
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is an author's version which may differ from the publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/76518

 

 

 

Please be advised that this information was generated on 2017-12-06 and may be subject to

change.

http://hdl.handle.net/2066/76518


Covariation of m ood and brain activity

Integration of subjective self-report data w ith quantitative EEG measures

Miroslaw Wyczesany



Published 2010

Cover photo by M arcin Mrowiec 
Cover art by Wioletta Taratuta

Printed in Kraków

ISBN 978-90-815316-1-0



COVARIATION OF MOOD AND BRAIN ACTIVITY

INTEGRATION OF SUBJECTIVE SELF-REPORT DATA 

WITH QUANTITATIVE EEG MEASURES

Een w etenschappelijke proeve op het gebied 
van de Sociale W etenschappen

Proefschrift

ter verkrijging van de graad van doctor 
aan de Radboud U niversiteit Nijmegen 

op gezag van de rector m agnificus prof. mr. S.C.J.J Kortmann, 
volgens besluit van het college van decanen 

in het openbaar te verdedigen op w oensdag 28 april 2010 
om  10.30 uu r precies

door

M iroslaw W yczesany

born on July 1st 1974
in Brzesko (Poland)



Promotores:

Prof. dr. A.M.L. Coenen
Prof. dr. J. Kaiser (Jagiellonian U niversiteit Kraków, Poland)

M anuscriptcom m issie:

Prof. dr. M. U llsperger
Prof. dr. R. Barry (Universiteit van W ollongong, Australië) 
Prof. dr. A. Grabow ska (Nencki Instituut, W arschau, Polen) 
Prof. dr. T. Sosnowski (Universiteit van W arschau, Polen) 
Dr. E.L.J.M. van Luijtelaar



COVARIATION OF MOOD AND BRAIN ACTIVITY

INTEGRATION OF SUBJECTIVE SELF-REPORT DATA 

WITH QUANTITATIVE EEG MEASURES

an academic essay in Social Sciences

Doctoral Thesis

to obtain the degree of doctor 
from  Radboud U niversity Nijmegen 

on the authority  of the rector m agnificus prof. dr. S.C.J.J. Kortmann, 
according to the decision of the council of deans to be defended in public 

on W ednesday April, 28 2010 at 10.30 hours

by

M iroslaw W yczesany

born on July 1st 1974
in Brzesko (Poland)



Supervisors:

Prof. dr. A.M.L. Coenen
Prof. dr. J. Kaiser (Jagiellonian University, Kraków, Poland)

Doctoral thesis committee:

Prof. dr. M. U llsperger
Prof. dr. R. Barry (University of W ollongong, Australia) 
Prof. dr. A. Grabow ska (Nencki Institute, W arsaw, Poland) 
Prof. dr. T. Sosnowski (University of W arsaw , Poland)
Dr. E.L.J.M. van Luijtelaar



Contents

C hap ter 1.
Introduction ........................................................................................................................................ 9

The aim  of the thesis.................................................................................................................. 9
Emotions and Cortical ac tiv ity .............................................................................................10
Integration of subjective estim ation w ith  EEG d ata ........................................................13
The m ain questions.................................................................................................................. 17
References................................................................................................................................... 18

C hap ter 2.
Subjective m ood estim ation co-varies w ith  spectral pow er EEG characteristics...........23

A bstract....................................................................................................................................... 23
Introduction ................................................................................................................................23
M ethod.........................................................................................................................................27
Results..........................................................................................................................................29
Discussion...................................................................................................................................34
Conclusions................................................................................................................................ 37
References................................................................................................................................... 38

C hap ter 3.
Cortical lateralization patterns related to self-estimation of em otional sta te................. 43

A bstract....................................................................................................................................... 43
Introduction ................................................................................................................................43
M aterials and M ethods........................................................................................................... 46
Results..........................................................................................................................................49
Discussion...................................................................................................................................54
Conclusions................................................................................................................................ 56
References................................................................................................................................... 57

C hap ter 4.
Associations betw een self-report of em otional state
and the EEG patterns in affective disorders patien ts............................................................ 61

A bstract....................................................................................................................................... 61
Introduction ................................................................................................................................62
M aterials and m ethods............................................................................................................64
Results..........................................................................................................................................66
Discussion...................................................................................................................................70
C onclusions................................................................................................................................ 72
References................................................................................................................................... 74



Chapter 5.
Co-variation of EEG synchronization and  em otional state
as m odified by anxiolytic d ru g s..................................................................................................77

A bstract....................................................................................................................................... 77
Introduction ................................................................................................................................77
M aterials and m ethods............................................................................................................80
Results..........................................................................................................................................82
Discussion...................................................................................................................................89
Conclusions................................................................................................................................ 91
References................................................................................................................................... 92

Chapter 6.
General d iscu ssio n ......................................................................................................................... 95

Introduction ................................................................................................................................95
The m ain findings.....................................................................................................................99
General conclusions...............................................................................................................103

Summary ......................................................................................................................................... 106
Samenvatting .................................................................................................................................109

References.................................................................................................................................113

A cknow ledgm ents........................................................................................................................ 114
Curriculum  V itae...........................................................................................................................115



C h a pt e r  1 .

Introduction

The aim of the thesis

In the present thesis, m ood, a phenom enon of em otional states, and its rela­
tionships w ith  cortical activity, is the subject of consideration. M ood is defined as a 
transient affective state of low  or m oderate arousal (Reber & Reber 1985). Self-report 
on the em otional dim ensions of valence and intensity w ere used for assessing em o­
tional state. The m utual associations betw een subjective estim ation of affective state 
and state-dependent patterns of the scalp-recorded electroencephalographic record­
ings (EEG) w ere studied.

The experiential aspect of internal states is not directly accessible from  the ex­
ternal perspective, and self-description provides one w ay to get indirect access to this 
private world. To some extent, it is an irreplaceable source of know ledge about h u ­
m an emotions. Here, clinical interview  can be m entioned, w hich is based on the 
patien t's  self-description of h is /h e r  affective feeling. There are controversies concern­
ing the em pirical status of the self-description of affective states: are they only 
conventional cognitive statem ents originating in (and reflecting) language, or a report 
about a real phenom enon, w hose neural aspect can be studied  in laboratories? If the 
latter is the case, then the em otional state w ould  be characterized by causative p ro p er­
ties. This interpretation can be supported  by studies w here the influence of the 
reported em otional state (mood) on the autom atic responses of the autonomic 
nervous system  has been observed (Binder et al. 2005).

There have been m any efforts devoted to discover the nature of emotions, and 
our know ledge on this topic is systematically rising. M uch inform ation w as obtained 
by psychophysiological m ethods (Kucharska-Pietura et al. 2001; Phillips et al. 2003; 
Sequeira et al. 2009). How ever, w hen we take a closer look at the research on em o­
tions, it is som ew hat striking that m ost of them  do not apply any self-report 
m easures. Instead, the em otions are operationalized on the basis of some experim ent­
al procedure. It m eans, that the procedure itself is used for inference of the quality of 
the internal em otional experience. Such an experim ental approach sim ply assumes 
that the presentation of given type of em otional stimuli, or recollection of some em o-
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tional events, will provoke modifications of em otional state in term s of the valence di­
mension. Researchers appear to sim ply expect that the "negative stim uli" evoke 
negative feelings, and recollecting "pleasant m em ories" from  the subjects' past life 
will make subjects feel joyful and relaxed. This assum ption, how ever often justified, 
rem ains speculative.

A voiding subjective m ethods in experim ental paradigm s has quite a long "tra­
dition" in psychology, w hich w as initiated w ith  the prevailing presence of 
behaviourism . U nfortunately, this perspective lasts until today, long after the dom in­
ance of behaviourism  has disappeared. H owever, recent years have brought 
prom ising signs of change, and aw areness is rising that, by leaving out subjective ex­
perience, w e deprive our research of an im portant aspect of em otional phenom ena. 
Concerns about incorporating subjective data into m odern science has become in ­
creasingly noticeable recently, and the gap betw een phenom enal consciousness and 
contem porary neuroscience seems to be slowly vanishing (Varela & Shear 1999; Kais­
er 2007)

The presented  thesis fits into this em erging research current. It is an attem pt to 
combine two approaches: objective laboratory data, w hich are here represented by 
EEG, and  first-person (subjective) assessm ent of em otional experience, based on con­
trolled self-report. The m ain assum ption underlying the thesis is that on-going 
experience of affective state is related to CNS activity. To be m ore precise, it is as­
sum ed that at least a p art of the current overall neural activity is related to subjective 
phenom ena, and  that these processes are the so-called "m olar processes" w ith  em er­
gent properties of consciousness (Sperry 1969). The existence of such processes 
implies that changes in em otional state will be reflected in some specific changes of 
spatiotem poral patterns of brain activity. In other w ords, a postu lated  subset of a 
neural population, related to subjective experience, is expected to show  changes along 
w ith changes in the estim ation of affective states. Such patterns, replicable and  associ­
ated w ith  subjective data in a stable w ay, can be interpreted  as neural correlates of 
affective states. These states could be then considered as a real rather than virtual 
phenom enon, w ith some causative properties. The im portant condition of identifying 
the state-dependent cortical patterns is adequate m easurem ent of the internal states. 
Controlled self-report data are assum ed here to be a prim ary w ay to access the sub­
jective quality of internal states.

