the executive control netwofkshigami & Klein, 2010; MacLeod et al., 201@ow reliability for

alerting and orienting and high reliability for executive control could hint that alerting and orienting are
more statelependent while executive control is more tcipenden{MacLeod et al., 2010)

Alerting is defined as a high sensitivity or readinegsei@eive and process impending stimuli
(Posner & Rothbart, 2007; Raz & Buhle, 2006; Worden, 20i.i) dissociated from arousal, insofar as
arousal refers to intrinsiattentivenessvhile altering refers to task specific phaaitentivenes¢Raz
& Buhle, 2006)Alerting is manipulated ineattention network tedty either not presentingvearning
cue (not alerted, diffused attention) or presenéirgarning cue that does not tell the subject where to
expect a subsequent target (alerted, diffused attention). Following a warning cuessuiget and
respond faster to the subsequent tafg&irden, 2011)

Orienting has been described as selection and prioritizing of sensory informatiorgrfgriex
by selecting a location to which to attend (fean et al., 2002; PetersenRosner, 2012; Posner
& Petersen, 1990; Worden, 201Ryocessing of attended items is usually faster and more accurate than
processing of unattendedrite (Worden, 2011, p296). Orienting is manipulated lresenting warning
cues that are either predictive or fanedictive of the spatial target locati@fan et al., 2002)

Executive control was first introduced as detecting signals or focusing attention on imarrow
contrast to wide aregPosner &Petersen, 1990, @9). Today it is defined as monitoring and resolving
of and adapting to conflicting informati¢Ran et al., 2002; Worden, 201Executive control requires
mental effort and is comparable to the core executive functionitioihnibThe same cognitive task is
usal to measure both concepts (Eriksen flanker paradigm).

All three systems have been associated with distinct anatomical brain rggiaret al., 2005)
distinct set of EEG activatior{Ean et al., 2007and distinct chemical modulatof8osner &Rothbart,

2007) Anatomical regions lie roughly within frontal and parietal areas, as was already reported for
executivefunctions. Interestingly, alerting and orienting were found to be located within frontal and
parietal areas while executive control was solely found to be located in frontal brain rgensr

& Rothbart, 2007)

Stress effects on attention, specifigain the three attention networkaderting, orienting, and
executive control, are not well studied. It was found that heat stress had detrimental effects on executive

cont r ol;Synetdal., 2002 HAwever, no physiological or subjective stress effects were reported.
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In andher study kat stress, here reported to go along with an autonomicusesyetem stress response,
wasfound to improve some aspects of attention and have no effect on (8bbklader et al., 2015)
Acute psychosocial stress (TSST) was found to maveffect on selective attention in young adults
(Cornelisse et al., 2011put to improve performance of executive controP( 05) and marginally
improve orienting performance in childr@Rairbairn, 2007) The TSST for children did not elicit an
endocrine stress response, but elevated subjective stress ratings.

In summary, relying on the metaalysis ofShields et al(2016) one can expect negative
effects of stress on the executive control network. Regarding alerting and orietirgignificant
effects have been found, but positive and negative stress effects were also reported. Literature on this
subject is sparse. From a theoretical viewpoint, cortisol could be able to modulate attention processes
because, as mentioned in tBeneral Introductioncortisol is able to influence many processes, but
actually influences those that are active. Furthermore, during stress it is of fundamental importance to
be alert and rapidly orient attention to relevant slingaying this, one would rather expect positive
than negative stress effects on alerting and orienting. Narrowing attention during stress might be
disadvantageous, leading an organism to miss relevant environmental stimuli. These assumptions fit to
the findings of decreased executive control. In the case of the flanker paradigm, decreased executive
control represents a decreased ability to block-ir@slevant peripheral stimuli.

To my knowledge, no study investigated phas®glitude coupling within thattention network
test yet. Additionally, studies investigating phaseplitude coupling with other attention tasks are
scarce. Studies examining phasaplitude coupling and inhibition have been reviewed in se8tib2
where the focus centred on behavioural inhibitiBlowever, some studies were reported investigating
cognitive inhibition. These indicated that phaseplitude is either only present or stronger when
cognitive inhibition is required in a tagRirschmid et al., 2013; Popov et al., 2012; Tang et al., 2016)

The fronteparietal network is not only associated with executive functions, but also with
attention processeSzczepanski et a{2014) reports deltagamma capling when targets had to be
allocated; measured via ECoG data recorded from human subjects diagnosed with epilepsy during a
spatiatcuing task, which resembles tP®sner cueing tasPosner, 1980)Coupling was calculated
within electrodes and found in the majority of ¢he Coupling strength negatively correlated with
reaction times. Another study found that stimulus detection depended on ultra slow frequeneies (.01
.10 Hz), where amplitudes of faster frequencies-(40 Hz) varied according to these ultra slow
frequendces (Monto, 2012) These studies indicate that phaseplitude coupling might also be present

during basic attention processes.

4.1.3 Hypotheses
The previous chapter had shown that the straigpbtmeses of stronger phaaeplitude

coupling representing better executive functioning, in turn reflected in better performance, is not entirely
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supported by the empirical data. Even though the hypotheses formulated in the previous chapter were
not cleary verified, they shall serve as guiding principles in the investigation presented here.
Phaseamplitude coupling is thought to be a mechanism by which different brain regions or
different neuronal processes are coordinated. Higher cognitive functionisicto executive functions
(e. g. working memory, cognitive inhibitiojelongbut basic attention processes (e. g. alerting,
orienting)do not presumablyequire this kind of coordination in order to be successfully implemented.
Basic processesre assumetb eithemot need tts coordination, or at least to a lesser extent. Stress has
been shown to modulate the performance of executive functions, and even though beneficial,
detrimental and null effects have been found so far, a recent-arablysis conclded that stress has
detrimental effects on working memory performance and cognitive inhibitrenfollowing hypotheses

are formulated:

1.1 Groups will not differ in their working memory and attention performance before the SECPT.

1.2 Stressed participants, esfaly those with a marked physiological stress response will show less
cognitive inhibition and worse working memory performance after SECPT compared to before
SECPT and after SECPT compared to the control grdlepting and orienting are hypothesized to
be left rather unaffected or to benefit from stress.

2.1 Phaseamplitude coupling strength will vary according to task demands: stronger coupling in
incongruent trials than congruent or neutral trials, no variation according to cue types, and stronger
coupling in high compared to low works loads.

2.2 Groups will not differ in their coupling strength before the SECPT.

2.3 Stressed patrticipants, especially those with a marked physiological stress response will show less
coupling in executive control, no change in atgrtand orienting, and less coupling in working
memoryafter SECPT compared to before SECPT and after SECPT compared to the control group.

2.4 Phaseamplitude coupling should correlate negatively with reaction times iwdinking memory

and executive contrédsks; it should not correlate with reaction times in alerting and orienting tasks

The experiment presented in this chapter is an indirect replication study in the widest sense. It
shall explore, whether the hypotheses can be verified in the otheriegdanttioning domains which
were not targeted in chapt8r It shall further explore if the phasenplitude pattern found in the
previous experiment (beggamma coupling) is specific to executive functioning oralanbe faund in

another cognitive domaifattentior).
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4.2 Material and Methods
4.2.1 Participants

The final sample size was comprised of 55 (29 female, 26 male) stidentSrier university
and young employed persons. Mean age + standard deviation was 23 + 3 yeangeadroa 19 to
30 years. Initially 77 subjects were invited to participate in the study. Four subjects (2 female, 2 male)
had to be excluded from analysis because they did not feel well after the SECPT (contitidnahd
reported to be about to faifithree subjects (1 female, 2 male) had to be excluded because they did not
adhere to the instructions and reacted with two fingers instead of only the index finger of their dominant
hand, possibly influencing reaction times. One male subject was excladadse his cortisol profile
was highly dissimilar to all other participants, with elevakeekl before the stress procedure and
decreasedevel after the stress procedufeold water condition) The reasoning for excluding this
participant is justified byhe research question: the aim of the present study is to explore whether stress,
quantified via cortisolevel, modulates cognition. Accordingly this participant is highly stressed during
the baseline blocks, and rather relaxed during the experimemt&kblThis is why he cannot be grouped
with the other subjects. One more male subject was excluded due to strong perspiration EEG artefacts
and additional technical problems during sloeially evaluatedold pressor test. As was the case in the
former remrted experiment, thirteen subjects were excluded because they did not contribute an IC to
each required region of interest. The exclusion of thirteen subjects due to the choice of applying
independent component analysis might appear unjustifiable Aigdlyses including these thirteen
subjectavere conductedshowing that neither behavioural nor physiological resvdte influenced by
the decisionto exclude these subjects

Preconditions for eligibility were the following: (1) age between 18 and 40 ,y&3r8MI
between 18 and 30, (3) being a ramoker, (4) at most moderattcohol consumption according to
world health organisatioM{HO) guidelines, (5) no use of illegal and legal drugs or substaossily
influencing cortisolevel, (6) righthandedess, (7) absence of any acute and chronic mental disorder or
physical disease (especially the Raynaud syndrome) as well as a history of mental disorders, (8) speak
and understand German fluently, (9) normal or corretetrmal vision, and (10) naivetjo
psychologicaktress induction procedwée . g. TSST, CPT, SECPT). Women had to take hormonal
contraceptives and were neither pregnant nor brefagtding. Preconditions were to ensure that cortisol
level were to the greatest possible extaithin the normal range (), participants had similar
hemispheric specialisatiéh(6), had no problems understanding instructions and complying with the

experimental procedure-8), andto guarantee unbiased behaviour in the experiment (10).

23 Women taking contraceptives containing drospirenone were excluded. Drospirenone is an antagonist for the
mineralocorticoid receptor and might therefaker cortisol effects in the brairGénazzani, Mannella, and
Simoncini, 2007)

24 According toGalin et al. (1982)handedness affects hentigpic specialization and can thus lead to differences

in EEG measurement.
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Participants guaraeéd completeness and accuracy of the information they provided and gave
written informed consent prior to participation. The study was approved by the local ethics committee
and is in accordance with the Declaration of Hels{ikorld Medical Association, 2013)

4.2.2 Experimental Procedure

Subjects were meived for an initial screening sessidimere digibility was determined with a
structured interview. Information about the aim of the study and experimental procedures were provided.
Participants returned to the laboratob@sanother day at 1400 h, 1@ or 1800h. They refrained from
physical exercise and alcohol 24 hours prior the experimental session, refrained from caffeinated drinks
at the day of the experiment, and did not eat one hour prior to the experimental session. All participants
woke up béore 0900h at that day and female participants, taking oral contraceptives made sure that the
experimental session did not take place during their break from active pills.

They practiced thetntionnetwork test (24 practice trials with feedback) and 8ternberg
task (12 practice trials with feedback) and provided the first saliva sample (#01) during an exercise
session. Order of task was the same as later on in the experiment. After participants had understood and
practiced the cognitive tasks they wded into the psychophysiological laboratory, seated in a dimly
lit, sound attenuatednd electrically shieldetecording cabin and prepared for EEG, EOG and ECG
recordings. After preparations participants were left alone and got all instructions yiateoscreen.
They executed the baseline blocks of both tasks, each split into two subunits and provided salivary
samples before and after each subunit (#386). Participants were then exposed to gheially
evaluatedcold pressor test or socially ewaluatedwarm water control procedure. An investigator of
opposite sex and unknown to the participant entered the room, prepared the subject for blood pressure
measurements and subsequently led the subject througtréhe induction procedurafter thestress
induction proceduresubjects were again left alone in the recording cabin, rated their subjective stress
experienceand then conducted another block of each task, providing salivary samples before and after
each subunit (#0# #11). Order of tasks & randomized between subjects but held constant within
subjects. Because exercising both cognitive tasks was hold when participants arrived and took place in
another room than the recording cabin, experimental procedures before and after the stras® proced
were identical. After removal of all recording devices participants were debriefed by the investigator
who conducted thestress induction procedyrgrovided a last saliva sample (#12nd were
compensated monetarily or with course credits. The wlgberimental procedur@igure4.1) took

about two hours.
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Figure 4.1: Graphical depiction of the experimental procedure. Measurement points of saliva cortisol are
consecutively nuitmered from #01 to #12. Only saliva samples printed in bold were later on analysed. The down
head arrow indicates the time when participants rated their subjective stress expEsaigingeand B can be either

the dtention network &st or the Sternbetgk. SECPT socially evaluatedold pressor test.

4.2.3 Cognitive Tasks

Cognitive tasks were presented on a 19" LCD monitor (Eizo FlexScan, S1931) with 1280 x
1024 resolution and a 60 Hz refresh rate usiiyiEhe presentation software (Eprime 2.0, Psychological
Software Tools, Pittsburgh, PA). Participants had a distance of 100 cm to the computer screen.

4.2.4 Sternberg Working Memory Task

A version of theSternberg task was used to measure working memory perforifteceberg,
1966, 1975)It is an often used and Wealidated paradigm (e. @rookes et a).2011; Jensen & Tesche,
2002; Roznowski & Smith, 1993In this task, participants have to judge, whether a probe stimulus did
(match) or did not (nomatch) appear in a list they had seen immediately before.

One trial consigd of a sequence of ten oourteen slides, dependitg the workload of the
trial (Figure4.2). In the first six or ten slides an uppercase conséhamas presented for 300 ms. The
consonantas centred vertically and horizontally. A blank serees shown for 200 ms. These two
slides were repeated three or five times in total, depending on the conditoskload (low: 3
consonants; high: 5 consonants). After the last blank screen, the retention intesmaldséide with a
centred stgrand lastedfor 1200 ms. The probe letteras presented subsequently for a maximum of
2000 ms or until the participant respeddAfter participantsresponse a blank screems shown for
2000 ms minus the reaction time. A variable iftt&l-intervals of 500- 1000 ms (mean 750 majes
represented by a slide showing a fixation cross centred vertically azdttafiy.

A total of 120 trialsvere presented before tB&ess induction procedyrgplit into two subunits
of 60 trials each. Another 120 trials, spiito two subunits of 60 trialeere presented after trstress
induction procedureEach block of 120 trial®ok approximately 12 minutes, resulting in 240 trials and
24 minutes ofotal processingime for the Sternberg task. Subjeatsiid notdecreaséhe duration by

answering especially fast.

Consonants T,D, H, L, C, G, M, B, W, F, K, Z, P, V, and J were used during the experiment. They were chosen,
because they are neither the most frequent nor the least frequesniantssin Germalanguage Beutelspacher
2015). The remaining six consonants of the alphabet (N, S, R, Y, X, Q) were used during pialstice
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Figure4.2: One trial of the Sternberg task wittwarkloadof three letters and mon-matchtarget.