Emotions and Cortical activity

Recent experim ental science has brought m uch deeper understanding of the 
mechanism s w hich underlie the affective phenom ena. The com peting approaches 
have accented either physiological or cognitive factors, and their prim acy in the ex­
perience as well as recognition and in terpretation of em otional states, and  these have 
been expressed in m any theories (e.g. James and  Lange, Lazarus, Cannon and  Bard,
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Singer-Schachter, Frijda, Izard, Damasio, LeDoux, to nam e a few significant authors). 
The research on the biological basis of em otions has revealed the im portance of philo- 
genetically-older subcortical structures form ing the limbic system, together w ith  
cortical areas at the control level of emotive experience and behaviour (Damasio 2000; 
LeDoux 2004; Vuilleumier 2005). For our purposes, the focus here is on the research 
on the cortical substrate of emotions, and  its theoretical models, because verbal self­
estim ation is mostly a cortical function. The EEG m ethods applied here are designed 
m ainly to record and analyze cortical activity.

The right hem isphere m odel (Schwartz et al. 1975) can be considered as an 
early theoretical attem pt at form ulation of the functions of the cortical em otional sys­
tems. It claims that the right hem isphere is specialized in em otional processing, based 
m ainly on observations of the cortical effects of perception of em otional stim uli, espe­
cially facial affect and em otional connotation of w ords, as well as prosody. So it w as 
concentrated mostly on processing of em otional stimuli, rather than on-going em o­
tional feelings, m eant as the relatively lasting state (Blonder et al. 1991; Borod et al. 
1998; Dekowska et al. 2008).

H owever, there is w eaker support for dom inance of the right hem isphere in 
processing all kinds of facial expression and em itting prosody (Gazzaniga & Smylie 
1990; W illiamson et al. 2003). Considering this, num erous studies, especially con­
cerned w ith  the broad issue of em otional experience and expression, have led to the 
form ulation of the alternative valence model, w hich links positive em otions w ith 
frontal areas of the left hem isphere, and negative em otions w ith  the right hem isphere 
(Davidson 1984; Tom arken et al. 1992; W heeler et al. 1993). This m odel has been sup ­
ported  in various experim ental paradigm s: presentations of em otional content 
(Rodway et al. 2003), visual half-field presentation (Davidson et al. 1987; Kayser et al.
1997), expression of facial em otions to norm al subjects (Alves et al. 2008) as well as to 
subjects under WADA test injection, w hich tem porarily inhibits one hem isphere (Fox 
1994; A hern et al. 2000), and patients w ith  m ood disorder (Henriques & D avidson 
1991; Diego et al. 2001; M athersul et al. 2008) and  strokes (Vataja et al. 2004; Bhogal et 
al. 2004). The valence m odel has been further m odified to incorporate the observa­
tions of state anger, w hich is a negative emotion, bu t directed tow ard  some object. 
According to this modification, it is suggested that frontal asym m etry is related to 
m otivational tendency (approach/w ithdraw al) rather than to valence itself 
(positive/negative; Gotlib et al. 1998) Again, this testifies that there is a tendency to 
postpone the consideration of the subjective dim ension of em otions, and  shift to the 
behavioural and  m otivational aspects instead.

The theoretical image concerning cortical mechanism s of em otional phenom ­
ena is still far from  being clear, and  m any findings w hich do not fit to theoretical 
predictions can be found. M eta-analysis carried out on large num bers of subjects have 
questioned relationships betw een lateralization of strokes and the risk of developing 
depression or m ania (Morris et al. 1996; Singh et al. 1998; Carson et al. 2000). Also, 
asym m etry patterns are not always consistent w ith  theoretical predictions in affective 
patients (Reid et al. 1998), in healthy subjects during  different em otional tasks: w atch­
ing various types of affective slides, recollecting em otional events (Cole & Ray 1985), 
and during  self-reporting of em otional state (Papousek & Schulter 2002). M oreover,
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the functional competencies w hich are theoretically related to the right hem isphere, 
like em otional face processing, have show n engagem ent of both hem ispheres (Fusar- 
Poli et al. 2009). It is also know n that other factors such as gender and handedness, 
can affect the lateralization (Grabowska et al. 1994; K esler/W est et al. 2001)

An interesting m odel of cortical system s associated w ith  em otional processing 
and its experiential aspects w as proposed by Heller (1993). It is referred to in the liter­
ature as the valence/arousal m odel, and provides an extension of the previously 
described theory. This m odel attem pts to integrate data com ing from  different 
paradigm s and from clinical as well as laboratory studies. The m ain dim ensions of 
em otions (valence and arousal) are reflected by tw o distinct cortical systems. The 
frontal system  is involved in the m odulation of em otional valence, w hich is a dim en­
sion orthogonal to the arousal, so it has no arousal value. It is located in the frontal 
area. Predom inance of the left frontal cortex is associated w ith  positive while p redom ­
inance of right frontal cortex, w ith negative affect. More precisely, it reflects 
m otivational tendency (i.e. attitude tow ard or aw ay from  the em otional object) rather 
than valence itself. These aspects are closely related to each other (positive valence 
w ith approach, while negative w ith  avoiding behaviour), how ever in some condi­
tions, they can split up. This m ay be the case for anger (strong negative emotion, bu t 
directed tow ard object, often associated w ith  aggressive behaviour), w here left frontal 
hem ispheric dom inance is observed. This distinction betw een valence and  m otiva­
tional tendency has been found to be im portant in differentiating tw o subtypes of 
anxiety disorders: anxious arousal and anxious apprehension. The form er is accom­
panied  by panic attacks and  characterized by right frontal dom inance, w hen the latter 
is related to the attitude tow ards problem s w ith  w orries and  verbal rum inations and 
characterized by left frontal predom inance.

The second, posterior system, is postu lated  to m ediate processing of em otional 
inform ation, and  em otion-driven behaviour, as well as experience of non-specific 
em otional arousal. It is located in the right tem poro-parietal cortex. The theory p re­
dicts this region to be activated in conditions of both  positive and  negative em otional 
arousal (Heller et al. 1997; Engels et al. 2007). This area is also observed to be associ­
ated w ith  the level of autonom ic arousal (W ittling 1990). It should  be noted  that 
characteristics of these tw o systems can be regarded also as a basis for individual d if­
ferences in em otional functioning (Coan & Allen 2003).

The valence/arousal model, w hich integrates the experiential aspects of 
valence and  arousal w ith  an underlying cortical m echanism, is useful for our purpose. 
Nevertheless, the m odel contains some am biguity, due to the data it relies on. The 
quality of em otions w ere mostly inferred from  the experim ental procedures and  clin­
ical studies, and rarely from  self-reports. The question arises as to w hat extent the 
patterns of cortical activity obtained on the basis of verbal self-estimations can be 
com pared w ith  those obtained in the alternative experim ental paradigm s used to gen­
erate the theory.

In the present thesis, all EEG recordings were perform ed in a resting state. It 
does not m ean that the brain is idle, bu t rather engaged in spontaneous and  partly  u n ­
controlled m ental activity, described as a "default brain state" (Buckner et al. 2008). In 
some of our experim ents, there w ere some experim ental m anipulations applied, in ­
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tended to m odulate the affective state in a particular direction. Nevertheless, the ana­
lyzed EEG patterns, related to em otional states as delayed after-effects, are expected 
not to be directly or systematically influenced or biased by additional cognitive activ­
ity such as attention, recognition, or response requirem ents. M oreover, in all 
procedures, checklists w ere com pleted just after EEG recordings, in o rder to avoid 
m otor a n d /o r  cognitive artifact in the EEG signal.

Integration of subjective estimation with EEG data

Controlled self-report as a measurement of mood

As already noted, the traditional approach, w here experim ental conditions de­
scribe and define subjects' mood, is undoubtedly  a m ethodological simplification. 
Usually no check of the real influence of the experim ental conditions is perform ed. 
Therefore, assum ptions the experim enter uses for inference about internal states are 
sometim es questioned (Gilet 2008; Gomez et al. 2009). In the presented  studies, tools 
based on lists of adjectives describing different aspect of em otional state w ere chosen. 
W ith these tools, subjects are required to estimate on a fixed scale, to w hat extent their 
current state m atches particular adjectives. This approach results in quantification of 
subjects' reports into fixed factors, p roduced as a result of statistical analysis at the 
stage of constructing the scale. This restriction of subjective estim ation w ith  a fixed 
list and  pre-determ ined factors can be called "controlled self-report", in contrast to 
open questionnaires. Such tools w ere show n to have good reliability in studies of ac­
tivation and affective state (Thayer 1986).

It should be rem em bered that the usage of self-report assessm ent tools, as in 
the case of any other m ethod, requires specific precautions. Possibly-disturbing 
factors should be taken into account in order to minimize their influence. Some of 
these previously noted  in this literature can be mentioned: subjects' verbal abilities, 
readiness to cooperate, in terpretation of experim ental conditions and its social con­
text, and subjects' social status (Coren & Porac 1978; Brown et al. 1992; Y oungstrom  & 
Green 2003). There is also a concern as to w hat extent the internal states are accessible 
to subjects, and how  the interpretation of the current subject's situation affects the es­
timation. A nsw ers on the check list can be partly  biased by subject expectations of the 
experim ental situation, and can also reflect social interaction of the subject w ith  the 
researcher. Self-assessment m easurem ent and its relation to autonom ic arousal have 
been studied  (Thayer 1978), b u t insufficient data are available concerning their associ­
ation w ith  CNS activity.

The two checklists used here were both based on the m ultidim ensional 
concept of arousal:
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♦ Activation-Deactivation Adjective Checklist [ADACL], short version (Thayer 
1989). It consists of 20 adjectives w hich yield two dimensions:

♦  Energy-Tiredness [ET], w hich represents the positive-valenced aspect 
of the organism 's energy expenditure. It is related to an energetic, 
vigorous state, in opposition to fatigue and  drowsiness.

♦  Tension-Calmness [TC] describes the current state on a dim ension 
betw een tension, w orry, anxiety; and a relaxed, calm state. The state 
of high anxiety can be related also to heightened autonom ic arousal. 
This subscale has a strong negative valence load.

♦  UWIST (University of Wales Institute of Science and  Technology) M ood A d­
jective Checklist [UMACL] (M atthews et al. 1990), consisting of 29 adjectives 
and  3 subscales:

♦  Energy A rousal [EA], sim ilar to the ADACL ET scale,
♦  Tension A rousal [TC], sim ilar to the ADACL TC scale,
♦  Hedonic Tone [HT], a scale designed to m easure "pure" valence on a 

continuum  from positive to negative.

The advantage of using controlled self-report is the quantification of m ood di­
m ensions, yielding ou tpu t on interval scales, w hich can be used easily in descriptive 
and inferential statistical analyses. The two checklists applied  in the study differ by 
using the separate valence scale in the UMACL checklist, while Thayer's approach in ­
cluded valence load in the activation scales. The latter checklist, historically the first, 
w as intensively investigated according to its relationships w ith  the autonomic 
nervous system  param eters. Two of them  w ere found to be especially strongly related 
w ith verbal report: heart rate and skin conductance (Spearm an's rho up  to 0.62). 
H ow ever they w ere not specific to valence and sensitive to both k inds of arousal ( en­
ergetic and tension arousal; Thayer 1970, 1986). The use of EEG m easures m ight allow 
to study  more specific associations w ith  subjective data w ith  a special attention paid  
on CNS arousal (Barry et al. 2004).

Tonic EEG data analysis

Electroencephalography is the oldest m ethod of m onitoring brain  activity, 
w hich can be dated  back to the XIX century (Beck 1890; Berger 1929; Coenen et al.
1998). The EEG signal is thought to be a sum  of post-synaptic potentials of relatively 
large neural populations, w hich contribute to the overall scalp potentials (Olejniczak 
2006). EEG m ethods provide analysis of ongoing electric activity w ith  excellent time 
resolution. H owever, there are also some limitations: relatively poor spatial resolu­
tion, and difficult access to subcortical structures. EEG recording is also sensitive to 
orientation and organization of neuronal sources in the tissue, preferring those w hich 
are perpendicular to the scalp surface (Sanei & Cham bers 2007). Its application pow er 
is also based on relatively w ide opportunities of deriving m ultiple signal measures. 
The EEG recording can be generally d ivided into two dom ains. Spontaneous EEG is
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based on continuous recording of on-going EEG activity, m ade in the time scale of 
dozens of seconds to several m inutes, usually in similar, unchanging conditions. A n­
other m ain EEG m ethod focuses on evoked potentials (EP) w hich reflects the 
averaged brain  response to a particular stim ulus or behavioural response in a time 
scale of h undred  of milliseconds or single seconds. For recording EP signals, m ultiple 
repetitions of a stim ulus/response are usually required.

Affective state changes can be considered on a time scale of m inutes or hours, 
p rovided no external events trigger its rap id  change. Thus application of spontaneous 
EEG analysis could be of great usefulness for studying em otional states. The basic h is­
toric division betw een different types of spontaneous EEG activity w as based on their 
frequency and  am plitude. The whole spectrum  w as divided into different bands ran ­
ging from  delta to gam m a, according to frequency. But this rough classification 
tu rned  out to be far from  being sufficient, as w ithin particular bands robust functional 
differences can be found (Lorig & Schwartz 1989; M arosi et al. 2002).

In the present experim ents, in order to quantify the spontaneous cortical activ­
ity, three different param eters w ere derived from  open-eyes EEG activity in resting, 
no-task conditions: narrow -band spectral pow er, the Laterality Coefficient [LC] m eas­
uring relative hem ispheric imbalance, and  the Synchronization Likelihood [SL] index 
indicating functional dependencies betw een cortical areas. A more detailed descrip­
tion of these param eters is p rov ided  below.

EEG Spectral Power

Spectral analysis of the EEG signal, using the Fast Fourier Transform  [FFT], 
converts the EEG data from  the time dom ain to the frequency domain. This results in 
decom position of continuous EEG signal into frequency bands w ith inform ation 
about the m agnitude of EEG activity in a particular frequency range, expressed in 
^V2. Dividing the spectral pow er by the frequency w indow  w id th  results in a norm al­
ized param eter called spectral pow er density, i.e. pow er corresponding to a 1 H z bin 
(^V2/H z). Such expressed EEG pow er is called "absolute" as opposed to "relative", 
w hich is obtained by norm alization of absolute values w ithin given frequency range. 
As a result, the contribution of particular bands to the total EEG pow er can be d e ­
rived, w hich is expressed in percents.

As different rhythm s are know n to be related to different states of cortical ac­
tivation, EEG pow er provides inform ation of the current functional state of the 
cortical area. Delta oscillations (1-3 Hz) are traditionally related to sleep, while theta, 
low-frequency activity (4-7 Hz) is associated w ith  sleepiness, how ever it can also be 
observed also during  m ental activity (Inanaga 1998). A lpha (8-12 Hz) and  beta (13-30 
Hz) rhythm s, dom inating in the idle or relaxed state, as well as during  inform ation 
processing and  cognitive activity, respectively, are w idely used indicators of the level 
of cortical arousal (Coenen 1998; A ndreassi 2006; Cacioppo et al. 2007). Gamm a oscil­
lations (>30 Hz) reflect some of the higher cognitive processes. Gamm a activity is also 
thought to be a m arker of perceptual feature-binding and consciousness (Skinner et 
al. 2000). This rough division obscures the fact that, w ithin the traditional bands, sig­
nificant functional heterogeneity is observed, regarding frequency and scalp
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locations. This leads to the need of narrow -band analysis, sub-dividing these trad i­
tional b road bands, w hich w as applied in the presented experiments.

The Laterality Coefficient

The Laterality Coefficient [LC] w as introduced to m easure the relative im bal­
ance in hem ispheric activation for corresponding pairs of electrodes, or scalp areas. It 
is calculated as the difference in pow er betw een the left and right hem isphere regions, 
expressed as a percentage of their sum. The exact form ula used for calculation is: 
LC = (L-R/(L+R))*100%, w here L and R are absolute pow er values for the left and 
right electrode/region, respectively. Its advantage over indicators such as the differ­
ence of absolute pow er (L-R), or difference of log pow er (log L - log R), is its 
separation of laterality variations from the level of total signal m agnitude, w hich usu ­
ally differs betw een subjects (Porac & Coren 1981). Essentially, division by the sum  of 
the regional pow ers serves to norm alize the m easure. Positive values indicate greater 
left e lec trode/region activity, while negative values indicate greater right activity. 
The LC index is especially sensitive to bilateral changes of activity, w hich are charac­
terized by sim ultaneous changes in both hem ispheres in opposite direction.