Half of trials had avorkloadof three consonants, which tarn were to 50 %natch triat and
to 50 %nonmatch trias. The other half hadworkloadof five consonants, which also were to 50 %
match triak and 50 %monrmatch triak. A match is a trial, where the test stimulus is part of the consonant
list seen bfore. A nonmatchis a trial, where the test stimulus is not part of the consonant list seen
before

Participantsvere meantto respond as fast and accurate as possible, by pressing either the left
or right arrow key on the keyboard indicating whether déisé $timulus was a mat¢left arrow key)or
was anonmatch(right arrow key) They always responded with the index finger of the right hand.
Mapping of responskeys was not varied between subje&abjects were ought to rest their index
finger in betwen the response keys, i. e. at the down arrow, to guarantee unbiased reaction times in
each trial.

Slides were always black with white stimuli. Consonants were present in Arial Font Size 40 and
had horizontal visual angle of 0.573° and a vertical visugleanf 0.688°.

4.2.5 Attention Network Test

To measure the entire attention system the attenéitwrorktest was useffFan et al., 2002)t
is an often used and well validated paradi{ypacLeod et al., 2010; Raz Buhle, 2006) Theattention
network testmeasures thentreat t enti on system accor di (Pgerseno Posn
& Posner, 2012; PosnerRetersen, 1990ncluded in the attention network test is the measurement of
cognitive inhibition (executive control).

One trial consigtdof a sequence of five slideSigure4.3). First, a fixation crossvas presented,
centred horizontly and vertically. This slide wapresented for 4001600 ms, mean presentation time
over all trialswas 1000 ns. Subsequently one cue conditivas realized Figure4.4, upper row). Cue
slideswere presented for 100 ms. Another slide with only a centred fixation cross follows for 400 ms.
The next slide presesd the targetRigure4.4, lower row) above or below the centred fixation cross,
which was also part of this slide. Was presented at most for 1700 ms, and disappedrthe end of

the 1700 ms or as soon as the participant regabiffthe participant dl not respond within this time,
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their responsevasmarked as missing. The last slide only coesisf a centred fixation cross ames
visible for a variable time depending eRTlinfreacti c
ms + 525 ms). Duration of one triabs between 3125 and 4325 (nsean 3725 m$. Adding 525 ms

to the waitfill duration is explained by the need to have a minimal trial length of 3000 ms for later EEG
analysis and to construct almost identical klmngth forattention network testnd Sternberg task.

A total of 192 trialsvere presented before tB&ess induction procedyreplit into two subunits
of 96 trials each. Another 192 trials, split into two subunits of 96 twale presented after thatress
induction procedureEach block of 192 trial®ok approximately 12 minutes, resulting in 384 trials and
24 minutesof processing time for thattention network tesSubjects ould not decrease the duration
by answering especially fast.

Participams were meart to respond as fast and accurate as possible, by pressing either the left
or right arrow key on the keyboard indicating the direction of the central arrow. They always egspond
with the index finger of the right han&Respons&eys were not aried between subjects, because
responding to a lefpointing arrow with a relatively left key (especially the left arrow key) is intuitive
while the opposite would be conirgtuitive and therefore possibly increasing reaction tirfies. ame
is true fora right arrow and right keySubjects were ought to rest their index finger in between the
response keys, i. e. at the down arrow, to guarantee unbiased reaction times in each trial.

Cue condition, position of cue the spatial cue condition, target cadtidn, position of target
(below or above the fixation cross), as well as direction of the central arrow (left vs. right) were
counterbalanced across all trials.

Slides were always black with white stimuli. The target coegist five lines or arrows (see
Figure4.4, lower row) with &otal horizontal visual angle of 3.093° and a 1.146° vertical deviation from
the centre of the screen. Olitee or arrow had a horizontal visual angle of 0.573° and a gap of 0.057°
horizantally to the next line or arrow. Background colaas black, while all stimulivere presented in

white colour.

. Target
» + > > > >
00.1
6001373 +
100&15 4
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may
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t

= E 2300”1'3‘ \RT

Figure4.3: One trial of the attention network test.
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Figure4.4: The upper row shows all four cue conditions (no cue, centre cue, double cue, spatial cue). The lower
row shows all three target conditions (neutral, congruent, incongruent).

4.2.6 Socially Evaluated Cold Pressor Test
Thesocially evaluagdcold pressor test was conducted in accordance to the prot@aiwhbe
et al.(2008)with minor changes, describedsaction3.2.6 The investigator leading thelgact through
the SECPT was always of opposite sex to the participant. Therefore two different investigators were
neededSex, tme of investigation and order of tasks wareunterbalanced across cold water and warm

water conditios, controlling for potenal influences of this variables.

4.2.7 Endocrine Stress Response

In total twelve saliva samples were collectedf which ninewere subsequently analysed
(Sample #02, #04, #06, #07, #08, #09, #10, #11, anccHgure4.1). Samplegprovided immediately
before the first block of the first task (#02), immediately before the first block of the second task (#04),
and immediately before the SECPT (#06) served as baseline measure for tmrésobamples
collected after the SECPT sedvéor measuring cortisotesponseto the SECPT (#07##12). The
remaining three samples were collected in order to keep the experimental procedure identical before and
after the SECPTSubjects who completed tkecially evaluatedold pressor test were diled into two
groups byamedian split of their cortisol reactivity in response to the stressor. Reactivity was measured
by subtracting baseline cortisol activitynéan ofsamples #02, #04,08) from mean cortisdevel
between 21 and 28 minutes after SHGRset (samples #09, #10), as this is period when cortisol level
are generally highe¢Dickerson &Kemeny, 2004)Thus three groups were distinguished: warm water
control group, low responder, and high respon@aliva amples were obtained using Salivette®
collection devices (Sarstedt, Nurnbrecht, Germany). Sampling was practiced during the exercise session
at the beginning of the experiment. This is why this probe was not analysed subsequently. Sampling
instructions weg given and adherence monitored via computer. Samples were frozen immediately after

the experiment a20 °C for later biochemical analyses. Salivary cortisol was analysed with a time
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resolved immunoassay with fluorescence detection as described inrd&taksendorfer etl., 1992.
Intra- and interassay variability was less than 10 % and 12 % respectively.

4.2.8 Cardiovascular Stress Response

In total six blood pressure measurements were recorded. Two measurements with a time lag of
90 seconds were recordethile the investigator prepared the cabin for ¢hress induction procedure
Two measurements were taken during hand immersion, 30 and 120 seconds after initially immersing
the hand; another two measurements were taken after hand immersion, 210 ancoB68 s&er
initially immersing the hand. Time lag between the second and third measurement was at least 90
seconds. Systoliand diastolic blood pressu(8BP, DBP) were recorded with a Dinamap vital signs
monitor (Critikon, Tampa, Florida). The cuff walaced ortheupper right arm. It was not placed at the
left arm, because the left hand was immersed into the water, for participants being able to respond with
their right, dominant hand to the cognitive tasks before and aftstréss induction procece

4.2.9 Subjective Stress Rating

Subjective perception of the SECPT was reviewed with four questidrish participants
answered disequent to the SECPT proceduParticipantgated(1) how difficult it was to keep the
hand in the water, (2) how unpleas#im whole situation felt, (3) how stressed they felt during the
procedure, and (4) how painful it was to keep the hand in giherwRating scale ranged frdr(not at
all difficult/unpleasant/stressful/painful) until 200 (very much difficult/unpleasmesgsful/painful) in
steps of 10. The rating scale was provided by Lars Schwabe and is identical to the one used in the

original procedurg¢Schwabe et al., 2008)

4.2.10 EEG Recording and Quantification
EEG was recorded with an Ea€ap electrode systeragsyCap GmbHlerrsching Germany)
from 62 sites positioned according to thelDelectrode reference systé@hatrian et al., 1985)pl1,
Fpz, Fp2, AF7, AF3, AFz, AF4, AF8, F9, A5, F3, Fz, F4, F6, F8, F10, FT7, FC5, FC3, FC1, FC2,
FC4, FC6, FT8, T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP9, TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6,
TP8, TP10, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO9, PO3, PO4, PO10, 01, Oz, 02, and Iz. EOG was
recordedrom two positions: centred above and below the left eye (m. orbicularis oculi, pars palpebralis
and m. orbicularis oculi, pars orbitalis respectively). Aksif EEG and EOG were online referenced
to FCz. POz served as ground. Recording, digitalimasind processing of data followed the same
scheme as for the experiment descrilmechapter3. Only deviating steps are described here.
Preprocessing and Independent Component Analysiblo deviationgcf. secton 3.2.9 p.64
ff.). The automatic artefact rejection procedure for seleset data led to an average of 10389 %
(meant S. E.) rejected epochs for the Sternberg task and an averag6lof 1011 % for the attention

network test.
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Equivalent Dipole Fitting. For the Sternberg task, epochs weegmentedrom -2900 ms to
+2300 ms with referenc® probeonset. For the attention network test, epochs wegmentedrom -

200 ms to +2900 ms witreferencedo cue onsetThere were a other deviatios from the procedure
described irsection3.2.9 p.64ff. Component artefact rejection led to an average88d3+ .44 (mean
*+ S. E.) rejeatd epochs fothe Sternberg task and 195654 attention network test.

Clustering and Reclustering componentsNo deviationgcf. section3.2.9 p.64ff.). For the
Sternberg memory task, fromtatal of 4345 components, 20@88mponents with reasonable quality
remained (mean residual variance: 6.48 %; rang8:-015.00%). Each subject contributed on average
30 components (range: 193). For the attention network test, from a total of 4345 gonents, 2001
components with reasonable qualigynained (mean residual variance: 6.32 %; range:-A.3®9 %).

Each subject contributed on average 29 components (rangetl)5These statistics relate to all 68
subj ects wh o s eclufte@d. inthev®tarnberg task on averdgé 40 % of ICs were manually
selectedor the relevant clusteranging from 17 % to 56 % for all relevant clusters. In the attention
networkteston average 32 % of ICs were manually selected, ranging from 5 % tofée tée all
relevant clusters. The majority of manually picked ICs were from one or two other clusters, meaning
that according to-kneans criteria these ICs were very similar to each other.

Filtering data and applying Hilbert transform. No deviationgcf. section3.2.9 p.64ff.).

Exploratory analysis of phaseamplitude coupling. No deviationgcf. sectior3.2.9 p.64ff.).

4.2.11 Statistical Analyses

Statistical analysis were conducted as describedentions2.2.6 and 3.2.1Q0 The basic
hypotheses assumedbéock by responder group interaction time case of behavioural data and a
frequency pair by block by respondgroup interaction irthe case of electrophysiological dataiven
the sample size of 55 subjects and a significance leyekEo5, thetwo- and threeway interactions
could detect eelative smalkffecto f 2Q2 03 wi t h 1eb> [90. Dhbsa dalculaiiohsyassunfed
a plausible population correlation jof .80 for reaction times and= .15 for electrophysiological data
(supported by the empirical data). Because the population correlationds was much lower than
for reaction timesy(= .20), only medium to large effeatsf =Q2. 08 coul d be found w
of 1-b> .80

Manipulation Check Cortisol Profile. The success of the experimental manipulation, i. e.
change of cortisdevel during the experiment was checked via a 9 x 3 x 2 ANOVA withniitiein-
subjectdactor measurement time3@,-19,-5, 7, 14, 21, 28, 35, 51 minutes from SECPT onset) and the
betweepsubjectdactors responder group (warm water control, low respondg,responder) and sex
(male, female) in a repeated measurement factorial design.

Cardiovascular Stress Response (Blood Pressure Measurementhe six blood pressure
measurements were combined into three measures before, during, and after the stress. The

cadiovascular stress response was measured with the dependent variables systolic and diastolic blood
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pressure. Changes were assessed with a 3 x 3 x 2 ANOVA witlittie-subjectdactor measurement
time (before, during,after) and thebetweenrsubjectdactors responder group (warm water control, low
responder, high responder) and sex (male, female) in a repeated measurement factorial design.

Subjective Stress RatingSubjectivestressratings wereanalysed with a 4 x 3 x 2 ANOVA
with thewithin-subjectdactor question type (difficulty, unpleasantness, stress, pain) arfxtiveen
subjectsfactors responder group (warm water control, low responder, high responder) and sex (male,
female) in a repeated measurement factorial design. The dependent variaplgrticgsants rating
ranging from 0 (not difficult, not unpleasant etc.) to 100 (very difficult, very unpleasant etc.) in steps of
10.

Sternberg Task.Behavioural results (dependent variable: errors, reaction time) in the Sternberg
task were analysed byZax 2 x 2 x 3 x 2 ANOVA with thavithin-subjectsfactors block lplock 1 —
before SECPThlock 2 — after SECPT), workloaddw, high), and probe type (matchpn-match and
the betweensubjectdactors responder group (warm water control, low responddr,regponder) and
sex (male, female) in a repeated measurement factorial design. Only trials with correct responses were
included in the reaction time analysis. Furthermore reaction time distributions for each subject were
calculated. Reaction times excegglihe third quartile of the corresponding distributjdokey, 1977)
or were faster than 200 ms were deemed outliers and removed for statistical analyses.