Synchronization Likelihood

The EEG m easures m entioned above do not let us make inferences about func­
tional dependencies betw een different electrodes/regions. H owever, this lim itation 
can be overcome by analysis of dependencies and  sim ilarities betw een signals in the 
time domain. Knowledge about the cooperation of different brain areas is of great im ­
portance for understanding how  the brain w orks. The Synchronization Likelihood 
[SL] index (Stam & Van Dijk 2002), based on the non-linear concept of generalized 
synchronization (Rulkov et al. 1995) w as applied  in the present thesis as an index of 
functional interdependence between signals. Some advantages of this m ethod can be 
mentioned: it does not require bilateral direct interaction between two system, b u t in ­
troduces the possibility of another driving system affecting both  considered signals. 
This could be the case in EEG analysis, w here the activity of subcortical structures, 
not directly recorded in the EEG signal, can drive cortical neurons. Secondly, since the 
m ethod is non-linear, it is not sensitive to am plitude, b u t rather to the phase coupling 
betw een the signals, w hich is a better m arker of bilateral dependencies. The SL index 
varies betw een 0 (lack of synchronization) and  1 (full synchronization). The SL has 
been found useful in studying the cooperation of cortical areas in visual processing, 
attention, and  m em ory (Micheloyannis et al. 2003; Gootjes et al. 2006). It has revealed 
degraded neural transm ission during  abnorm al brain functioning in m ental (Michel- 
oyannis et al. 2006) and  neurodegenerative disorders (Stam et al. 2003), and, on the 
other hand, enhanced pathologic synchronization in epileptic seizures (Montez et al. 
2006). Application of this m ethod in the present study w as in troduced mostly to in ­
vestigate bilateral dependencies betw een frontal and  right posterior cortical areas 
postu lated  in the theory (Heller 1993). These both systems are hypothesised to process
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different aspects of affect w hich is finally experienced as a unitary, integrated ph e­
nom enon (some analogies w ith "binding problem " concerning different aspects and 
modalities of perceptions can be mentioned). It is hypothesized that in m ore em otion­
al conditions (increase of valence a n d /o r  arousal scores), heightened level of 
cooperation betw een em otional areas will be observed. Since the postu lated  areas are 
relatively vast, the analysis of their synchronization centres can be also helpful in 
more precise localization of em otional functions.

The main questions

The present w ork determ ines w hether subjective dim ensions of affective state 
(valence, energetic and  tension arousal) are related to spatiotem poral patterns of cor­
tical activity in a specific way, and  if these patterns can be generalized across different 
conditions. The cortical m odels of emotions, especially the valence/arousal one, 
p rovided the theoretical background for the presented research. These m odels were 
not created on the basis of self-report m easures, relying instead on the experim enters' 
expectations of em otional m anipulations, and the question arises to w hat extent the 
m odel can be predictive for self-report data. The m ain issues addressed here can be 
stated as follows:

♦  Do the distinguished affective states covary w ith  specific patterns of cortical 
activity? It is expected, that particular em otional states reported  by subjects 
(e.g. relaxation, tension, drowsiness) will be accom panied by state-dependent 
EEG patterns.

♦  Are these patterns stable and reproducible across different conditions, and can 
they be generalized? If different aspects of em otional experience are depend ­
ent on specialized cortical systems, their activation w ould  reflect the subjective 
state in a replicable way.

♦  W hat is the predictive pow er of Heller's m odel regarding the cortical substrate 
of m ood? According to the theoretical predictions, the valence scale (HT) is 
specifically related to the frontal asym m etry. The energy and  tension arousal 
w ould  be reflected in frontal asym m etry as well as correlated w ith  the activa­
tion of the right posterior area, w hich is claim ed to be insensitive to the 
valence.
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CHAPTER 2 .

Subjective mood estimation co-varies 

with spectral power EEG characteristics

This chapter is a modified version of Wyczesany M, Kaiser J, Coenen AML. Subjective 
mood estimation co-varies with spectral power EEG characteristics. Acta Neurobiologiae 
Experimentalis 2008; 68.

Abstract

Co-variation between subjectively estim ated m ood/activation  and EEG char­
acteristics, based on spectral pow er param eters, w as investigated. Subjective 
estim ation of m ood w as m ade by using Thayer's Activation-Deactivation Adjective 
Checklist, w hich yielded tw o dimensions: Energy-Tiredness (with Energy pole having 
positive valence connotation) and  Tension-Calm ness (negative connotation for Ten­
sion). A within-subject design w ith  two sessions of EEG recording im m ediately 
followed by m ood assessm ent w as applied. These w ere separated by a cognitive task, 
introduced in order to m odify the subjects' mood. The correlations betw een changes 
in m ood estim ation and changes in EEG spectral pow er param eters w ere calculated. 
Both ADACL dim ensions co-varied w ith EEG in a specific w ay according to fre­
quency and  localization. Subjective estim ation of Energy correlated negatively w ith  
alpha1 and, surprisingly, positively w ith delta, theta1 as well as theta2 relative power. 
Estim ation of Tension correlated positively w ith theta1 and  beta1, and  negatively 
w ith  alpha2 relative power. Presented results suggest that the adjective description of 
m ood has objectively-measurable brain correlates in the EEG.

Introduction

M ood can be defined as a transient affective state of low or m oderate arousal 
(Reber & Reber 1985). The affective aspect of m ood is available only indirectly, by a
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verbal self-report or by behavioural expression, while arousal and  activation level can 
be m easured by using physiological variables (VaezMousavi et al. 2007). The chal­
lenge for understanding phenom ena such as feelings or m ood requires an integration 
of the first person experiential m ethods w ith  those of psychophysiology (Varela 1996; 
Lane 1998; Lutz et al. 2002; Price at al. 2002; Coghill 2003, 2004; Kaiser & W yczesany 
2005, 2006).

Here, we focus on a special kind of verbal self-description called "controlled 
self-report". It is based on a lim ited list of adjectives describing various aspects of the 
subjective state. In this case, a possible range of answ ers is restricted to w ords or 
descriptors intended and  chosen by the author(s) of the m ethod. Subjects are required 
to idicate on a scale to w hat extent their current m ood /  em otional state is described 
by each of the adjectives. We assum e that factorial procedures of selecting the adject­
ives for constructing the assessm ent tools ensure that their denotative and 
connotative m eanings rem ain relatively unam biguous. These kinds of m ethods are 
used w ith a sufficiently good reliability in studies of activation and  affective state 
(Thayer 1970). A nother advantage of these tools is that they yield quantitative results, 
w hich can be used for statistical inferences.

Relations betw een brain activity and behavioural variables have been investig­
ated extensively, how ever studies em ploying subjective reports as psychological 
variables are rarely found. A m ong them, the relations betw een brain activity and  sub­
jectively estim ated level of arousal in term s of vigour, sleepiness, vigilance or 
activation mostly draw  the researchers' attention.

In the study  of A kerstedt and Gillberg (1990) considering relations between 
subjective sleepiness and EEG, subjects w ere kept aw ake during  the night in the 
laboratory. Every two hours EEG sessions w ere recorded and  then followed by a d ­
m inistering of tw o sleepiness scales: VAS (Visual Analog Scale) rating from  'very 
sleepy' to 'very alert' and  KSS (Karolinska Sleepiness Scale). H igh sleepiness condition 
w as related to increase in theta and  alpha pow er. H orne and Baulk (2004) arranged 
two sessions on a driving sim ulator and tested the subjects in the afternoon, after 
shortened sleep the n ight before. Periodically, subjects estim ated their state using 
KSS. There w as only one EEG channel (C3-A j), w hich w as continuously recorded. The 
subjective scores for each 200s epoch w ere com pared w ith  averaged spectral pow er in 
these epochs. They found very high correlation betw een KSS scores and  pow er of 4-11 
Hz band  (theta+alpha).

In another study  (Leproult et al. 2003), authors checked long-time stability of 
the relation betw een subjective alertness, assessed by Visual Scale for Global Vigour 
(Monk 1989), and objective alertness m easured by m eans of com puterized vigilance 
task and psychophysiological data. These param eters w ere m easured during  27 h 
period of wakefulness, every two hours, during  the sessions w ith eyes open and 
closed. Data analysis revealed a positive correlation betw een decrease in Global 
Vigour scale and  faster alpha pow er, and this result w as stable over a 6-week time. 
An increased level of alpha together w ith  reports of sleepiness w as observed. In the 
study of Strijkstra and co-workers (Strijkstra et al. 2003) EEG spectral pow er and  sub­
jective level of sleepiness assessed by KSS w ere considered. Subjects w ere deprived of 
sleep during  a 40 hrs period. Every two hours they estim ated their state between
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"very alert", "very sleepy" and  "fighting sleep", w hich w as followed by 3-min EEG 
recording. O n the first day theta pow er w as negatively correlated w ith  sleepiness 
(positively w ith  the awake, active state) and this pattern  became reversed during  the 
first n ight of sleep deprivation. A lpha pow er w as correlated negatively at all scalp 
locations w ith  sleepiness during  the whole recording.

A different approach to subjective data w as applied  in a num ber of studies 
w hich explored EEG spectral correlates of different types of m ental activity, as charac­
terized by subjects. Lehm ann et al. (1995) considered freely described ongoing mental 
activity together w ith  the state of activity and  bodily experience. These non-struc- 
tu red  subjective reports w ere scored by blind raters on 20 scales describing cognition 
styles. The 16-seconds periods preceding the estim ation w ere taken as associated 
EEG records. By m eans of canonical correlations analysis, the EEG profiles related to 
specific type of m ental activity w ere established. Cognitions described as "apparently  
the awake type" w ere associated w ith  an increase of beta and gam m a band  power.