Attention Network Test. Behavioural results (dependent variable: reaction timejhen
attention network test were analysed by a 2 x 4 x 3 x 3 x 2 x ANOVA withvithen-subjectdactors
block plock1—before SECPThlock 2, after SECPT), cue type (no cue, centre cue, double cue, spatial
cue), and target type (neutral, congruent, mgeaent) and thbetweenrsubjectdactors responder group
(warm water control, low responder, high responder) and sex (male, female) in a repeated measurement
factorial design. Only trials with correct responses were included. Furthermore reaction time
distributions for each subject were calculated. Reaction times exceeding the third quartile of the
corresponding distributiofT ukey, 1977pr were faster than 200 ms were deemed outliers and removed
for statistical analyses. Due to very lewor rates, errors were not further analy$tatticipants made
onaverage 1.50 % errors, ranging from 0.00 to 4443

Exploratory phase-amplitude coupling. Identical to the procedure in chapt8 the
comodulogram wasplit into five distinct frequency pairs, namely ddbieta coupling, deltgamma
coupling, thetébeta coupling, thetgamma coupling, and begmmmacoupling Figure 3.5). The
chosendivision is in accordanceavith the naural logarithmic relationship between brain oscillations
(Penttonen &uzséki, 2003and will be further justified by the found couplipgttern (cfFigure4.12
and Figure 4.22). Coupling values within these frequency pairs were averaged and subsequently
submitted to a 2 x % 2 x 2 x 2x 3 x 2ANOVA with the repeated measurement factoesnisphere
(left, right), frequency pair (dekbeta, deltegamma, thtabeta, thetgamma, betgamma), block
(before SECPT, after SECPTorkload (low, high) and probe type (match, nomatch)as well as the

betweeprsubjectdactors responder groufwarm water controls, low responders, high responderg)
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sex (male, ferale) inthecase of the Sternberg task contrast to reaction times for the attention network
test, phas@mplitude couplindor the attention network testas not calculated separately for all cue
and target conditions, but only for each cue condiaweraged over all target conditions, and for each
target condition averaged over all cue conditions. This was done in order to reduce calculation time and
to increase the amounts of trials per condition (max. 48 trials for each cue condition and mabs 64 tr
for each target type versus max. 16 trials for a fully crossed design). Therefore, averaged coupling values
weresubmittedto a 2 x 5 x 2 x 2 x 3 x 2 ANOVA with the repeated measurement factors hemisphere,
frequency pair, block, and cue type (no cdeuble cue), as well as thmetweersubjectsfactors
responder group and sextime case of the alerting network of the attention network #agtraged
coupling values were submitted to a 2 x 5 x 2 x 2 x 3 x 2 ANOVA with the repeated measurement factors
hemisphere, frequency pair, block, and cue type (centre cue, spatial cue), as welbbgabasubjects
factors responder group and sextlie case of the orienting network of the attention network test.
Averaged coupling values were submitted to a 2x 5 x 3 x 3 x 2 ANOVA with the repeated
measurement factors hemisphere, frequency pair, block, and target type (neutral, congruent
incongruent, as well as thébetweersubjectsfactors responder grou@and sex inthe case of the
executive control networ@f the attention network test

Correlations between modulation indces and reaction times. Reaction times in the
Sternberg task and attention network test were correlated with the corresponding modulation indices
(Spearman o). Correlations between maoldtion indices and error rates were not calculated, because

phaseamplitude coupling was onlyalculated for correct trials.

4.3 Results

4.3.1 Manipulation Check: Endocrine Stress Response

Participants completing the cold water condition of the SECPT were dplitow and high
responders according to a median split (median: 1.80 nmol/l) of their cortisol reactivity as described in
sectiond.2.7. Lowresponders (n = 17) had a mean increaSeE.of .05 + .19 nmol/l. High responders
(n = 18) had a mean increas&+E.of 5.36 + .85 nmol/l. The warm water control group (n = 20) had a
meanincrease iS. E.of -.63 + .17 nmol/l.

Cortisol level showed a significant main effect time of measurergnbf= 22.79,p < .001,
¥2 = .26) andmain effect responder group {9 = 12.25,p < .001,¥2 = .29) which were further
gualified by a time of measurement and responder group interatiogg= 27.90p < .001,¥2 = .47,
Dunnit = 1.32). Also the main effect sel{ 49y= 5.4Q p <.001,¥2 = .07) reached significance.

Post hoc tests revealed that cortiesel of the warm water control group and low responder
group did not change significantly in tHhelcourse
increased signifantly after the stress procedure (from + 7 minutes onward), had a plateau between 21

and 35 minutes after the stress procedure and then decreased from 35 minutes onwards after stress onset



CHAPTER 4 — WORKING MEMORY AND ATTENTION UNDER ACUTE STRESS 109

(Figure4.5). Cortisol levelof high responders on the one side and both warm water controls and low
responders on the other side differed significantly between 14 and 51 minutes after SECPT onset. High
responders thereby constantly having the highest and the warm water contrat@rstgmtly having

the lowestevel. Low responders exhibited significantly higher cortisokl than warm water controls
between 14 and 21 minutes after the stress procedure. Men (4.09 + .33 nmol/l) exhibited overall higher
cortisol level than women (3.0 32 nmol/l), but sexes did not show a generally different stress

response.
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Figure4.5: Cortisol profile (mearx S. E.) for each experimental group over the course of the experiffieat.
experimental proedure was identical for both possible task orders (ANT first, Sternberg first) bélcalesggth

of task was identical. Red stars mark significant differences between high responders and both low responders and
warm water controls (upper row of red sjaaad between low responders and warm water controls (lower row of

red stars). Blue stars mark significant changes in cokésel within high responders.

4.3.2 Manipulation Check: Cardiovascular Stress Response

Males had overall lower diastolic blood pregstinan females (males: 73.73 £ 1.59 mmHg;
females: 78.80 + 1.52 mmH§ 1,49y = 5.33,p = .025,¥2 = .07). For both systolic and diastolic blood
pressure, there were significant main effects measurement time fERBE= 139.45p < .001,¥2 =
.63; SBP:F(298 = 93.03,p < .001,¥2 = .,53) and responder group (DBR:49= 10.43,p < .001,¥2 =
.26; SBP:F.49 = 4.40,p = .018,¥2 = .11), which were further qualified by a measurement time by
responder group interaction (DBR,95= 20.91,p<.001, ¥2 = .33, Dungi; = 4.86; SBPF(,95= 16.20,
p<.001,¥2=.27, Dungi = 7.01;Figure4.6).

These interactiarevealed that both systolic and diastolic blood pressure, were significantly
elevated during thdress procedure for low and high responders but did not change for the warm water
control group. Low respondérdiastolic blood pressure was still elevated after the stress procedure
compared to before the stress procedure, while high responders didetalipressurafter the SECPT
did not differ from the valuebefore the SECPTThe increase of blood pressure in low and high
responders led to significant group differences between warm water controls on the one side and low

and high responders on thther side during and after tiséress induction procedur&roups did not
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differ in their blood pressure level before Hteess induction procedure, but during and after the SECPT
Low and high responders thereby had hideeel than warm water controlbut did not differ between

each other.
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Figure4.6: Cardiovascular profile (meah S. E.) for each exgrimental group and sex befouring, and after

the SECPT. Red stars mark significant differencesdxen warm water controls and both low and high responders.
Blue stars mark significant changes within low and high resporidassresponders diastolic blood pressure was
still significantly elevated after the stress procedure compared to before thepsbesture, but is ndébelled

with a star in this figure.

4.3.3 Manipulation Check: Subjective Stress Ratings

Male participants rated their subjective expece assignificantly less aversive than females
(males: 43.57 £ 3.60; females: 55.93 *+ 3.4%49= 6.14,p=.017,¥2 = .09). There was a small main
effect for question typeHs147y= 3.06,p = .042,¥2 = .03) and a large main effect for responder group
(F249) = 68.63,p < .001,¥2 = .71). These effects were further qualified by a question bymesp
group interactionKe 147y= 4.75,p = .001,¥2 = .09, Dungi = 15.01;Figure4.7).

The warm water group rated averseness of the procedure in all questions significantly lower
than low and high responders. Low and high redpodid not differ significantly in their ratings. The
warm water control group rated their experience as significantly less painful and difficult then
unpleasant. Low responders rated their experience as significantly less stressful than painful. High

respondersratings did not differ with regards to question type.
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Figure4.7: Subjective stress rating profile (mea®. E.) for each experimental group. Red stars mark significant
differences between warwater controls and both low and high responders. Blue stars mark significant differences
within experimental groups.

4.3.4 Sternberg Working Memory Task

Behavioural Data

Sternberg Taski Reaction Times.Subjects responded on averagaen&faster in the second
compared to the first bloclblock 1: 736.92 + 18.80 ms; block 2: 708.54 + 15.04 Fasie)= 10.0Q p
= .003,¥2 = .08), indicating a practice effect. Typical resoltsSternberg paradigms were replicated.
On average highevorkloadslowed reaction times down by 49 ms (lewrkload 698.40 + 16.04 ms;
highworkload 747.06 + 17.07 8) F1,49)= 126.15p < .001,¥2 = .53). Subjects responded on average
31 msfaster to matches than nomatchesatches: 707.00 + 17.03 ms; Aomtches: 738.46 £ 16.53
ms; Fa.49)= 20.82,p < .001,¥2 = .15).Workload and probe typeere further qualified by an ordinal
interaction E1,49)= 23.17,p < .001,¥2 = .09 Figure4.9) which was in turn qualified byworkloadby
probe typeby responder group interactiof{49)= 3.89,p=.027,¥2 = .03, Dungi; = 26.12;Figure4.8;
Table 4.2). These interactions revealed that reaction time differences between match andtcion
trials withinhigh workloadrials were much smallerand even insignificant in the threey interaction
— compared tdow workloadtrials. Participants responded always, i. e. in lwathkload conditions,
significantly faster to matches than to Aoatches. Lastly, warm water controls resporfdsts than
bothlow and high responders, liow workload—non-match andigh workload-matd trials. Low and

high responders did not differ significantly from each other in their reaction times.
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Figure 4.8: Mean reaction times for theorkload by probe typeby responder group interaction. Stardlarror
bars are omitted here, because they obstruct the clarity of the figure. Standard errors can beTtaiied.i
Red stars mark differences between warm water controls and both low and high resfindestars mark
differences within responder groups between iffie workload angrobe typeconditions.

Table4.2: Mean reaction time€S. E) in msin the Sternberg tasior the workloadby probe typeby responder
group interation. Differences exceedinQunnyi: = 26.12are significant.

Responder Group

Warm Water Controls Low Responders High Responders

Match 667.64 (28.16) 682.33 (29.98) 674.78 (29.08)
Load3 onMatch 698.07 (27.03) 731.67 (28.78) 735.89 (27.92)
Match 717.55 (29.72) 754.18 (31.64) 745.52 (30.69)
Load’> - onMatch 741.90 (29.02) 757.98 (30.89) 765.23 (29.97)

Sternberg Taski Errors. Error rates rangeftom .83to 23.75 % (median: 6.25 %). Higher
workload led to more errors (load 3: 2.51 + .30 %; 16ad.84 + 39 %f (1,49 = 90.81,p < .001,¥2 =
.45). Subjects made more errors when responding to matches thannatobes (match: 4.92 + .52
%; nonmatch: 2.43 £ .22 %% 1.49)= 28.88,p < .001,¥2 = .20). These effects were further qualified by
an ordinal interactiorfF .49 = 16.31,p < .001, ¥2 = .07, Dungi = .56 [critical difference relates the
absolute amount of errorsFigure 4.9). Sex and probe type (match vs. froatch) interacted
significantly (@49 = 6.57,p = .014,%2 = .05, Dungi = 1.03 [critica difference relates the absolute
amount of errors]). Only males made significantly more errors to matches (5.27 + .75 %) than to non
matches (1.58 + .32 %). The pattern in females was the same but error rates did not differ significantly
between matchegl 68 + .72 %) and nematches (3.27 + .31 %). Males and females did not differ in

their total amount of errors.
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Figure4.9: Mean eror ratest S. E.(left panel) andneanreaction times S. E.(right pane) for theworkloadby
probe typdnteraction. All differences within each dependent variable domain are significant.

Electrophysiological Data
Sternberg Taski Clustering Results.Average scalp maps of all ICs of each cluster and their

corresponding resighl variance are shown Kigure4.10. Dipole locations for all ICs in these clusters

are depicted id\ppendix E

Left Frontal Cluster Midline Frontal Cluster Right Frontal Cluster
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‘ I_|
y )
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Figure4.10: Final dustersof independent components-found for 8ternberg-taskor all six regions of interest.
For ICs in these clusters phaseplitude coupling was calculated either within the frontal clusters or between

frontal and parietal clusters.

R.V.483%

Sternberg Taski Initia | Screening for PhaseAmplitude Coupling in Nine Networks. Only
coupling within the left and right frontivontal network (i. e. coupling within one source) was found to
be significant over the whole sample and all conditifffigure 4.11). The screening indicatetthat
gamma amplitude was nested within the beta cycle. Also-betscoupling within these two fronto
frontal networks showed the tendency for significaiBased on these screening analyses, all further
analyses were restricted to the left and right frdrdatal networks.In addition to the here evident
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pattern of betagamma coupling, some subjects also showed-thetta coupling. However this was not
a characteristic of the majority of subjects.
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Figure 4.11: Screening of nine networks for phasaplitude coupling within th&ternberg tasksee titles of
panels for network name). Frequency pairs within the white triangle at the right bottom corneotveadeulated
because they represent frequency pairs whleaseproviding and amplituderovidingfrequency bansloverlap

Only the left and right frontdrontal network exhibit significant phasenplitude coupling between beta and
gamma frequencies (uppright corner) as well as indicate potential coupling between delta and beta (lower left
corner). Zvalues > 1.99 are ceidered as significant couplinglere greyscale shading is chosen to enhance the
difference between significant and nonsignificanigong.

Sternberg Task i PhaseAmplitude Coupling in Fronto-Frontal Networks. Coupling
between betand gamma was significaifb.40 + 1.15)and significantly different from all other
frequency pairsdeltabeta [1.07 + .19], deltgamma [.18 £ .05], thetheta [.78 + .24], thetgamma
[.24 £ .07];F@,106= 17.05,p < .001,¥2 = .19, Dungi = 2.15).Neither of the other frequency pairs
exhibited significant coupling nor differed between each other in their coupling str&igihed.12).
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Figure4.12: Comodulogram during the Sternberg task of the frdrantal network averaged over hemispheres,
blocks, trial types, and experimental groups. The bar plot shows meanatmaindices+ S. E.for each
frequency pair. The red line marks the significance threshold. Please note that axe$osahkngomodulogram

is different from that irFigure4.11. Here coloured shading is chosen to enhanceiNigibf modulation index
graduation.

The preferred phase of begjammacoupling is 40° to 60°, representitige range of decreasing
phases of the loirequency oscillationamplitudesare lowest at140° to-120°, representing the range
of increasing phses of the lowrequency oscillatiorfFigure4.13).
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Figure4.13: Phaseamplitude plots for each frequency pair and its corresponding standardised modulation index
value (ML) for the Sternberg taskMeanamplitudes are averaged over all participahtsnispheredlocks, and
trialstypes.

Furthermore therevas a small block by probe by responder group interadtigre(= 4.23,p
=.020,¥2 = .03, Dunai = .54;Figure4.14, Table4.3). Please note that for reaction times there was a
workload by probe by responder group interaction, here however block interacted with probe and
responder group.
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Figure4.14: Mean modulation indices for the block pyobe typeby responder group interaction. Standard error
bars are omitted here, because they obstruct the clarity of the figure. Standard errorfound ibeTable 4.3.
Red stars mark differences between warm low responders and both water controls and high re$Spertlass.
star marks the difference within low responders between block llackibfor the match awdition.

Table4.3: Mean modulation indices (S. E.) in the Sternberg task for each block, probe type, and responder group.
Averaged over hemispheres, frequency pairs, workloads, and S@tess printed in bld represent significant
coupling. Differences exceeding Dunr+ .54 are significant.

Responder Group

Warm Water Controls Low Responders High Responders
Match 1.48 (.41) 1.64 (.43) 1.25 (.42)

Block 1
NorMatch 1.20 (.43) 1.92 (.46) 1.37 (.44)
Match 1.02 (.46) 2.47 (49 1.40 (.47)

Block 2
Non-Match 1.15 (.45) 2.23 (498 1.30 (.47)

There was a small interaction betwdemisphergblock responder group and se{aq) =
4.07,p = .023,¥2 = .03, Dunni = 1.85 Figure4.15, Table4.4), which revealed that only male low
responders had significantly incredphaseamplitude coupling strength the second compared to the
fir st blockin the left frontefrontal network. Because of this increase, in block 2, their coupling strength
was significantly higher in the left compared to the righiisphereFurthermore, because of this
increase, in block 2, low responders had sigaiftty stronger coupling than both warm water controls
and high responders. There were no other significant responder group differences, neither in females
nor in males. Furthermore, neither females nor males exhibited any other significant differences in
coupling strength between left and rigtgmispher@r coupling strength changes from block 1 to block
2. There were however differences between sexes in their coupling strength. Males and females of the
low responder group differed in their coupling stitbnip block 2 for both left and rightemisphere
Males had stronger coupling than females in the left hemisphere, while females had stronger coupling
than males in the right hemisphere. High responders showed significant sex differences in the right

hemigphereduring block 1, where females exhibited stronger coupling than males. These coupling
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values are averaged over all frequency pairs, as the factor frequency pair did not contribute to this

interaction.
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Figure4.15: Mean modulation indices for themispherdy block by responder group by sex interaction. Standard
error bars are omitted here, because they obstruct the clarity of the figure. Standard erroisuratilables.4.

The ed star markthe differencéetween low responders and both warm water controls and high resp&taers.
stars marksignificant coupling strength differences within low responders. Green stars mark differences in
coupling strength beteen sexes for otherwise constant conditions (light green: low respondehgntésphere

block 2; medium green: low responders, rig@misphere, block 2; dark green: high responders, right hemisphere,
block 1). For a simplified graphical depiction oftteffect sed-igure4.23.

Table4.4: Mean modulation indices (S. E.) in the Sternberg task for each hemisphere, block, responder group, and
sex. Averaged over freqoey pairs, workloads, and probe typ®alues printed in bold represent significant
coupling. Differences exceeding Duar 1.85are significant.

Responder Group

Warm Water Controls Low Responders High Responders
Left Block 1 1.26 (93) 2.31 (87) .97 (.87)
Hemisphere Block 2 .66 (1.22) 4.53 (L.15) 1.33 (1.15)
Males Right Block 1 2.09 (69 .67 (.65) .58 (.65)
Hemisphere Block 2 1.59 (.63) .72 (.59) .72 (.59)
Left Block 1 .93 (.76) 2.13 (93 1.14 (.87)
Hemisphere Block 2 .69 (1.00) 1.48 (1.22) 1.38 (1.15)
Females
Right Block 1 1.09 (.56) 1.99 (69) 2.55 (65)
Hemisphere Block 2 1.40 (.51) 2.67 (63 1.95 (.59)

Sternberg Taski Correlations between modulation indices and reaction time8ehaviour,
in form of reaction timessignificantly and positively correlated with modulation indices within the left
hemispherdor betagamma couplingThis was only true for match trials, except match trials in block
2 for high workload. Significant arrelations explaied 7 to 16 % of variare (according to r?).
Correlations for nomatch trials and match trial in block 2 for load 5 did not become significant

Furthermore, thetheta coupling modulation indices were consistently negatively correlated with
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reaction times in the left hemisphehe both blocks these correlations became only significant for high
workloads (load 5). Additionally some correlations in other frequency pairs became significant.
However, no specific patterns emergedsiBve correlationgeflect that the higher the rdolation
indices, the longer the reaction timég¢egative correlationsreflect that the higher the modulation
indices, theshorterthe reaction timesAll exact correlation values can be foundriable4.5.

Calculating correlationseparately for responder groups did not reveal systematically different
correlations patterns (data not shown). Calculating correlations separately for sexes however did reveal

systematically different correlations patterns for klggtenma couplingRigure4.16) . Femal es rece
times and modulation indices were significantly correlated within the left hemisphere explaining 15 to

34 % of variance. Two correlations (block 1/low workloadAneaitch and block 2/high workload/non

match)did not reach significance. In the right hemisphere correlations were weaker explaining between

1 and 11 % of variance but nevertheless were consistently positive. Males did not show any significant
coupling between reaction times and modulation indibas,descriptively showed a very different

pattern of correlation strength than females did. For males, especially the right hemisphere showed a

consistent pattern of negative correlations in block 1 and zero correlations in block 2.

Table45: S p e a r maaorrektiomsdtetaveen modulation incesand reaction times in th8ternberg taskor
eachhemisphergfrequency pair, block, and trial type. Significant correlations are printed in bold.

Frequency Pair

Delta Delta Theta Theta Beta

Beta Gamma Beta Gamma Gamma

(N=55) (N=55) (N=55) (N=55) (N=55)

Match A2 -.08 -.14 .15 27*
Load 3

Block 1 Non-match .07 - 47 -.10 .15 A1

Load 5 Match A1 17 - 2¢ -5 A40**

Left Non-match -.05 -17 -.32* .07 A1

Hemisphere Match -.08 -2 -.06 .06 .28*
Load 3

Block 2 Non-match .02 -11 -.19 .19 .05

Load 5 Match -.05 .07 -.30* .04 A1

Non-match -.10 A1 -.28* A2 .10

Match A2 .16 12 -11 14
Load 3

Block 1 Norrmatch .00 -11 -.01 .08 -.01

Load 5 Match .01 17 .04 21 .08

Right Norrmatch .28 -.04 . 2¢ - 2¢ -.03

Hemisphere Match -.08 .01 -.03 -.16 .07
Load 3

Block 2 Non-match .07 34 .02 -.06 A1

Load 5 Match A2 .15 .04 .16 .18

Non-match 21 .00 .15 .02 .08

*p<.0l.%< . @&.10. T
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Figure4.16: S p e a r macorirelationdetaveen modulation incesand reaction times in tHeternberg taskor
betagamma coupling imachhemisphergblock, and trial typseparately listed for females and mal&ggnificant
correlations arenarked with a black stgp < .05)

4.3.5 Attention Network Test

Behavioural Data

Attention Network Test i Reaction Times.There was a&ignificant main effect blockH(1 .49
=7.97,p=.007,¥2=.06), indicating a practice effect: participants becanmsverage 13 seconds faster
in the second (618.86 + 8.55 ms) compared to the first block (631.73 + 9.7Thm® was a significant
main effect cue typeH(z 147= 534.69p < .001,¥2 = .88)with monotonically decreasing reaction times
from no cue over central and double to spatial cue. All differences were significant. Additionally there
was a significant main effect target typ€zbs) = 145.15,p < .001,¥2 = .64) with monotonically
decreaing reaction times from incongruent over congruent to neutral targets. All differences were
significant. These two effects were further qualified by a small ordinal interaction cue by Fgat (
=4.94,p<.001,¥2 = .03, Dungi = 10.42). Mean raction times and standard error for this interaction
are depicted ifFigure4.17. All differences are significant except the following three: reaction times
between centre and double cue did not differ for neutral and congruerdnidaleaction times between
neutral and congruent trials did not differ for spatial cues. The block by target type interaction became
significant Ep,08= 7.47,p=.001,¥2 = .04, Dungi = 6.81, Table4.6), displaying smaller reaction time
differencesetween target types block 2, compared to block 1. Furthermore reaction time differences
were larger for incongruent than for neutral and congruiats. The main effect sg¥f(1,49)= 5.41,p =
.024,¥2 = ,07) was furthequalified bya cue typéy sex interactionFs,147y= 7.33,p < .001,¥2 = .08,
Dunn.it = 12.20),showing thaimale participants (604.71 + 12.78 nasegenerally 41 secondsdier
than females (645.89 + 12.26 ms). Additionally males do not show reaction time differences between
centreand double cue, while females dadure4.17). Other significant effects did not explain more

than 3 % ofvarianceand are therefore not reported here.
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Figure4.17: The kft panel showsneanreaction timest S. E. for the cue type by target type interaction. All
differences except the labelled ones are diganit. Right panel showseanreaction time& S. E. for the cue type
by sex interaction. All differences except the labelled ones are significant.

Table4.6: Mean reaction times (S. E.) in rfa the attentin network tesfor the block by trial type interaction.

All differences are significanQunn.i = 6.81). However, differences between target types become smaller in the
second compared to the first block. Furthermore difference is largest for incangialetompared to both other
target types.

Trial Type
Neutral Congruent Incongruent
Block 1 603.03 (8.87) 615.11(9.29) 677.07 (11.94)
Block 2 594.11 (7.87) 605.87 (8.78) 656.60 ( 9.86)

Electrophysiological Data
Attention Network Test i Clustering Results.Scalp maps of the mean IC activations of each

cluster and their corresponding residual variance can be fouRjumne 4.18. Dipole locations are
depicted inAppendix E
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Figure4.18: Final dusters-ofiindependent components:found for-the attention-networotest six regions of

interest. For ICs in these clusters phas®litude coupling was calculated either within the frontal clusters or
between frontal and parietal clusters.
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Attention Network Test 1 Initial Screening for PhaseAmplitude Coupling in Nine
Networks. Only coupling within the left and right frontioontal network (i. e. coupling within one
source) was found to be significanteothe whole sample and all conditidosalerting, orienting, and
executivecontrol Figure4.19, Figure4.20, Figure4.21). Thescreening indicated that gamma amplitude
was nested within the beta cycle. For executive control, alseluhiacoupling within these two fronto
frontal networks showed the tendency for significaiBased on these screening analyses, all further

analy®s were restricted to the left and right frefrantal networks.
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Figure4.19: Screening of nine networks for phas@plitude couplingvithin thealerting network otheattention
network tes(see titlesof panels for network name). Frequency pairs within the white triangle at the right bottom
corner were not calculated because they represent frequency pairphdmseroviding and amplitud@roviding
frequency bansl overlap Only the left and right froto-frontal network exhibit significant phasenplitude
coupling between beta and gamma frequencies (upper right cornexues > 1.99 are csitlered as significant
coupling Here greyscale shading is chosen to enhance the difference between sigaifttardnsignificant
coupling.
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Figure4.20: Screening of nine networks for phasmplitude couplingvithin the orientig network ottheattention

network tes(see titles of panels for network name). Fregyepairs within the white triangle at the right bottom
corner were not calculated because they represent frequency pairphdsgeroviding and amplituderoviding
frequency banrsl overlap Only the left and right frontérontal network exhibit significat phaseamplitude
coupling between beta and gamma frequencies (upper right cornefues > 1.99 are csitered as significant
coupling Here greyscale shading is chosen to enhance the difference between significant and nonsignificant
coupling.
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Figure4.21: Screening of nine networks for phasaplitude couplingvithin the executive contraietwork ofthe
attention network tegsee titles of panels for network name). Frequency pairs within the whitgl&iat the right
bottom corner were not calculated because they represent frequency pairphasepFoviding and amplitude
providing frequency barsl overlap Only the left and right frontrontal network exhibit significant phase
amplitude coupling étween beta and gamma frequencies (upper right camergll as indicate potential coupling
between delta and beta (lower left cornerualues > 1.99 are csitlered as significant couplingere greyscale
shading is chosen to enhance the differencerdmst significant and nonsignificant coupling.
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Attention Network Test T PhaseAmplitude Coupling in Fronto-Frontal Networks.
Coupling between beta and gamma was significant and significantly different from all other frequency
pairs (alertingFa 196y = 2545,p < .001,¥2 = .26, Dungi = 2.24; orienting¥@,106)= 24.95,p < .001,
¥2 = .26, Dungi = 2.28; executive controF,196)= 26.54,p < .001,¥2 = .27, Duna = 2.86;Figure
4.22, upper row). Neither othe other frequency pairs exhibited significant coupling nor differed
between each other in their coupling strength. Men exhibited overall stronger coupling than women
(alerting:F(1,49)= 4.38,p = .042,¥2 = .06; orientingF(1,49)= 5.50,p = .023,¥2 =.08; eecutivecontrol:
Fa49=5.18,p=.027,¥2 = .07). The main effects were qualified by a frequency pair by sex interaction
(alerting:F,106)= 4.01,p = .049,¥2 = .04, Dunai: = 3.54; orientingF,196)= 4.68,p = .034,¥2 = .05,

Dunni = 3.60; executive antrol: Fa,106)= 4.22,p = .044,¥2 = .04, Dungi; = 4.51;Figure4.22, lower
row), revealing that men solely exhibited stronger {ggtanma coupling than women, while sexes did

not differ in theircoupling strength of other frequency pairs.
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Figure 4.22: Comodulogramduring the attention network tesf the fronto-frontal network averaged over
hemispheres, blocksgiial types andexperimental groupsTheline plot shows meamodulation indices S. E.

for each frequency paémd separately for males and femakad stars mar&ignificantdifferences betweemales
and femalesThe red line marks the significance threshold. Please note that axeg et#iie comodulograris
different from that inFigure 4.19, Figure 4.20, andFigure 4.21. Here coloured shading is chosen to enhance
visibility of modulation index graduatiorDB: DeltaBeta; DG: DeltaGamma; TB: Thetd8eta; TG: Theta
Gamma; BG: Bet&#isamma.
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Attention Network Test i Correlations between modulation indices and reaction times.
Exact correlatios for each network and condition can be foundTable 4.7. Potentially relevant
patterns of correlations between modulation indices and reaction times emétigacthve alerting
network for thetegamma coupling and beg@amma coupling as well as within the executive control
network for betsagamma copling. The orienting network revealed nearly no significant correlations.

For the alerting networ k, femal es’ -ganemact i on
phaseamplitude coupling strength within the left hemisphere, for both cue types (nw?cuelp],
double cue [r2z = ,18]), but only in block 2. Fur
with betagamma phasamplitude coupling strength within the left hemisphere during the entire
experiment (both blocks and both cuetype® 8 < r2 = . 18) . Even though
double cues in block 1, this correlation was almost as large as the others, also being positive. Males did
not show consistent correlation patterns within the alerting network and exhibited matjzive
correlations, compared to females, which exhibited rather positive correlations.

For the executive control net wor k, f emal es’
modulation indices within the left hemisphere. This was only significarcongruent and incongruent
trials in block 2. However, all correlations in the left hemisphere were positive similar in magnitude (.06
< rz = .23). Mal es on the contrary, exhibited n
gammaphaseampitude coupling within the left hemisphere, which were only significant in one case
(block 1, congruent trials), but nevertheless were highly similar, all being negative and of similar
magnitude (.03 < rz = .20).