There are few studies w hich focused on the subjective estim ation of em otional 
states and  their postu lated  associations w ith  EEG patterns. A state of anxiety and neg­
ative affect assessed by State-Trait Anxiety Inventory [STAI] and  Beck Depression 
Inventory (BDI) w ere not found to predict frontal asym m etry in the study  of To­
m arken and  Davidson (1994). The relationships betw een UWIST M ood Adjective 
Checklist dim ensions (Tense Arousal, Energy A rousal and  Hedonic Tone) and EEG 
activity source w ere analysed using the LORETA m ethod (Isotani et al. 2002). The 
source w as m oved to the right during  negative emotions, com pared to the positive 
conditions. In another study, beta2 (18.5-21 Hz) activity source w as found to move 
right during  anxiety conditions, com pared to relax (Isotani et al. 2001).

A nother approach to the problem  of integration betw een EEG patterns and 
first-person data w as presented  in a pharm acological study, w here the m ood w as 
modified by drug  adm inistration. In the study of Ansseau and co-workers (Ansseau 
et al. 1984), self-reports w ere m ade by m eans of the H am ilton Anxiety Scale. A signi­
ficant relationship betw een reported  anxiety and  beta2 pow er over midline electrodes 
(Fz, Cz, Pz) w as described. The results of these studies show  that, to some extent, the 
first-person data are related to internal states and  co-vary w ith  EEG param eters.

The aim  of the present study w as to investigate putative associations betw een 
the first-person verbal data related to the quality as well as to the intensity of mood, 
and the spectral param eters of the EEG. By integrating these two m easures, we expect 
to reveal relationships betw een cortical activity and  subjective estim ation of mood. 
We assum e that subjective feelings can be considered as em ergent properties of molar 
processes in the brain  (Sperry 1969). Thus, changes of the EEG characteristics should 
co-vary w ith  subjective experience, m easured w ith  the first-person data collection 
m ethods. Observation of stable correlations w ould  allow us to revise argum ents 
denying the em pirical status of the subjective experience and  validate verbal self-re­
po rt as a proper tool in m ood and em otion research. In other w ords, the physical 
brain state in term s of EEG param eters w ould  be to some extent predictable on the 
basis of validated  first-person m ethods and  vice-versa. In the following study, we 
used the spectral pow er of the EEG as a param eter describing brain  activity.
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As can be seen, the results described in literature are only fragm ented and do 
not fully address our questions. As a consequence, it is hard  to form ulate precise ex­
perim ental hypothesis. Some im portant suggestions concerning the m ethod can be 
found in the literature cited above, concerning m anipulation of m ood (Anseau et al. 
1984; Lehm ann at al. 1995; H orne & Baulk 2004). W ithin possible factors affecting 
mood, cognitive task seems to be effective. Certain frequency bands of the EEG are as­
sociated w ith em otional processes, and w e can, therefore, expect specific 
differentiation of spectral pow er in relation to the reported  qualities of affective state. 
According to the presented results, together w ith  EEG band  pow er analysis of Ku- 
bicki et al. (1979), the low er frequency EEG rhythm s (up to alpha) are more sensitive 
to changes in vigilance than the higher frequency rhythm s (beta, gamma). We also ex­
pect to observe an association of em otional arousal m ainly w ith  alpha and beta band  
power. A lpha rhythm  is positively correlated w ith  awake relaxed state (Niederm ayer 
& Lopes da Silva 1999), w hich has em otionally positive valence and  is contrary to 
tense arousal. Beta rhythm  is observed in conditions of m ental effort and  also during 
em otional arousal, w hich in some conditions can have negative valence.

In the present study we examine associations betw een subjective estim ation of 
mood, assessed by Thayer's Activation-Deactivation Adjective Checklist [ADACL], 
and patterns of brain activity in term s of EEG spectral pow er. We decided to use a 
cognitive task to vary  mood, and thus preceded and followed the task by separate 
m easures of both m ood and EEG. The m ain advantage of this approach is elimination 
of between-subject variance in EEG pow er. This com putational procedure is only pos­
sible w hen both m easurem ents for the same subject are taken in different conditions. 
Therefore, introducing a cognitive task betw een the m easurem ents, together w ith  the 
time as an additional factor, provides facilitation of the changes in em otional state 
betw een pre- and post-task conditions. D uring analysis, we focus on correspondence 
betw een w ithin-subject changes of subjective state and the changes in EEG spectral 
param eters, not on the raw  m ood and EEG data.

Data related to activation /m ood and EEG frequencies let us form ulate experi­
m ental hypotheses. In this paper we examine w hether:

♦  changes in adjective m ood estim ation are accom panied by changes in cortical 
activity m easured w ith  spectral pow er m ethods,

♦  the Energy-Tiredness [ET] dim ension is associated m ainly w ith  low-frequency 
rhythm s. Theta and  alpha pow er are supposed to be negatively correlated 
w ith  estim ation of Energy,

♦  the Tension-Calmness [TC], as a dim ension related to em otional arousal, will 
show  negative correlation w ith alpha and  positive w ith faster rhythm s (beta 
and  gamma).
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Method

Subjects

Thirty seven subjects (21 w om en and 16 men), aged 19-32 (mean 22.1 years) 
participated in this study. None of them  w ere diagnosed w ith  neurological diseases. 
They w ere all volunteers, found through advertisem ents. All of them  gave w ritten in ­
form ed consent to participate in the study and received financial reward.

Apparatus

EEG data w ere recorded w ith a 32-channel Biosemi ActiveOne device, 
equipped w ith  active electrodes and  16-bit A /D  converters. An EEG cap w ith  exten­
ded  10-20 electrode system  w as used. Two additional electrodes w ere used for 
reference on both  m astoids and  four over the eye m uscles for EOG recordings, which 
w ere later used for ocular artefact correction. All electrode im pedances w ere kept in a 
recom m ended range.

For collecting subjective data, the Polish adaptation  of Activation-Deactivation 
Adjective Checklist ADACL Short Version (Thayer 1970; Grzegolowska-Klarkowska
1982) w as used. The list consists of 20 adjectives, describing activational and em otion­
al qualities of mood. The adjectives are scored on a 4-point Likert-style scale, 
according to w hat extent they fit as a description of their current mood.

Procedure

The experim ent took place in a sound-proof air-conditioned cabin, w ith  
dim m ed light. The subjects w ere seated in front of a 17'' CRT com puter m onitor w ith 
refresh rate set to 85Hz. They w ere inform ed that the aim  of the study w as to record 
brain activity during various tasks, w hich w ould  be displayed on the screen. They 
w ere advised to keep the eyes open, and to avoid body m ovem ents during  the p ro ­
cedure. The initial period of 5 m inutes w as intended for adaptation  to experim ental 
conditions. D uring this time participants had  no particular tasks and  w ere w aiting for 
further instructions w hich w ere to be displayed on the screen. During the sixth 
m inute the background EEG w as recorded. This recording w as im m ediately followed 
by a com puter version of the ADACL. This pair of m easurem ents (EEG and subject­
ive) w as indicated as "pre-task". Then, the subjects w ere engaged in the task based on 
the Sternberg M emory Task (Sternberg 1966), in w hich sequences of num bers were 
presented, and the subjects w ere required to answ er if a certain num ber, always 
show n at the end of the series, had  been presented in a preceding sequence. The o ri­
ginal task w as m odified in order to make it more difficult; the presentation time of the
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num bers w as decreased from  500 to 100 ms and  the series length w as increased from 
6 to 15 elements. Next, a 2-m inute idle period followed, during  w hich another EEG 
m easurem ent w as taken during  the second m inute, and  then the Thayer checklist w as 
again presented, referenced later as "post-task". The detailed tim e schem a of the p ro ­
cedure is presented  in  Fig. 1.

Fig. 1: Experimental procedure

A lthough the recordings of the EEG w ere done just before the ADACL m eas­
urem ents, w e treated this sequential m easurem ent of the EEG and  the checklist 
m easurem ent as quasi-sim ultaneous. The time shift of the m easurem ents is necessary 
to avoid EEG artefacts caused by  m otor activity. Since m ood changes in tim e are relat­
ively slow, this procedure appears reasonable. Similar procedures have been also 
applied  by  other researchers (Thayer 1989; Tom arken & D avidson 1994; Lehm ann et 
al. 1995; G am m a et al. 2000; Papousek & Schulter 2002; Fairclough & Venables 2006). 
It is im portant to m ention, that the ADACL checklist, unlike m any psychological trait 
questionnaires, w as designed to m easure the state of the subject. The effect of learning 
provoked by  m ultiple use w ith in  the same person  is minim ized. Hence it is assum ed 
tha t different results reflect changes in the m easured state (Thayer 1970).

Both EEG segm ents of 1-minute length w ere filtered w ith  a digital band  pass 
filter of 1-60 H z and  24dB /oct slope w ith  an  additional notch filter (50Hz). Ocular 
artefact correction, according to Gratton-Coles-Donchin m ethod, w as applied using a 
signal from  the ocular electrodes (Gratton et al. 1983). For spectral pow er calculation, 
EEG recordings w ere d iv ided into overlapped 2-second epochs, w hich w ere visually 
screened and  rejected in  case of any artefacts. Fast Fourier Transform  w ith  1 H z resol­
u tion and  10% H anning w indow  w as com puted for each epoch. Both pre- and  post­
task pow er density  (pV2/H z ) w as calculated by  averaging spectral pow er for all 2- 
second artefact-free epochs contributing to this band. The obtained pow er spectra 
density  values w ere aggregated into following bands: delta (1-3 Hz), theta1 (4-5 Hz), 
theta2 (6-7 Hz), alpha1 (8-10 Hz), alpha2 (10-12 Hz), beta1 (13-15 Hz), beta2 (16-24 
Hz), beta3 (25-30 Hz), gamma1 (31-48 Hz), gam ma2 (52-60 Hz). The resulting values 
w ere then norm alized across subjects for all channels in  a range of 1-60 H z to obtain 
relative pow er values. Finally, com parisons betw een the pre-task and  post-task level 
of spectral pow er values w ere made.
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The exploratory character of this initial experim ent w as the rationale behind 
choosing such broad frequency range for analysis. It w as expected to reveal w hich 
bands are m ost affected by changes in subjective state. Since the m agnitude of the in­
vestigated effects w ere unknow n, relative EEG pow er instead of absolute m easure 
w as used, in order to minimize the influence of between subject variance in total EEG 
signal strength.

According to AD-ACL instructions, the scores for tw o m ain scales w ere calcu­
lated: Energy-Tiredness and Tension-Calmness (Thayer 1970, 1989). Com parisons 
betw een the pre- and post-task levels w ere carried out.

The differential data (post-task m inus pre-task) for both subjective and  EEG 
data w ere calculated for each subject. Correlations (Pearson's r) betw een both subject­
ive factors and each of the EEG frequency bands w ere analysed for all the electrode 
positions. A lthough a large am ount of statistical tests increase the possibility of type-I 
errors spuriously indicating significant correlations, no additional correction of p- 
level w as applied since this m ight have caused a substantial loss of statistical test 
pow er (Papousek & Schulter 2002). To avoid such accidental effects w e d id  not focus 
on single recording relationships, bu t rather on consistent patterns over the cortex. 
The localizations w ere considered only w hen they consisted of adjacent recordings 
w ith  sim ilar significant relationships according to the frequency and  direction of the 
correlation.

Results

EEG data - comparison between pre- and post-task results

Relative EEG pow er in the pre- and  post-task conditions differed significantly, 
as an effect of the procedure and the time (Fig. 2). A  significant increase in delta 
pow er w as found after the task at m idline frontal, central and  left parietal electrodes. 
A n increase in both theta ranges in the post-task condition w as apparen t at m idline 
frontal, central and parietal, as well as right tem poral sites. Relative alpha bands 
pow er after the task w as lower over the entire scalp. EEG pow er in the beta band  in ­
creased significantly at the right tem poral and parietal electrodes. H igh frequency 
gam m a activity increased in the post task condition and  this effect w as observed at 
lateral frontal, m idline central, both tem poral and  parietal sites.
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Fig. 2: Comparison of the EEG relative power [%] for aggregated bands in pre- and post-task conditions. 
Significant differences are marked with one asterisk for p<0.05 and two asterisks for p<0.01.
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Subjective emotional state data 

- comparison between pre- and post-task results

The effect of the task on the subjective m easures w as checked using a t-test for 
dependent samples. There w ere no differences in either Energy-Tiredness or Tension- 
Calmness scores found for the group as a whole. How ever, detailed analysis of differ­
ence scores betw een pre- and  post-task conditions revealed that, in fact, the task 
affected subjective estim ations considered w ithin subjects, although average changes 
across all subjects w ere close to zero. The task thus proved to affect the subjective 
state. Descriptive statistics of the differential subjective data are presented  in Tab. I .

subjective estimation change mean m in max std. dev.

Energy-Tiredness 0.46 -7 11 3.04

Tension-Calmness -0.05 -5 8 3.49

Tab. I: Changes in subjective estimation score between post- and pre-task for both subjective factors.

Integration of EEG and subjective mood data

Energy-Tiredness

An increase in Energy-Tiredness scores (more energetic and less drow sy state) 
w as associated w ith  an increase of relative delta pow er at m idline fronto-central, cent­
ral, centro-parietal, as well as right parietal sites (Fz, FC1, FC2, Cz, CP1, CP2, Pz, P4, 
PO4, P8, O2). The direction of correlations w as the same for the theta bands, and  the 
relationships w ere visible on midline frontal, central and parietal recordings (Fz, F3, 
FC1, FC2, Cz, C3, CP1, CP2, Pz). The a lphal band  (8-10 Hz) correlated negatively 
w ith  Energy estim ation at midline and some left frontal, central and parietal, as well 
as left tem poral recordings (Fz, FC1, Cz, C3, Cp1, Pz, P3, T7). No significant relation­
ships w ere found for alpha2, beta or gam m a frequency bands (Fig 3a).

Tension-Calmness

A correlation of EEG relative pow er and Tension-Calmness subjective estim a­
tion w as found for the following bands: delta, theta1, alpha2 and beta1. Delta pow er 
w as positively correlated w ith  Tension scores m ainly at left frontal and  tem poral elec­
trodes (Fz, Cz, AF4, FC1, F3, F7, FC5, T7). The observed associations for theta1 pow er 
w ere sim ilar to delta (Fp2, AF3, F7, FC5, F3, Fz, T7). Alpha2 show ed a decrease w ith 
Tension increase, and this effect w as observed at central and left frontal sites (Fp1, F3,
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FC5, Fz, FC1), as well as symm etrically at posterior sites (Pz, P3, P4, PO3, PO4, O1, 
Oz, O2). b e ta l pow er w as positively correlated w ith  a feeling of tension at some front­
al (AF3, AF4, F7, F4), right tem poral (T8) and  right parietal (P4, PO4, CP2) sites. For 
frequencies w ithin a lphal, beta2 range and  higher, no significant relationships w ere 
observed (Fig. 3b).

Fig. 3: Magnitude of correlations between subjective dimensions and changes in EEG relative power. The 
scale below the map represents correlation coefficient r: the brighter the area, the strongest association 

observed. Please note, that correlation scale for alpha band is reversed, which means negative relationship.
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Energy-Sleep

Delta Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
0.11 0.16 0.12 0.28 0.32* 0.19 -0.16 0.28 0.39* 0.12 0.09 0.13 0.40* 0.00 -0.00 0.24

O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
0.37* 0.44** 0.45** 0.42** 0.30 0.35* 0.30 0.17 0.23 0.38* 0.25 0.29 0.18 0.16 0.34* 0.30*

Theta1/2 Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
0.21 0.24 0.26 0.34* 0.39* 0.30 -0.20 0.34* 0.39* 0.19 0.10 0.20 0.33* 0.00 -0.02 0.28
O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz

0.38* 0.26 0.25 0.30 0.20 0.34* 0.27 0.01 0.16 0.41** 0.30 0.17 0.18 0.17 0.46** 0.39*

Alpha1 Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
-0.23 -0.26 -0.17 -0.28 -0.31* -0.19 -0.41** -0.47** -0.43** -0.28 -0.30 -0.36* -0.36* -0.29 -0.33 -0.23

O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
-0.14 -0.19 -0.19 -0.17 -0.13 -0.23 -0.15 -0.19 -0.19 -0.30 -0.29 -0.14 -0.21 -0.16 -0.32* -0.32*

Tension-Calmness

Theta1 Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
-0.03 0.34* 0.39* 0.33* 0.27 0.42** 0.48** 0.21 0.08 0.24 0.10 0.05 0.08 -0.10 -0.12 0.11

O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
0.20 0.22 0.12 0.16 0.16 0.08 0.03 0.22 0.14 0.17 0.24 0.15 0.29 0.14 0.33* 0.11

Alpha2 Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
-0.27 -0.23 -0.21 -0.32 -0.38* -0.34* -0.25 -0.20 -0.27 -0.30* -0.23 -0.34* -0.33* -0.38* -0.39* -0.45**

O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
-0.45** -0.42** -0.30* -0.21 -0.05 -0.18 0.09 -0.14 -0.02 -0.12 -0.11 -0.30* -0.17 -0.24 -0.34* -0.24

Beta1 Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 O1 Oz
0.22 0.33* 0.32* 0.25 0.23 0.24 0.16 0.11 0.22 0.17 0.27 0.24 0.25 0.24 0.14 0.14
O2 PO4 P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
0.20 0.30* 0.33* 0.24 0.27 0.29* 0.27 0.35* 0.24 0.25 0.33* 0.15 0.27 0.23 0.23 0.25

Tab. II: Values o f correlations between subjective scores and relative power in selected bands. Significant 
differences are marked with one asterisk for p<0.05 and two asterisks for p<0.01.
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Discussion

The relative pow er in the individual frequency bands after the task w as differ­
ent, com pared to the pre-task m easurem ent. A lpha relative pow er w as characterized 
by a salient decrease over the entire cortex in the post-task conditions. Since high al­
pha pow er is related to the state of relaxed w akefulness (Andreassi 2000; Barry et al.
2004), its observed decrease m ay be related to the subjects' increase of m ental arousal 
due to the task requirem ents, w hich rem ains observable some time after.