4.4 Discussion

This study examined whether ests influences working memory and cognitive inhibition
performance, both being core executive functions. Furtherniorgas examined whether phase
amplitude crosfrequency coupling is a physiological marker of these core executive functions and is
similarly influenced by stress like behavioural measures are expected to be. To test the specificity of
expected associations between stress, executive functions, aneapipisede coupling, the same
relationship was investigated for the entire attention systecording td?osner and Peters€f90)

The stress manipulation was successful. Only high responders had statistically significant
increased cortisol levels compared to the baseline measurements and additionally exhibited cortisol
increases that are considgreiologically significant(Miller et al., 2013) In contrast to the previous
experiment, low responders in this study are subjects truly exhibiting eortisol response, which is
below the biological significance criterion (1.5 nmol/l), not statistically significant, but nevertheless
reflects an absolute increase of cortisol levels in response to the SECPT in eachi$wbyeatm water
control groy was neither physiologically nor psychologically stressed. Cortisol least slightly

decreasgover the course of the experimgas is normal for humans in the afternoon hoBtsjective
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Table4.7: Spea r ma n 'carrelatidngetween modulation indesand reaction times in thattention network
test for each attention network (a) alerting, b) orienting, c) executive control) sepévatebchhemisphere
frequency pair, block, anclie ortrial type. Significant correlations are printed in bold.

a) Alerting Females Males
DB DG TB TG BG DB DG TB TG BG
o No Cue -43 .13 -36 .19 .37 .06 .02 -31 -14 -22
@ Block 1
&5 Double Cue .17 .04 -13 .06 .28 -25 -19 .07 -22 -42
TR
- g No Cue 33 .04 -22 39 .43 -23 -04 -23 .06 -17
@ Block 2
T Double Cue .14 .02 .21 43 .42 .03 .04 -16 -47 -17
o No Cue .01 -22 -11 -13 .07 .08 -17 .03 -29 -15
© Block 1
25 Double Cue .05 .07 .19 .02 .00 -16 -10 -16 -14 -12
o 0
X g No Cue .07 -15 .02 .11 .00 -29 32 -34 -04 .06
© Block?2
I Double Cue .05 -24 -17 -09 .02 -03 -01 -63 -07 -08
b) Orienting Females Males
DB DG TB TG BG DB DG TB TG BG
o CentreCue -08 -12 .06 -18 .28 .01 -21 -02 .17 -31
© Block 1 .
& 5 Spatial Cue -01 -22 .16 .14 .26 .02 05 .00 .14 -34
TN
- aE) Block 2 CentreCue -10 -11 -27 -03 .35 28 .02 .07 -26 -.28
oc
T Spatial Cue 25 .04 01 -15 .26 -26 -40 .02 -42 -26
o CentreCue 21 .27 -25 -16 -.08 -36 -14 .07 -28 .05
o Block 1 )
_‘g) s Spatial Cue .02 -13 -06 -20 -20 -27 .02 -30 -02 -05
2 0
@ g CentreCue -20 -14 -28 .13 .00 -13 -09 -15 -09 .13
o Block 2 .
T Spatial Cue .06 -17 .12 -14 -10 -04 -10 -20 -18 -.01
c¢) Executive Control Females Males
DB DG TB TG BG DB DG TB TG BG
Neutral -11 -21 06 -21 31 -01 .07 -25 -09 -34
©  Block1l Congruent -11 .24 -20 .12 .24 -30 -09 -04 -22 -45
()
& S Incongruent .25 .03 -05 .01 .32 .04 -06 .01 -16 -28
TN
- aE) Neutral -07 -16 -04 .04 .30 22 -41 26 -32 -18
T Block2 Congruent .02 -17 .09 .36 .38 -28 -16 -34 -03 -29
Incongruent .05 33 .04 -03 .48 -18 -18 -06 -19 -17
Neutral .09 .18 .01 .33 -19 -27 26 -20 -31 -11
% Block 1 Conguent .04 -20 -16 .21 .12 .07 -20 .08 -22 -04
285 Incongruent 12 -03 -03 -23 -13 .00 -04 -33 .15 -03
(o BN
x 'a% Neutral .08 -41 -07 .33 -11 -22 .04 -47 -07 -05
T Block2 Congruent 34 21 -09 .12 .09 -27 -02 -24 -23 .05
Incongruent -.02 -50 .11 -23 -09 .06 .01 -17 -08 .06

p <.05
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stress ratings reflect the endocrinological stress response: warm water controls were neither stressed,
nor did they feel pain, unpleasantness, or difficulty in the situation in contrast to bo#ndbhigh
responders, which were subjectively stressed. Interestingly, low responders reported significantly less
stress than pain, unpleasantness, and difficulty in the situation, which is reflected in the low cortisol
increase. Warm water controls, hayito face the same reserved experimenter but not go through the
difficult and painful cold water procedure, reported more unpleasantness than pain and experience of
difficulty in the situation.

In addition to the endocrinological stress response, theosastiular stress response to the
SECPT was assessed via blood pressure measurements. As expected, systolic and diastolic blood
pressure significantly increase in subjects being exposed to the cold water, senanthiab

manipulation checkvelasco et al., 1997)

4.4.1 Working Memory, Stress, and PhaséAmplitude Coupling

Typical Sternberg results were replicated in this experiment, underlining the validity of the
working memory task. Suégtsgenerallyresponded faster and made less errors in low workload trials
than in high workload trials. Thegenerallyresponded faster but made more errors in match trials than
in nortmatch trials. Reaction time data is explained by an exhaustivessariah of the encoded list of
consonants for a possible matghsman & Idiart, 1995; Sternberg, 1973rror data indicatethat
subjects more oftefalsely reject a probe, assumingly not knowingether the probe had been part of
the list, tharthey do falsely remembéiaving seem probe theylid notactually see.

Stress did not generally influence working memory performance. The only responder group
differences that were found existed throughibet whole experiment and were thereby not caused by
the SECPT. Furthermaréhat effect explained only 3 % of variance and was therefore very ,small
especially when compared to other behavioural effects (e. g. workload explaining 53 % of variance).
The effect revealed that the warm water control group consisted of subjects that responded faster than
subjects allocated to the cold water condition. This performance advantage was especially present in
more difficult trial types.

There were barely any sex diffmces in working memory performance, with the exception that
men committed more errors to matches (not remembering corhestiggseen the probe in the list)
than to nommatches (thinkinghey hadseen the probe in the list, even if it was not presén®dmen
committed equally often errors to matches andmatches. Sexes committed overall the same amount
of errors.The interaction explained 5 % of variance.

Phaseamplitude coupling analyses replicated the finding of highly significantdeatama
couging in the third executive functioning domainworking memory. In addition to having been
replicated within the same, purely male, sample in the previous study, heigabetea coupling is

replicated in an independent sample, additionally comprisedvilés. Therefore this finding is very



CHAPTER 4 — WORKING MEMORY AND ATTENTION UNDER ACUTE STRESS 127

promising and strengthens the assumption that-dgstana coupling isaccompanyingexecutive
functioning.

Again, there is neither a clear modulation of pkasplitude coupling strength by the task
demands nor by stred¥evertheless, a small stress effect, explaining about 3 % of variance, is observed
in this paradigmNone of the groups and conditions differed in their coupling strength, excepale
low responders wishowed markedly increased phaseplitude couphg after the SECPT compared
to before the SECPT in the left hemisphere. Due to this increase theyithiginck 2— differed in their
coupling strength from female low respond&rarm water controlsand high responde(Eigure4.23).

This indicates that male subjegtho are stressdulit cope quite well with this stressor (low responders)
benefit from the experienced stress. The benefit is here defined as higher coupling strength, which is
assumed bubhasnot yet proen to measure neuronal information transfer efficientikewise, two

other sex differences became apparent. Females had higher coupling strengthlésaim the right
hemispherevhen they belonged to high responders (valid in block 1) and low responders(‘addick

2). These two differences were rather small compared to the differences driven by tHewnale
respondersoupling strength increase in block 2.

Thetabeta coupling, even though not found to be generally significatite entire sample,
exhibitedan interesting correlation pattern with reaction times in the Sternberg working memory task.
Throughout the left hemisphere, phaseplitude coupling strength for this frequency pair was
negatively correlated with reaction times of the sample. Thesdat@mns became significant only for
high workloads, dispfly i ng ef fects sizes between .06 < r2z 2
times, the stronger thetzeta coupling strength.

male low responders
low responders
° o O— o T PIER g e : ————————— )

high responders

modulation
index

Bl B2 BI B2 Bl B2 BI B2
Left Hem. Right Hem. Left Hem. Right Hem.

Females Males

Figure4.23: Simplified schematic depiction of timiemisphere by bldcby responder group by sex interaction (cf.
Figure 4.15). Only male low responders show significantly increased paapditude coupling in the left
hemisphere in block 2, after the SECPT. Thereby they differ from all otherggadtipis time point. Furthermore,
females show slightly stronger coupling than males in the right hemisphere, but this is only true within high
responders in block 1 and low responders in block 2. Black lines display the average of all respondeByroups.
Block 1 (before SECPT); B2: Block 2 (after SECPT); Hem.: Hemisphere.
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Similar to the flexibility task reported in the previous study, {getama coupling was
positively correlated with reaction times within the left hemisphere. However, significaatations
did not occur in block 1 and disappeared in block 2 as for the flexibility task, but were solely present in
match but not in nomatch trials (with the exception of block 2 match t)idtshis correlation reveals
that coupling strength increases reaction times increase. Phasgplitude coupling was only
calculated for correct trials. Thereforaatch trials are trials in which previously presented stimuli are
correctly recognized. In nematch trials false probes are correctly rejeclidds correlational pattern
might be explained by the varying positions of the matghroben the encoded list. Subjects see either
three or five consonanend the matching probe appears equally often at each possible pddikon
exhaustive serial searclygothess assumes that subjects replay all itevhshe encoded lisin the
correct order, and stop the search when the probe stimuli matches a stimuli of Thetigt, matches
in early positions are detected fagi®ternberg, 1975)f phaseamplitude coupling is only present until
subjectddentify the match in the encoded Jiiten coupling should be present until the response and
absent after the respon3énen presece of coupling would be shorter for trials where matches appear
in early positions. Shorter presence goes along with less coupling strength (cf. 2hapdehus shorter
reaction times should be associated with less cayglirength. Furthermoyreeaction times in non
match trials should be rather homogenous, because the entmeidisalwayde scannedhence non
significant correlations are fountbr nonmatches.Descriptively, variance of reaction times is
consistently but only slightly, smaller for neamatches compared to matches (Eable 4.2). The
positive correlation was driven by female participgifigure4.16). Men rather showed null or even
negative correl&ns, but most importantly no clear pattern in the left hemisphere. Even though
insignificant, correlations for males in the right hemisphere between-phgdéude coupling strength
and reaction times were rather negative in block 1 and disappearextkn2blThis sex difference is
both interesting and problematic as will be further discussed in sdctich

How do phasamplitude coupling findings compare to behavioural findhBer reaction
times it was found that warmvater controls responded generally faster, but did not commit more errors
than both other groups. This speed advantage was only significantmatoh trials in low workloads
and match trials in high workloads. For phaseplitude coupling, male low respders stick out. They
exhibit stronger coupling in block 2. Thuslectrophysiological and behavioural results do not
correspond. This is the third experiment, this time in an independent sample comprised of males and
females, that shows that behaviowatl phas@mplitude coupling data do not easily match. However,
in contrast to the previous experimegitoup differences in phasemplitude coupling are driven by
experimental blocks and theredopossibly represent stress effects. Group differences diegar
behavioural data on the other side are hard to expgdairare very small, especially when comparing

them to usual effects sizes of behavioural data.

26\Whether the missing correlation between reaction times and-phgsléude coupling strength in block 2 match
trials is systematic or originates from coincidence cannot be conclusively clarified here and awaits replication.



CHAPTER 4 — WORKING MEMORY AND ATTENTION UNDER ACUTE STRESS 129

In summary, there is a subtle hisbming from electrophysiological coupling data that low
respone@rs might profit from the experienced stress. This association relies on the assumption that
coupling strength reflects neuronal information transfer efficiency. More importantlygaetaa
coupling is replicated for the third core executive function wayknemory, showing that it is a robust
phenomenon during executive functioning. Even though behaviour andghatifide coupling vary
according to task demands, stress experiegmug sex, the patterns of variation do not reveal a clear
picture. This caclusion resembles the one formulated in the previous chapter. A thorough disquisition

of possible reasons will be presented in@aneral Discussion

4.4.2 Attention, Cognitive Inhibition, Stress, and PhaseAmplitude Coupling

Typicalfindings for the attention network test were replicated. Reaction times became faster the
more precise the warning cue waike longest reaction times were detected when no cue was presented.
Alerting the subject via warning cue while maintaining diffuag@ntiondid decreaseeaction times,
but less than cues thalsa oriented attention to the correct target position. Furthermore, subjects
responded fastest to targets that were not flanked by symbols similar to the target. However, if the
flankers aradentical to the target, and therefore do not evoke an inappropriate response, reaction times
are almost as fast as without distracting flankers. Flankers which evoke incorrect responses slow down
reaction timesnassively. It was further found that pantiants are able to improve their performance in
this task by practice. Practice especially decreases the effect of flankers. Subjects are better capable of
responding rapidly irrespective of flanker type.

Stress did not affect performance in the attentietwaork test. While it was not necessarily
expected to influence alerting and orienting, it was indeed expected to worsen executive control. Not
many studies have investigated stress effectognitiveinhibition using the flanker task as is done in
the dtention network test. The earlier reported rretalysis of acute stress effects on executive
functioning(Shields et al., 2016¢ports exactly one studising the flanker paradig(®ato, Takenaka,

& Kawahara, 2012) According to the metanalysis,Sato et al.(2012) report slightly enhanced
inhibition after stress; howevghe confidencéntervalof the effect size calculated in the matzalysis

is very large and includes a null effect. Heat stress was found to worsen executive control, but whether
heat actually elicited psychological or physiological stress was not as¢8aseet al., 2012)Another

study found generally faster reactiomésin a selective attention tagifter a TSSTCornelisse et al.,

2011) This TSST did not elicit an endocrinological stress response, but led to increased subjective
stress. In summary, even though there is more evidence for detrimental stress effects on cognitive
inhibition, it is not yet clear whether the flanker paradigm is an ideal task to measure these effects.

In contrast to stress, sex modulated performance in the attention network test, explaining 8 %

of variance. Malegenerallyresponded faster than femal€arthermorema | e s reaction ti
differ between central and double cues. Both cue types alert the subject and give temporal information

about when the target will appear but either orient the subject to the centre of the screen or diffuse
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attentiontd¢ he entire screen. While women profit from
differ between diffused anfdcal attention. There are nearly no studies reporting sex differences in the
attention network test, few exceptions,doe exampleliu, Hu, Fan, and Wan(2013)or Neuhaus et

al. (2009) which howevedo report other sex differences than were found in this experiment. A possible
explanation for the here found sex differences might be the adeaotagatial ability in male@.inn

& Petersen, 1985; VoygVoyer, & Bryden, 1995)

It was again betgamma coupling that was found to be strongly present. None of the other
frequency pairs exhibited significant coupling. Because phagditude coupling was calculated
averaged over the whole trial, this resslhot surprising. In each trial, a flanker task has to be solved
and therefore in each trial executive control is potentially needed. To averagapimisede coupling
across the entirérial might appear unpropitioushen having aimed to disentanglestzaattention
processes from executive control. However, thetauget interval in the attention network test is only
500 ms. Chapte2 had shown that this trial lengthtoo short for finding coupling even if it is present.

This topic will be discussed at full length in tBeneral Discussion

The first central research question addressed by this work was whether stress modulates phase
amplitude coupling and executive functions. No support for thmotineses that stress decreased
cognitive inhibition abilitywas found, neither electrophysiologically or behaviourally. The second key
research question was whether phasglitude coupling strength and inhibition performance
correspond. It was found thaehavioural and electrophysiological dataleed corresponébr the
attention network test. Male participants performed overall significantly faster than female participants.
Error rates are naturally low in this taskibjects simply have to determine ttlieection of an arrow,
which is visually present throughout the response pefimt meansna | es’ per f or mance w
better t hangahmnambBasamglitude cdBm@ingavas correspondently generally higher in
males than in females. This riétanship was present during the entire task and did not depend on or
changed for certain task conditions (block, cue types, trials types). It was further present in the left and
right hemisphee. The hypothesdhat phas@amplitude coupling reflects a cagwe mode that enables

organisms to successfully execute higher cognitions by paralleling different basic prossssesto

be confirmed here. Mateshowed overall stronger coupling while simultaneously exhibiting overall
better performance than femal&mall taskdependent differences reaction timedvetween sexes, e.
g. males showing no difference in reaction times between centre and double cue, were not reflected in
phaseamplitude coupling.

In line with these results, male participants do shpedominantly negative correlations
between reaction times and phaseplitude coupling strength, particularly for bg&mma coupling
and particularly in the left hemisphere. Femalas the contraryshow rather positive correlations
between reaction timeand phasamplitude couplingalso particularly for betgamma coupling and

for the left hemisphere. This is the same finding as for the Sternberg task.
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There is no simple explanation for this difference between correlation dire¢towss already
disciwssed in the previous chapter, both correlation directions are conceivable and logically explainable.
It was initially guessed that negative correlations would be found, showing that the higher the coupling,
the better the information processing, the fasgtemreaction times. However, it is also conceivable that
the higher the coupling, the more executive control is required to successfully solve the task, i. e. the
more difficult the task is and hence the longer the reaction times. Additicmalyzondglanation for
positive correlations is conceivable. According to this explanation, fmapttude coupling would be
present as long as the task is executed, thahi# a response is made. The longer the reaction times,
the longer phasamplitude coufing is present, and hence for longer periods of plaasgglitude
coupling a higher modulation indéxfound.

However there is no reason to assume that different mechanism should be valid for males and
females.Even though there is the possibility,s rather unlikely thatery basiccognitive principles
will differ between sexes. Correlation coefficients represent on average small to medium effect sizes (r2
= .04), ranging between t 40 % explained variangeand should be replicated before further
interpretations are made.

Results indicate that coupling strength is higher for the executive control network than for both
other attention networks (alerting and orientifggure 4.22). This finding complies with #oretical
considerations of betgamma phasamplitude coupling to be a specific physiological marker of
executive functionswvhich can differentiate between executive functions and other cognitive domains
(e. g. attention). The finding that begamma copling is markedly (and also statistically, Fggpendix
F) weaker durindhasicattention processes than during executive control processes seems therefore to
be a proof of concept. However, there is a very simple, methodologjahation for this finding. In
chapter?, it was shown that the modulation index increases with increasing data length. Haloelach
andcue condition in the alerting and orienting netwd& trials of 3100 ms length wererncatenated,
resulting in a data length of 149 seconds for calculating the modulation indeadfadplock anthrget
condition in the executive control netwofd trials of 3100 ms length were concatenated, resulting in
a data length of 198 seconds ¢éaiculating the modulation index. That is, data length for the executive
control network is 33 % longer than data for alerting and orienting={gtire 4.24). It is therefore
expected to find higher phasenplitude coupling forxecutive control than for alerting and orienting,
simply because of data length.

Descriptive differences in coupling strength between cue and target types did not differ
significantly. This might be caused by methodological aspects. Reaction time dadaaksed in a
fully crossed ANOVA, disentangling performance for all cue and target types. -Rimadieude
coupling data on the contrary was analysed in three ANOVASs separately for each attention network and
averaged across the remaining cue and targedstfque type and trials type effects cannot be
disentangled). This was done to include sufficient amount of trials per condition and in order to keep

calculation time in reasonable limits.
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Figure 4.24: Schematic depiction of trials which were analysed for alerting, orienting and executive control
networks. This schema depicts which trial types overlap between the three networks and which do not. It also
depicts the maximal amount of trials contributingactetask condition. Each trial belongs to exactly one cue type
and one target type simultaneously.

In summary, no stress effest®re foundfor the attention system, including executive control,
but clear angbreciselyinterpretablesex effects on behavical and electrophysiological data were found,
which show that coupling strength can indeed be used to infer behavioural performance frem phase
amplitude coupling data. Correlations between coupling strength and reaction times reveal patterns
which are dificult to interpret especially regarding sex differences becoming apparent in the direction

of correlations.

4.4.3 Preliminary Conclusion

Briefly, this study showed that begmmma coupling is indeed an electrophysiological marker
accompanying executive funatis. Unfortunately, the aim of testing its specificity to executive function
and demarcatg it from a second cognitive domain (the attention system) failed out of methodological
reasons. For the attention network test, a clear association between ceuphiggh and performance
has been found. It should be emphasized that the here advocated clear pattern does only refer to sex
differences and coupling strengiind did not systematically vary with task demaratsstress Sex
differences found in the Stdyarg task were much more specific than in the attention network test. This
could explain why no systematic phasmplitude coupling strength variation is found in the Sternberg
task, while it is in the attention network test.

It seems that for the Sternlpeiask, as well as for flexibility and behavioural inhibition, other
parameters of phasenplitude coupling should be investigated as coupling strength did not vary
systematically with task demand@®ome major thematic and methodologic topics will be taigeim the

General Discussion
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5 General Discussion
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All information is imperfect. We have to treat it with humility.
Bronowski, 2011

5.1 Summary of the Findings

The introduction thoroughly presentte relevanceand importancef the studied topic: Are
executive functiongmplemented via phasamplitude coupling and can the repeatedly found influence
of stress on executive functions be explained by a modulation of-phgd#ude coupling strength?

Chapter2 showedthat there are at least twhaseamplitude coupling measures that meet the
requirements of being specific and sensitive to coupling strength and coupling Thdtsimulation
study also drewattention to several confounding factors which influence coupling strength. One
example is dta lengthwhich possiblyexplairs relevant resultsf chapter.

Chapters3 and 4 comprehensively investigated the topic of executive functions, phase
amplitude couphig and stressn two independent sample€xecutive functions were reliably
accompanied by begamma couplingln all tasks, typical behavioural results were replicated and
validity of the task was thereby confirmed. Solely thenggo task was unfavourgbdesigned for
interpreting behavioural results. Behavioural resoltsall other studiesshowed that trials where
executive functions are needed are more difficult for subjects, such that they displayed longer reaction
times or more errors.

As expectedgroups generally did not differ in their performance in any of the four tliskas
hypothesized that stressed papants, especially those with marked physiological stress respgnse
would (1) perform less flexilyl, (2) show better behavioural inhiioin, (3) show less cognitive
inhibition, and (4) show worse working memory performaaiter SECPT compared to before SECPT
and after SECPT compared to the control gréidgwever, stress was not found to influence executive
functions, excepto enhane flexibility performance.

It was hypothesized that phaamplitude coupling strength would vary in a similar manner as
performance variggor example, stronger coupling in trials that demand executive functions compared
to those that merely require simplepenses. Overall no such association was found. For task swjtching
coupling should have been stronger in switch compared to repeat trials. This pattern was only found for
the warm water control group. For the-igogo task, stronger coupling was expectedago compared
to go trials. In specific cases, the opposite pattern was fouhdverall findings revealed no systematic
differences. Stronger coupling was expected in higher workloads of the working memory task. No clear
expectations were made for rolaés versus nematches. No coupling strength modulation due to
workload was foundand also findings for probe types did not reveal a consistent pattern. For the
attention network testt was expected to find stronger coupling strength in incongruent areuio
congruent and neutral trials, but findings revealed no differences. It was expected that coupling strength

would not vary according to cue types, disentangling the basic attention procksdeding and
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orienting. These should not be dependemtpbaseamplitude coupling. Indeed, no modulation of
coupling strength by cue types was found.

It was hypothesized that groups would not differ in their coupling strength before the SECPT.
This was indeed the case, except for the task switching paradigme groups did differ in their general
coupling strength. Stressed participants, especially those with a marked physiological stress response
were expected to show (1) less coupling in task switching, (2) more coupling in-toggadask, (3)
less couplag in the attention network test for executive control, (4) no change in the attention network
test for alerting and orienting, as well & less coupling in the Sternberg tadter SECPT compared
to before SECPT and after SECPT compared to the comntngd. Analyses however revealed no change
for task switching and the attention network test for executive control. For theggotaskincreased
coupling was found, but only for the warm water control group. No changesrexayabd for the
attention nawork test for alerting and orienting. For the Sternberg task, increased coupling in male low
responders were found, contradicting the expectations.

Finally, it was hypothesized that performanceahiaeform of reaction times should negatively
correlate wih coupling strength. Strong phaseplitude coupling, reflecting the efficiency of executive
functions should be associated with fast reactidpssitivecorrelations were founfibr flexibility and
working memory No correlations could be calculatddr behavioural inhibition. Br cognitive
inhibition males revealed negatiwrrelationswhile females revealed positivenes. Virtually no
relevant correlations were found for orienting. For aleronty females showed relevant correlation

patterns.

5.2 Are Executive Functions Implemented viaPhaseAmplitude Coupling?

One of he primary air of this thesis was to establish knowledge about the presence of phase
amplitude couplingluring thecarrying out of executive functiont two independent studies, each
being comprised of twaoreexecutive functionasks(flexibility and behavioural inhibition as well as
cognitive inhibition and working memorybetagammaphaseamplitudecouplingwas found to be
robust phenomenougetectedn the left and right prefroat hemispheresA wide frequency spectrum,
consisting of 137 frequency pairs, was screened for gragéitude coupling. These frequencies ranged
from delta to beta for phageoviding frequencies and from beta to gamma for amphfrdeiding
frequenciesHaving explored such a broad frequency spectrum, presumably no other relevant frequency
pairs exhibiting coupling have been miss@dly very slow modulating frequencies below 3 Hz had to

be excluded due to methodological reasdns.

27 When wanting to reliably estimate pham®plitude coupling, trial length should be at least as long as three
cycles of the lowest frequency which is exteattThat is, when wanting to extract the phase of a 1 Hz oscillation,
one should have at least 3000 ms of continuous Gathen, 2014, ppt16-417). To improve the signab-noise
ratio, one should average several trials consisting of continuous data.
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The second goal of thibesis was to find out whether coupling strength would vary with task
demands, i. e. being stronger in those trials that actually demand executive control (e. g. switch trials in
the task switching paradigm) and being weaker in those trials that domabdany executive control
(e. g. repeat trials in the task switching paradigm). Ovehalsgamplitude coupling strength did not
systematically vary with task demands. There are at least three possible explanations for this finding.
Firstly, the robust gesence of betgamma phasamplitude coupling could be an epiphenomenon just
co-occurring with executive functioning but not being causally related. tim this casgcoupling
strength would not be expected to vary with task demaBdsondly, it couldsimply be that
methodological decisions have blurred the actually present association between coupling strength and
task demands. Thirdly, it could be that coupling strength is an inappropriate parameter for seeing an
association between task demands drabpamplitude coupling. A reasonable alternative could be the
preferred coupling phase or phase precistom¢dulation width). To conclude the exploratory analysis
presented in this thesis, these possibilities will bewiscussedrhey also apply forlaining findings

regarding stress and attention, which will be discussed later on.

5.2.1 Beta-Gamma Coupling an Epiphenomenon?

There could be truly no phasenplitude coupling strength modulation due to task demands.
The analyses conducted in this thesis @adugh power to findmall, relevant effects of at least 3 %
explained variance. Furthermothis is not the first study to find significant phasmplitude coupling
but no systematic variation of coupling strength with tasks demands or correlatioctiohrémes with
coupling strengti{Tang et al., 2016; Yanagisawa et al., 20¥3nagisawa et a(2012)even report
neither preferred coupling phase nor coupling strength to be predictive of performance in a motor
execution taskHowever before jumping the conclusion that phaaenplitude coupling is simply €o
occurring with executive functions, the other two possibilities, which are not mutually exclusive, should

be investigated.

5.2.2 Critical Review of Methodology: did methodological decisions blur the asociation
between coupling strength and task demands?

In the here presented thesphaseamplitude coupling was solely analysed in successfully
completed trialsthat is, only when executive functions had correctly guided actDifferences in
coupling strength could come into being when comparing accurate with erroneous performance.
Unfortunately eror rates were too low to reliably analyse phas®litude couplingn error trials. It
could be important to design more difficult tasks to conduct thispaoson. Other studies already
reported that phasemplitude coupling was higher in correct than in erroneous f{tiakst al., 2012,

2012; van Wingerden et al., 2014; Voloh et al., 20Bzrthermoreit is reported that coupling is
significantly higher forlater onremembered items in comparistlater on forgotten item@-riese et

al., 2013; Kosteet al., 2014)Lega et al(2016) report that a subset of electrodes shows increased
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coupling during successful encoding while other subsets show increased coupling during unsuccessful
encoding.