The increase in beta relative pow er after the task w as found only over the right 
tem poral and parietal recordings. Failure in observing more pronounced post-task 
beta increase can be explained by the fact, that the m easurem ent w as taken some time 
after the task w as com pleted. H owever, for gam m a we see an increase in relative 
pow er alm ost over the entire cortex. A lthough gam m a is m ainly considered as a syn­
chronization recorded during  cognitive tasks (Kahana 2006), our results suggest that a 
cognitive task can also have longer lasting effects in the highest frequency range (Lutz 
et al. 2004).

In the delta frequency, a slight bu t significant increase in relative pow er over 
frontal and central recordings w as observed. The interpretation of this finding in 
term s of intentional increase of attention due to procedure dem ands together w ith  an 
alternative hypothesis is discussed below in m ore detail.

Correlation between subjective mood estimation and EEG

Changes of EEG param eters and subjective estim ation due to procedural 
factors allow us to correlate the w ithin-subject differences of the subjective and object­
ive data. The results confirm ed the general hypothesis of correlations between 
adjective m ood estim ation and  patterns of cortical activity. Both ADACL dim ensions 
are specifically associated w ith  different patterns of EEG characteristics (Tab. II).

Energy-Tiredness

The Energy-Tiredness dim ension describes subjective feeling of energy ex­
penditure underlying both the physical and cognitive levels of activity. The increase 
of Energy has an em otionally positive value (Thayer 1989). The direction of the correl­
ation w ith subjective scores is positive for delta as well as theta2 and  negative for the 
alpha1 band. In other w ords, a higher energetic state is reported by subjects, thus

Differences between pre- and post-task EEG
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more delta and theta2 pow er, together w ith  suppression of alpha1 activity, can be ob­
served.

Theta activity as a rhythm  linked w ith  a variety of psychological phenom ena 
w as stud ied  extensively and  related to drow siness and degraded  vigilance (Strijkstra 
2003; Eoh et al. 2004; Smit 2004) b u t also heightened alertness (Mizuki et al. 1980; Pan­
nekam p et al. 1994; Ba§ar 2001) and  cognitive activity (Miller 1989; Laukka 1995), as 
well as to em otional processing (Heath 1972; Schacter 1977). According to the trad i­
tional view  of theta activity, it is related to the states of decreased activity and 
drowsiness. On the other side, theta activity can be regarded as a m anifestation of in­
creased cortical activation in conditions of cognitive dem ands (M atsuoka 1990; 
Pennekam p et al. 1994; Orekhova et al. 1999; Aftanas et al. 2001; Jensen & Tesche 2002; 
Aftanas et al. 2004).

This apparen t discrepancy suggests that in a range of low frequency, at least 
two functionally different theta rhythm s should  be distinguished. Some results sug­
gest that the positive relation of theta pow er and  sleepiness can be observed in 
conditions of excessive drowsiness, while in the norm al awake state, theta activity is a 
m arker of voluntary  increm ent in alertness and attention. This is in line w ith  the 
already cited study  of Strijkstra et al. (2003), w ho observed both  patterns of theta 
activity. This view  is also supported  by a factorial analysis of EEG bands (Kubicki et 
al. 1979), w hich show ed negative correlations betw een low  alpha (8.5-10.5 Hz) and 
low frequency rhythm s (delta and theta, 1.5-6 Hz), recorded in a condition of norm al 
awake state in subjects w ith  open eyes. Since conditions of our experim ent placed the 
subject in a m oderate level of activity, we could not record changes in theta activity 
related to an extensive drowsiness state. Thus, positive correlation betw een low fre­
quency activity and subjective estim ation of energy can be interpreted  in relation to 
the task involvem ent and  readiness to react.

D uring the awake state, alpha activity, w hich is m ainly recorded at the central 
and posterior locations, is a m arker of decreased cortical activation, observed during 
the states of relaxed w akefulness and  low  m ental activity. It is know n to be su p ­
pressed during  stim ulus intake or cognitive activity (N iederm ayer & Lopes da Silva 
1999; A ndreassi 2000) and  increased in the conditions w hen  cortex areas are deactiv­
ated for a correct perform ance of the task (Gómez 2004).

As expected, the feeling of higher energy w as associated w ith  a decrease in re ­
lative alpha1 pow er. It is im portant to note that association w ith subjective reports 
w as visible only for the low er alpha range (8-10 Hz). This observation suggests func­
tional heterogeneity of alpha rhythm s and dissociation betw een low  and  high alpha 
activity. The lower alpha band  is often related to attentive and  aware states, while 
higher alpha is associated w ith m ental w orkload (Crawford et al. 1996; Klimesch
1999). O ur result supports this distinction.

Surprisingly, delta w aves also show ed positive correlation w ith  Energy-Tired- 
ness scores. Low-frequency delta w aves were, in the field of psychophysiology, 
usually investigated in relation to sleep. It is generally accepted that low-frequency 
activity predom inates in conditions of sleepiness and  sleep (Coenen 1998). However, 
our study  found that relative delta pow er behaves sim ilarly to both  theta bands in re­
lation to Energy-Tiredness estimation. As previously m entioned, the factor analysis of
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Kubicki (1979), yielded a band  of 1.5 to 6 Hz as a single factor, w hich fits into our ob­
servations. This m ay suggest that, w hen considering associations w ith  the level of 
energy, these two rhythm s m ay behave in a sim ilar w ay. In fact, a few studies show  a 
functional sim ilarity of theta and delta activity under certain conditions. It has been 
reported that besides theta, delta pow er also increases during conditions of cognitive 
activity (Dolce & W aldeier 1974; H arm ony et al. 1996). It should also be noted  that the 
observed changes in delta pow er accom panying estim ation of energy, are very subtle 
com pared to its huge increase during  sleep conditions described in the literature (A n­
dreassi 2000). An alternative explanation of delta pow er increase may suggest that 
this effect w as caused by the use of relative pow er m easure, w hich is sensitive to 
changes of other bands pow er (in this case, significant increase of alpha pow er). The 
lack of sufficient support in the literature concerning delta activity during  the awake 
state suggests that this outcome needs to be carefully interpreted.

Tension-Calmness

The second subjective factor, Tension-Calmness, is a dim ension that describes 
the expenditure of energy related to negative em otional arousal and  stress on the one 
side, and lack of tension w ith  positive valence on the other (Thayer 1989). It includes 
both valence and the activational aspect of m ood.

EEG activity w as found to be related to the estim ated level of Tension for all 
affected bands (theta1, alpha2, beta1). The localization of the effect w as different for 
these bands.

The relationships observed at the right posterior cortical sites, especially in the 
beta1 range, are in line w ith some reports relating this region to the experience of 
em otional arousal, irrespective of valence (Heller 1993). These associations could be 
then considered as state-dependent patterns related to the subjective intensity of em o­
tion; the decrease of anterior alpha2 together w ith  the increase of beta1 pow er may 
suggest activation of this area, expected in conditions of heightened tension. This res­
ult confirms again the functional dissociation betw een alpha1 and alpha2 rhythm s. 
Decrease in alpha pow er during  em otional tension is in line w ith  the general view  on 
the alpha band, postulating a positive correspondence betw een alpha and  the relaxed 
state.

The associations w ith  subjective reports observed in the anterior region can be 
related to the experience of em otional valence (Davidson 1992; Heller 1993; Papousek 
& Schulter 2002).

Beside alpha and beta frequencies, positive correlation w ith reported  tension 
level w as visible for theta1 relative pow er. A lthough the effect of increased pow er in 
the low frequency band, along w ith  the increase of tension feeling, w as not predicted 
in our hypotheses, it is in line w ith  some know n data from  studies of em otional p ro ­
cessing (Schacter 1977; Foster & H arrison 2002; Lal & Craig 2003; U m ryukhin et al. 
2005).
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Conclusions

It can be concluded that the results presented  in this paper support the hypo­
thesis of a co-variation betw een subjective qualities of m ood and  brain activity 
patterns. Both subjective dim ensions are specifically associated w ith EEG changes in a 
different w ay. EEG characteristics in term s of frequency and  localizations related to 
the Energy-Tiredness dim ension are different from  those associated w ith  the Tension- 
Calmness scale. Energy-Tiredness is related to delta, theta1, theta2 and alpha1 activ­
ity, m ainly in central locations, while Tension-Calmness is related to theta1, alpha2 
and beta1, m ainly distributed in anterior and posterior regions. As predicted in the 
hypotheses, the Energy-Tiredness dim ension is especially associated w ith  lower fre­
quency rhythm s. The Tension-Calmness scale is, how ever, sensitive to both low and 
high frequency rhythm s, w hich can be explained by both  valence and  activational as­
pects of m ood included in this scale.