Not only for analysing error trials it is important to design more difficukgaBhe here used
tasks might have been too easy to consistently evoke the demand for executive funQiotiiegther
hand, in reaction time data executive function effects became visible. Nevert@eess,al.(2006)
andLai et al.(2014)found stress effects only for high workloads. Theaximal workloadexceeded
the here used workload of five single letters. For task switching, theuqet interval was comparably
long; difficulty of switching decreases as the preparation period incré@egers & Monsell, 1995)

Task difficulty might als@xplain why only the prefrontal cortex was engaged in the taak&smight
have been too simple, to require different brain areas for solution.

Coupling was calculated over the entire trial length, including a baseline period, the period of
stimuli encaling, response selection and executna variable time after participants had responded.

For the first investigation of this topic, it is reasonable to include the entire trial: one will not falsely
focus on a trial segment that might turn out to oelévant. Calculating coupling separately for the
entire trial length and each possibly relevant trial segment would have exceeded the available computing
capacity. The decisidw includethe entire trial preed to be useful, as robust and consisterstgp@mnma
coupling was revealed by it in all executive function domains. Nevertheless, one should be aware that
transient coupling between other frequency pairs could have been hidden by this ddoisqirecise

and even additional coupling patterns cdudde occurred, had more restricted periods within the trials
been analysed. That is why follow up analyses should investigate trial segments that are of major
interest, like the cutarget interval in the task switching paradigm or the maintenance peribe

working memory task. Former studies already reported ploagditude coupling to occur tirdecked

to stimulus onsgDemiralp et al., 2007; van Wingerden et al., 2043t a specific location in amhaze

(Tort et al., 2008)It could be further interesting to come different epochs within a trial, e. g. a
baseline period compared to the maintenance period in the working memorydaakisawa et al.

(2012) for example found phaseamplitude coujing beingpresent before motor response and then
decreasingowards the execution of a motor response (temporal variaflanextract very short
segments will be difficult as chapt2had shown that one needs more than 12 seconds of data to be able
to extract significant phasamplitude coupling. For very short segments, the amount of trials needs to
be increasedAlternatively, it would be favourable to find phaamplitude coupling masures that are

able to detect timeesolved phasamplitude coupling such as the evenglated phasamplitude
coupling (ERPAC) measupggromoted byoytek, D'Esposito, Crone, and Knigt2013)

Further more, when | ooking at each participani
participants exhibited begamma phas@amplitude coupling, while others either showed coupling
between other frequency pairs or no significant coupling at all. Why some subjects do and others do not
show coupling cannot be clarified by the here presented studies. It is not theudiystesfind only a

portion of subjects exhibiting significant coupling. For examplaris et al.(2011)found subjects to



CHAPTER 5 — GENERAL DISCUSSION 139

have up to four reliable phasenplitude coupling patterns, but also subjects exhibiting none.
Interestingly, a lot more participants exhibited reliable plamsplitude coupling pattern during the
maintenance period of the 8tberg task, compared to the baseline pefiiod et al.(2008)finds phase
amplitude coupling in the striatum for four of six rats; in the hippocampus all rats exhibit significant
coupling. Regarding this thesis, it would certainly be helpful to investigate whether coupling strength
systematically varies aording to task demands when only the subjects that showed significant beta
gamma phasamplitude coupling are included. This strategy was e. g. pursu@sippva, Hermes,
and Jense(R008) The follow up analysis can be done very efficiently on the same data tteditdeady
been collected and for which phaa@plitude coupling has already been calculated. Solely the sample
size would be further reduced, decreasing statistical power.

In this thesis, the broad range of frequency pairs for which coupling was calclafedajrs
for the initial screening and 185 for the final calculations of the frfnatatal phaseamplitude coupling)
were later on drastically reducedfitee averaged frequency pairs: deltata, deltegamma, thetdeta,
thetagamma, and betgamma. Ths reduction fis the comodulogram of phasenplitude coupling
averaged over all subjects and conditions. It furthermore suits the logarithmic classification of frequency
bands according tdPenttonen and Buzsaki2003) However, when studying the individual
comodulograms, it becomes apparent that significant coupling for each individual occurs in much more
restricted frequency areas. Averaging phasplitude coupling across such a broad areadcbave
blurred a potential coupling strength modulation by task demands. It could be therefore useful to not
average coupling across a broad frequency range, but to choose individual frequency ranges according
to the comodulogram of each participant. Tibato average the range of frequency pairs at which each
participant shows significant or maximal coupling. When following this analysis strategy, one would
necessarily need to decide whether to include subjects without any significant couplingspexijred
frequency area. This ppecified frequency area coufdr examplebe as broad as was chosen in the

present thesis.

5.2.3 Alternative Parameters to Coupling Strength

After all, coupling strength could be an inappropriate parameter. Other parariletetse
preferred coupling phase, may be a better measure for disentangling efficiency ecaippésele
coupling.Preferred coupling phase refers to the instantaneous phase of theuvidiag frequency
at which the instantaneous amplitude of theltonde-providing frequency is strongest. In the studies
presented in this thesis, the preferred coupling phase belonged to the decreasing phase of the beta
frequency and varied little across studies and tasks. Without having conducted a systematid review,
can be reported that all kinds of preferred coupling phases have already been found: ti{€ ttoetgh
2008; Colgin et al., 2009; Szczepanski et al., 2014;ttkbstall & Logothetis, 2009)the peak
(Demiralp et al., 2007; Popov et al., 2012; Scheffzik et al., 2011; Siegel, Warden, & Miller,tBe09)
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decreasing phag€olgin et al., 2009; Mizuhara &amaguchi, 2011)andthe rising phas¢éMonto,
2012)of the lowe phaseproviding frequency.

Apparenly, there is no main preferred coupling phase throughout the brain. The preferred
coupling phase rather seems to systematically vary between neuronal networks, frequencies, or task
demands. Already mentioned in the aductian of chapter3, Durschmid et al(2013)found that the
preferred coupling phase discriminated between trials, requiring high and low cognitive control.
Coupling phase furthermore significantly correlated with reaction times. Anctihdy found the
preferred coupling phase to differ according to trials typesiégm taskyan Wingerden et al., 2014
Yet arotherreported that the depth of anaesthesia might be predicted from the preferred coupling phase
of deltagamma phasamplitude coupling(MolaeeArdekani, Senhadji, Shamsollahi, Wodey, &
VosoughiVahdat, 2007)Van der Meij et al(2012) conclude from their investigation that different
networks are held separately by assigning each a unique preferréidgpbpase.

Phase precision is independent of the preferred coupling phase, which solely gives back where
in the phaseroviding frequency cycle the amplitude of the amplitpdeviding frequency peaks. If
the anplitude of the amplituderoviding frequeng is strong at a narrow range of phases of the phase
providing frequencyt is definedasprecise If it is strong at a wider range of phases it is defiasd
impreciseThe higher the phase precision, the narrower the modulation width. For this pacaugter
is advisedecauséncreased phase precision can also occur due to higher coupling strength. Even though
both parameters are technically independent, they can determine each other. This was the case in a study
finding that ina memory taskhe preérred phase did not massively change, but rather became more
precise in the last 20 trials comparedthe first 20 trials(Tort, Komorowski, Manns, Kopell, &
Eichenbaum, 2009However, increased precision went along with stronger coupliaig.Wingerden
et al.(2014)found the preferred coupling phase ®rore precise in trials where animals responded
correctly compared to trials where they made a mistake.

Hence rather than solely investigating coupling strength, one should also investigate preferred
coupling phase and phase precision. Is the couplidthvmore narrow, i. e. more precise, during trials
which require executive control compared to those which do not need cognitive control? At the outset
it was emphasized that the two possible explanations for not having found coupling strength variation
according to task demands are not mutually exclusive. Theredaed studies finding both parameters
to simultaneously provil valuable information(Durschmid et al., 2013; Lega et al., 2016; van

Wingerden et al., 2014l is therefore advisable to always analyse both parameters.

5.3 Does Stress modulateExecutive Functions via Influencing PhaseAmplitude
Coupling?
After having established knowledge abow there presence of phasaplitude coupling, the

second major goal of this thesis was to investigate whether stress would influencampbissle
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coupling and thereby modulate overt executive function performdimeeGeneral Introductiornad
thoroughly describethe thematic. Aute stresinduces the release obrtisolfrom the adrenal cortex
and cortisol readilyentes the brain ands able toinfluence neuronal activitySeemingly cortisol
influences those neuronal procest&s are active, which justifies the assumption that stress could
influence executive functions if they are carried out during or shortly after a stressful épishde.
literaturestronglysuggests that executive functions are modulated by stress. Aanadysis concluded
that flexibility, cognitive inhibition, and working memomre impeded by stresghile behavioural
inhibition benefits fromstress Even though the 95 % confidence intervals numerically excluded null
effects, stress effectseaather small (Shields et al., 2018) Despite tie conclusiorof the metaanalysis,
stress has been found to exert beneficial, detrimemtdino effecton each core executive function (cf.
section3.1and4.1).

In the here presented studies executive functions were barely influenced by thesamdiky
evaluateccold pressor stress, with two exceptions. Flexibility benefitted from stress on a behavioural
level; the effect was not reflected in the phaseplitude coupling data. For working memory a
presumably beneficial effect of stress on fgaganma phasamplitude coupling was found for male low
responders. These exhibited stronger coupling in the Sternbemrgftsthe stress induction procedure
compared to before and compared to all other experimental groups. Similarly to flexibility, this effect
was not mirrored itbehavioural data.

The above discussed aspeatemmenting orwhy no systematic modulation of waling
strength by task demands has been found so far, do apply for stressieftacnalogous manner.
Again, are-analysis of the datis strongly recommended before definitely excluding the possibility of
systematic stress effects on phasaplitudecoupling.

Like it was already shown for everdlated potential datéDierolf, 2014), stress effects
changing neuronal information processing, do not need to necessarily influence overt behaviour. They
couldevenbe missing precisely because changed neuronal information processing is preventing stress
effects from becomingapparent n behaviour. Even though it makes interpretations easier when
electrophysiological markers directly relate to overt behaviour, this relationship is naturally not
necessary. However, a statistical dependency between two electrophysiological signalshadech p
amplitude coupling technically is, can only become a relevant electrophysiological marker if it has some
kind of relation to cognitive or emotional functioning. Without such an association, its presence might
be admired, but it does not help to explauman inner experience or behaviour. Thereby only one

association needs to be present. For exarapierrelation between reaction times and pfaasplitude

28 Genomic stress effects are also abolexert longlasting effects (hours to days), which however are not the

focus of this work.

PEffect size Hed3heldsetag(R0lesy wkkipoh tiesl bygmparable to Cohe
d < .50 ae considered small according to the conventior@atfen (1988)Reported effects sizes are ¢.30[95

% ClI: -.58,-.02] for flexibility, g = .30[95 % CI: approx. .20, .40] fdsehavioural inhibition, g =.21[95 % CI:
approx.-.30,-.10] for cognitive inhibition, and g =.20[95 % CI:-.33,-.06] working memory
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coupling strength or the variation of coupling strength due to task demands or just a termadi@h va
of coupling strength during the cognitive task.

Even though stress did not modulate overt behaviour in the expected way, the stress induction
was highly successful in inducing psychological as well as physiological stress in the experimental
groups Cortisol increases ithe first reported studychapter3), are weaker than usually found in the
current statef-the-art stress induction procedure (TSSDickerson & Kemeny, 200% but are
nevertheless substantial. Cortisol increases in the second study are nearly as high as usually reported for
the TSST. Because statistical power was sufficient for all conducted analyses, null effects can be
confidently assumed. timight be that stress effects do only become evident when tasks relate to
personally important topics. This was shownHRattyn et al(2014) who found increased error rates
after stress, but only in trials that were specifically emotionally relevant to thegmamtic Contrary to
this assumption, many of the previaiadies found stress effects for neutral matéOali et al., 2006;
Plessow et al., 2012; Scholz et al., 2009)

Summarizing, stress did not influence executive function pedoce, as was expected due to
the results of the metanalysis.Additionally, phaseamplitude coupling showed no consistent pattern
of coupling strength modulation due to stréBsere are two exceptions: flexibility performance and
coupling strength in wéing memaory (see aboveéBven though these results are contradicting to former
behavioural results concerning ssesd executive functions, tdatais self-consistentstress was not
generallyable todisturb phasemplitude coupling, which ishought © be a prerequisite for well
performing executive function# this case it would be expected tha¢sswould alsdeaveexecutive
functioning performancenaffected and indeed virtually no effects were fouritishould be kept in
mind that the relatisship between phasamplitude coupling and executive functioning is solely
correlational and wording is framed according to the hypothesis made befomleaitidal note should
be given to the inconsistency of flexibility and working memory results.oRa#nce and phase
amplitude coupling findings were inconsistent insofar as solely performance or coupling was affected

by stress but never both.

5.4 Is BetaGamma Coupling Specific to Executive Functions?

To study cognitive inhibition the attention netwoektwas chosen because it comes along with
the advantage of measuring the entire attention system accordiugier and Peters¢h990) By
applying this taskthe specificity of betamma coupling for executive functions in comparison to more
basic cognitivdunctions like alerting and orienting can be determined.

Unfortunately, coupling during basic @fition processes and durioggnitive inhibition could
not be disentangled due to methodological reasons discussed in dettomherefore the specificity
of betagamma coupling for executive functions has not yet been verifigd.test for specificity is

necessary to be able to state that dget@mma coupling is specifically associated with executive
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functions. It also could le associated wittbasic cognitive processes prere motor responsess
suggested by the work dk Hemptinne et a{2015) In the case of this thesislata from the gmogo
task contradicts the motor response assumption, agéetma coupling was found in either trial: the
go trial where motor responses had to be made and thetmaigawhere motor responsehad to be
withheld.

Even though not yet being able to test the specificity of-gatama coupling, results of the
attention network test revealed one of the most interesting findings of this thesis. There was a clear
performance advantage for male congghiio female participants, males responding generally faster. At
the same time, males displayed generally strongerdastana coupling. This finding shows that
coupling strength can indeed be an indicator of performance. The here found associationgtoes not
a causal relationshiput strongly suggests a dependency. It is a promising result that should be further
investigated. As sex differences are rarely reported for the attention netwdikatest al., 2002; Fan
et al., 2005; Fan et aR007; Fan, Fossella, Sommer, Wu, & Posner, 2003; PosRettébart, 2007)

the causes for finding these differences should be determined in further research.

5.5 BetaGammaCoupling versusTheta-Gamma Coupling

Why did former studies mostly report thefanma coupling and barely bet@mma coupling
as was so robustly found here? Methodological decisions could be the reason. Most former studies used
a fixed narrow bandwidth not only for the phgweviding frequencies (as was done here), but also for
the amtitude-providing frequenciesuflike here). Chapter2 reported thatan amplitudemodulated
oscillation has a characteristic frequency spectrum that includes a peak at its centre frequency as well as
peaks of the modulating sidmnds ¢eeFigure 2.10). When destroying this frequency spectrum by
narrow bandpassfiltering, a potential amplitude modulation cannot be dete¢fad et al., 2015;
Berman et al., 2012; Berman et al., 20IB)ereby, studies that used fixed narrow bandwidth for the
amplitudeproviding frequencies will only beble to detect phasamplitude coupling with low
modulating frequencies. For example, if amplitude providing frequencies argassfiltered from 15
Hz to 100 Hz in 5 Hz steps (15 Hz, 20 Hz, 25 Hz, etc.) with a fixed bandwidifbdfiz around the
cente frequency, phasemplitude coupling cannot be found for bgemma or even alpkgamma
coupling. The modulating, phageoviding frequenieswill have centre frequencies below 5 Hz.

The explanation above doetarify why most former studies did not repdetagamma
coupling.Yet it does not explain why in this study the otherwise so omnipresenigdetaa coupling
has not been found. Several reasonscaneeivable. First, thetgamma coupling was indeed present
for some subjects, but it was not a @weristicfor the entire sample. Second, many of the studies
finding thetagamma coupling investigate neuronal activity via ECoG or LFPs (mesoscopic level), and
much less with scalp EEG or MEG (macroscopic level). Along with the second argument, ofientime

neural activity was calculated in subcortical structures, which cannot be detected by scalp EEG, as was
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used in this thesis. Third, excépt two study(Knyazev, 2011; Popov et al., 2018pne of the formerly
reported studies calculate phasaplitude coupling in the sourspaceas was done in this thesis, but
phaseamplitude coupling is calculateith the sensorspace Faurth, oftenimes only thetagamma
coupling is investigated and its significance is not always teStadying solely thetgamma coupling
bears the riskf missng other relevant coupling patterns that might be much stronger thargdretaa
coupling. Witout permutation testing, one cannot be sure to rapedningful phaseamplitude
coupling. The impression of omnipresent thgganma coupling might arise by the combination of all
these factors. Despite the ubiquitous thggaama coupling findings, theage also studies reporting
betagamma couplindde Hemptinne et al., 2015; Lopézcarate et al., 2010; Ozkurt 8chnitier,
2011)and additionally, virtually all other frequency combinations have been rep@utden et al.,
2009; Jirsa &Mller, 2013; Malekmohammadi, Elias, & Pouratian, 2015; Miyakoshi et al., 2013; Roux
et al., 2013) Betagamma couplingstudiesare restricted to Parkinsonian patienighere pase
amplitude couplingvas measured within the subthalamic nulceus (STN)

In the previous paragraphwas stated that it might be the type of electrophysiological data that
explans why no thetgamma coupling was found in the present thesis. However,-dhatma
coupling, especially in working memaory tasks, has also been found on the macroscop{cdbeal et
al., 2009; Kdoster et al., 2014; MizuharayY&maguchi, 2011; Rajji et al., 201&)n the other side, when
restricting the selection of28haseamplitude coupling studie@ppendix A to studies investigating
scalp EEG, healthy human subjects, and applying permutation testing, only four of eleven studies report
exclusively thetegamma couplingKirihara et al., 2012; Koster et al., 2014; Mizuhar& &maguchi,
2011; Raijji etal., 2016) Thereby all of these studies solely investigated tgatama coupling, and
three investigated working memory or memdi§oster et al., 2014; Muhara &Yamaguchi, 2011;
Raijji et al., 2016)Six of the eleven studies report several significant frequency pairs to couple, amongst
thesds also thetegamma couplingAllen et al., 2011; Cohen et al., 2009; Jirsd&iller, 2013; Monto,
Palva, Voipio, & Palva, 2008; Nakatani et al., 2014; van Zaen, Murray, Meuli, & Vesin,. 204138
of these studis specifically investigated memory. In an investigagdbanaesthesia exclusively slow
wave to alpha coupling was fou@@dukamel et al., 2011)

As mentioned abovenalyses presented here arenductedon latent variables, i. e. on
theoretical brain sources. Virtually all other studiesdumtedtheir analyses on sensor level. This aspect
could be the cause of different findings regarding coupling frequencies. By comparing the same data set
analysedn sensor anéh sourcespaceit can be tested whether the independent component analysis i
truly a cause for finding different results. Furthermdarean be tested whethB8CA producesclearer

results and larger effects sizes. Only then is itsjossfied (time andcomputational cos}.

5.6 PhaseAmplitude Coupling within the Prefrontal Cortex
Averaged over the entire sample, phasglitude coupling was solely foundthin a source

but not between different sources. This cquidentiallybe indicative of artefactual coupling, insofar
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as couplingmight necessarily occuwhen calculating itwithin the same signalHowever, this
suppositioris implausible first and foremostecausavithin the midline frontal source, no significant
phaseamplitude coupling was found herefore it can be excluded that coupling necessarily occurs
when calculatig it within the same signalAs discussed above, only a portion of subjects displayed
significant frontefrontal phaseamplitude coupling. This fact additionally proves that finding phase
amplitude coupling withirthe same signat not a necessityt can therefore beeasonedhat fronte
frontal coupling is not an artefact.

The prefrontal cortex on its own and a froptarietal network were repeatedly associated with
executive functions (sgeeneral Introductiorsectionl.2). Hence coupling had been calculated within
prefrontal sources and between prefrontal and parietal sources. In this first exploratory analysis of this
topic, it had been chosen to calculate coupling withiot betweer-hemispleres (as well as for medial
sources). Betgamma coupling was only consistently present within the left and right prefrontal
sources. This implies that phaamplitude coupling which accompanied the carrying out of executive
functions in four different tds (task switching, gomogo, flanker, and working memory) especially
relies on the prefrontal cortex, while the fromarietal network does not seem to play a major role.
Supporting this findingPosner and Rothbaf2007) locate the executive control network solely in the
prefrontal cortexwhile both other attention networks are associated with the fgarietal network.

Statistical analyses showed that phasw®litude coupling was equally present in the left and
right prefrontal cortex, even though some hemispheric differences became evident. That is why future
analysis should investigate whether the frontal sources interact viagrhatigzide coupling. Not only
do the here presented results suggest this nextfeteper studies havalsoreported crosfrequency
coupling between frontal regions. In a working memory ,tpslaseamplitude coupling was found
between frontocentral sites (modulating, phpseviding frequency) and frontolateral sit@gizuhara
& Yamaguchi, 2011)Thetagamma phasamplitude coupling between prefrontal cortex and anterior
cingulate was furtherore found in macaques executing an attention shifting(tasloh et al., 2015)

By comparing healthy human subjects with subjd@gnosed with schizophrenReinhart, Zhu, Park,
and Woodman(2015) found that thetdheta phasephase coupling between frontocentral and
frontolateral regions were a marker of the goodness cognitive control functioreagulihg scalp EEG
from 20 healthy human subjecexecuting a inhibition task, Cohen ancRidderinkhof(2013) found
amplitudeamplitude coupling between frontocentral and fotatteral theta. Coupling was only evident
in incongruent, but not in congruent trials. Furthermore, the stronger the cowplintpe smaller the
conflict adaption effeéf. They also detected thegamma amplitud@mplitude coupling within the

fronto-parietal network, which occurred after subjects had responded.

30“The conflict adaption effect reflects the phenomethiai prior context situations influence the interfegenc

ef fects i n s Wilfetle §chaedh Fahlé, & Hearinasn, 20091202
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5.7 Conclusion

Robust betagamma coupling has been found. It might be the mechafister(1980)and
Ridderinkhof et al.(2004) asked for: namelya mechanism by which executive functions are
implemented in the human brain. The test of specificity needs to be repeated. Mineampltale
coupling strength modulations have been detected, not displayimystematic pattern and
preponderantly explaining only 3 % of variance. Overall coupling strengthotigl/stematically vary
with task demands or with stress. Before concluding that coupling strength truly does not predict
performance in executive functiotasks, the above discussed aspects have to be investigated.
Independent of this followp analyses, of which many, but not all, can be conducted on the present
data, the role of the preferred coupling phases and phase preeisiovell as coupling betwa
prefrontal sourceshould be analysed. Lastly ststrongly advisable to compare source level analyses
with sensor level analyses. Flystto investigate whether the extensive procedures following the
independent component analysisc(ustering ofindependent components) and the loss of subjects due
to this procedure is worth the cost. Sedgntb find out whether differences in results presented in this
thesis and results of former studies, are due to the application of the independent conmadysist a
For example one major difference is the finding of beta being the modulating piraseling
frequency instead of slower frequencies

Because betgamma couling was so consistently found and also promising correlation patterns
wi t h p a readtion tinpesiwete $ound, this topic should urgently be further investigated. The next
steps have been outlined in the previous discussion. Results of the follow up analysis should enable the
scientific community to confidently judge in what way bgtarma coupling and executive functioning
are intertwined and whether stress actually influencesdaatana coupling, or whether coupling is

unaffected by stress like most of the executive funstizere in the studies presented here.
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K-Means Clustering Approach
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Figure5.1: Steps of a #means clustering approadbasecbn theprincipal @mponent analysjsProcess to define

ICs with spatially close dipole positions and similar spectra of IC activations. Repénteédaptedrom
Neurolmage, 72Bigdely-Shamlo et aJ. Measure projection analysis: A probabilistic approach to EEG source
comparison and mutBubjects inference, p. 290, Copyright 2013, with permission fronviglse
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APPENDIX C

Reclustering Process

1 Mean cluster scalp maps were visually inspected and one cluster was chosen for each of the
following topographical regions of interest: frontal left, parietal left, frontal midline, parietal
midline, frontal rightparietal right. If two clusters were equally suitable for one region of interest
these two clusters were combined.

2 For each subject all independent component scalp maps were screened and each IC that could
potentially fit into the clusteaccording tdts scalp mapits distance to the cluster centroid (MNI x
and y coordinates; xoordinate was omitted because Dipfit2 is imprecise for -theeztion), and
according tdts location(Talairach Clienthttp://www.talairach.org) was looked at in more detail.

3 Frequency gectra of all ICs for each subject (automatically clustered and if applicable manually
found) were checked whether they had a peak below beta frequency. This criteria was established,
because extracted instantaneous phasémmdpassfiltered signals are only meaningful, if the
correspondent frequency band has a peak in the spe@rurat al., 2015)

4 It was made sure that the component(s) did not contain strong muscle artefacts. If a component fit
perfectly by all criteria, but had slight muscle artefacts, it was incltapoevent having to exclude
asubgct.

5 If more than one component was left for a subject, these were rated according to their location
(minimal distance to cluster centroid) and residual variance (the lower the better). In ambiguous

cases, the automatically clustered component had priority

During reclustering some ICs were identified that fit ideally into a cluster (according to dipole
localization, spectra, scalp map, and IC activation), but were localized slightly above the head. As dipole
fitting in the zdirection is imprecise, the3€s were nevertheless included. This was done to prevent

having to exclude subjects from the analyses.
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Dipole Location within a standardised brain (MNI template): Each blue circle represents a subject;
the red circle represents the clustantoad.

Task Switching Paradigm
Left Frontal Cluster

Midline Frontal Cluster

Right Frontal Cluster

Left Parietal Cluster

Midline Parietal Cluster

Right Parietal Cluster
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Go-Nogo Paradigm
Left Frontal Cluste

LEevoeo
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Dipole Location within a standardised brain (MNI template): Each blue circleepresents a subject;
the red circle represents the cluster centroid.

Sternberg Working Memory Task
Left Frontal Cluster

Midline Frontal Cluster

Right Frontal Cluster

Left Parietal Cluster

Right Parietal Cluster
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Attention Network Test
Left Frontal Cluster

Midline Frontal Cluster

Right Frontal Cluster

Left Parietal Cluster
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APPENDIX F

Follow-up ANOVA for comparing coupling strength between attention networks

Statistical Analysis After having explored phasmmplitude coupling for each attention
network independentlyanother ANOVA was calculated to compare modulation indices between
attention networks. Therefore modulation indices for each participants were averaged over hemispheres,
blocks, and cue or target types. A 3 x 5 x 2 ANOVA with the repeated measurement factors attention
network (alerting, orienting, executive control) arebfuency pair (deltheta, deltagamma, thetdeta,
thetagamma, bet@amma) as well as tHeetweersubjecs factor sex (male, female) was conducted.

The factor responder group was omitted in this analyses, as it had not been shq@lainany variance

in theprevious analyses.

Results Again main effects frequency pair and sex as well as their interaction became
significant as was already shown in the analgéegctiond.3.5(data can be inferred from th@alyses
reportel in that section; pLl19ff.). The main effect attention network was significdfs (o = 38.81 p
<.001, ¥2=.31, Dungi = .18 and interacted with se¥{ 109 = 4.67, p=.016 ¥2 = .04, Dungi = .29
and frequeay pair Fs.424 = 20.0Q0 p<.001, ¥2=.16, Dungi = .89. The threevay interaction attention
network by frequency pair by s¢Xable5.1) became only marginally significant and did not explain
more than 2 %of variance These effects reveal, coupling within alerting and orienting networks is
similar, while it & significantly weaker for these both networks than for the exexzgtntrol network
(alerting = orienting < executive control). This is true for m#kes, even though males show generally

highercoupling strength than females.

Table5.1: Mean modulatiofndices (S. E.)n the attention network test for each attention network, frequency pair
and sex. Aveaged over hemispheres, blocks, cue or target types, and responder groups. Values printed in bold
represent significant couplinlylales and females do not differ in the pattern of coupling strength differences, but
only in their overall coupling strengtimen exhibiting stronger coupling.

Female Male
Alerting Orienting EXCegﬁ:ir\é? Alerting Orienting Excegz;[ir\cl)(la
Delta-Beta 092(0.21) 0.74(0.18) 1.08(0.2%) 0.95(0.2) .90(0.19) 1.31(0.26)
Delta-Gamma 0.20 (0.09) 0.21(0.10) 0.24(0.12 0.35(0.10) .29(0.10) 0.49(0.12)
Theta-Beta 0.45(0.12) 0.42(0.14) 0.65(0.17) 0.47 (0.B) .56(0.15) 0.74(0.18)
Theta-Gamma 0.23(0.12) 0.18(0.11) 0.27(0.15) 0.42(0.13) .43(0.12) 0.56(0.16)

Beta-Gamma 3.99(166) 376 (1.69 5.17(2.12) 9.38 (1.75 9.67(1.78 12.28(2.32)
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