37



References

Aftanas LI, Golocheikine SA, 2001. H um an  anterior and  frontal m idline theta and  low er alpha 
reflect em otionally positive state and  internalized attention: h igh  resolution EEG 
investigation of m editation. Neuroscience Letters 310: 57-60.

Aftanas LI, Reva NV, Varlam ov AA, Pavlov SV, M akhnev VP, 2004. Analysis of evoked EEG 
synchronization and  desynchronization in  conditions of em otional activation in  hum ans: 
tem poral and  topographic characteristics. Neuroscience and Behavioral Physiology 34: 859-867.

A kerstedt T, Gillberg M, 1990. Subjective and  objective sleepiness in  the active individual. 
International Journal o f Neuroscience 52: 29-37.

Andreassi JL, 2000. Psychophysiology. H um an  Behavior and  Physiological Response. Lawrence 
Erlbaum  Associates.

A nsseau M, D oum ont A, Cerfointaine JL, M antanus H, R ousseau JC, Timsit BM, 1984. Self­
reports of anxiety level and  EEG changes after a single dose of benzodiazepines. Double­
b lind  com parison of two form s of oxazepam . Neuropsychobiology 12: 255-259.

Barry RJ, Clarke AR, M cCarthy R, Selikowitz M, Rushby JA, Ploskova E, 2004. EEG differences 
in  children as a function  of resting-state arousal level. Clinical Neurophysiology 115: 402-408.

Ba§ar E, Schürm ann M, Sakowitz O, 2001. The selectively distributed  theta system: functions. 
International Journal o f Psychophysiology 39: 197-212.

Cacioppo JT, 2004. Feelings and  emotions: roles for electrophysiological m arkers. Biological 
Psychology 67: 235-243.

C oenen AML, 1998. N eural phenom ena associated w ith  vigilance and consciousness: from  
cellular m echanism s to electroencephalographic pattern. Consciousness and Cognition 7: 42-53.

Coghill RC, McHaffie JG, Yen Y, 2003. N eural correlates of inter-individual differences in  the 
subjective experience of pain. Proceedings o f National Academy o f Sciences 100: 8538-8542.

Craw ford HJ, Clarke SW, Kitner-Triolo M, 1996. Self-generated happy  and sad  em otions in  low  
and  h ighly hypnotizable persons during  w aking and  hypnosis: laterality and  regional EEG 
activity differences. International Journal o f Psychophysiology 24: 239-266.

D avidson RJ, 1992. Em otion an d  affective style: H em ispheric substrates. Psychological Science 3: 
39-43.

Dolce G, W aldeier H, 1974. Spectral and m ultivariate analysis of EEG changes du ring  m ental 
activity in  m an. Encephalography and Clinical Neurophysiology 36: 577-584.

Fairclough SH, Venables L, 2006. Prediction of subjective states from  psychophysiology: A 
m ultivariate approach. Biological Psychology 71: 100-110.

Foster PS, H arrison DW, 2002. The relationship betw een m agnitude of cerebral activation and 
intensity  of em otional arousal. International Journal o f Neuroscience 11: 1463-1477.

Gam m a A, Frei E, L ehm annn D, Pascual-M arqui RD, Hell D, V ollenw eider F, 2000. M ood state 
and  b rain  electric activity in  Ecstasy users. Clinical Neuroscience and Neuropsychology 11: 157­
162.

Gómez CM, Vaquero E, López-M endoza D, González-Rosa J, Vázquez-M arrufo M, 2004. 
Reduction of EEG pow er during  expectancy periods in  hum ans. Acta Neurobiologiae 
Experimentalis 64: 143-151.

38



G ratton G, Coles MG, D onchin E, 1983. A new  m ethod  for off-line rem oval of ocular artifact.
Electroencephalography and Clinical Neurophysiology 55: 468-484.

Grzegolowska-K larkowska H, 1982. Influence of reactivity an d  present state of activation up o n  
use of defensive m echanism s In: Strelau J (ed.), Regulacyjne funkcje tem peram entu  (pp 93­
119). Zaklad N arodow y im. Ossolinskich W ydaw nictw o PAN.

Eoh HJ, C hung MK, Seong-Han K, 2005. Electroencephalographic study  of drow siness in  
sim ulated driving w ith  sleep deprivation. Industrial Ergonomics 35: 307-320.

H arm ony T, Fernández T, Silva J, Bernal J, Díaz-Comas L, Reyes A, M arosi E, Rodríguez M, 
Rodríguez M, 1996. EEG delta activity: an  indicator of attention  to internal processing during  
perform ance of m ental tasks. International Journal o f Psychophysiology 24: 161-171.

H eath  RG, 1972. Pleasure and  b rain  activity in  m an. Deep and  surface electroencephalogram s 
during  orgasm . Journal o f Nervous and Mental Disease 154: 3-18.

Heller W, 1993. N europsychological m echanism s of ind iv idual differences in  emotion, 
personality  and  arousal. Neuropsychology 7: 476-489.

H orne JA, Baulk SD, 2004. A w areness of sleepiness w hen  driving. Psychophysiology 41: 161-165.

Isotani T, Tanaka H, Lehm ann D, Pascual-M arqui RD, Kochi K, Saito N, Yagyu T, Kinoshita T, 
Sasada K, 2001. Source localization of EEG activity du ring  hypnotically induced  anxiety and 
relaxation. International Journal o f Psychophysiology 41: 143-153.

Isotani T, Lehm ann D, Pascual-M arqui RD, Fukushim a M, Saito N, Yagum i T, Kinoshita T, 2002. 
Source localization of b ra in  electric activity during  positive, neu tra l and  negative em otional 
states. International Congress Series 1232: 165-173.

Jensen O, Tesche CD, 2002. Frontal theta activity in  hum ans increases w ith  m em ory load in  a 
w orking m em ory task. European Journal o f Neuroscience 15: 1395-1399.

Kahana MJ, 2006. The cognitive correlates of hu m an  b ra in  oscillations. The Journal o f Neuroscience 
26: 1669-1672.

Kaiser J, W yczesany M, 2005. H ow  verbal estim ation of m ood is related  to specific 
spatiotem poral patterns of b ra in  activity? Abstract. Psychophysiology 42: 71.

Kaiser J, W yczesany M, 2006. M ood as a real phenom enon: the relationship betw een adjective 
estim ation of subjective state w ith  specific cortical activity. Kolokwia Psychologiczne 14: 113­
124.

Klimesch W, 1999. EEG alpha an d  theta oscillations reflect cognitive and  m em ory perform ance: a 
review  and  analysis. Brain Research Reviews 29: 169-195.

Kubicki S, H errm ann  WM, Fichte K, Freund G, 1979. Reflection on  the topics: EEG frequency 
bands and regulation  of vigilance. Pharmakopsychiatrie Neuro-Psychopharmakologie 12: 237-245.

Lal SKL, Craig A, 2003. E lectroencephalography and  psychological associations w ith  driver 
fatigue. Abstract. Australian Journal o f Psychology 55: 21-22 (Supplement).

Lane RD, Reim an EM, Axelrod B, Yun LS, H olm es A, Schwartz GE, 1998. N eural correlates of 
levels of em otional awareness. Evidence of an  interaction betw een em otion and  a ttention  in 
the anterior cingulate cortex. Journal o f Cognitive Neuroscience 10: 525-535.

Laukka SJ, Jarvilehto T, A lexandrov YI, L indqvist J, 1995. Frontal m idline theta related  to 
learning in  a sim ulated driv ing  task. Biological Psychology 40: 313-320.

Lehm an D, Grass P, M eier B, 1995. Spontaneous conscious covert cognition states and  bra in  
electric spectral states in  canonical correlations. International Journal o f Psychophysiology 19: 
41-52.

Leproult R, Colecchia EF, Berardi AM, Stickgold R, Kosslyn SM, V an Cauter E, 2003. Individual 
differences in  subjective and  objective alertness du ring  sleep deprivation  are stable and 
unrelated. American Journal o f Physiology. Regulatory, Integrative and Comparative Physiology 
284: 280-290.

39



Lutz A, Lachaux JP, M artinerie J, Varela FJ, 2002. G uiding the study  of b ra in  dynam ics by  using 
first-person data: Synchrony patterns correlate w ith  ongoing conscious states du ring  a 
sim ple visual task. Proceedings o f National Academy o f Sciences 99: 1586-1591.

Lutz A, Greischar LL, Rawlings NB, Ricard M, D avidson RJ, 2004. Long-term  m editators self- 
induce h igh-am plitude gam m a synchrony during  m ental practice. Proceedings o f National 
Academy o f Sciences 101: 16369-16373.

Lorig TS, Schwartz GE, 1989. Factor analysis of the EEG indicates inconsistencies in  traditional 
frequency bands. Journal o f Psychophysiology 3: 369-375.

M atsuoka S, 1990. Theta rhythm s: state of consciousness. Brain Topography 3: 203-208.

Miller R, 1989. C ortico-hippocam pal interplay: self-organizing phase-locked loops for indexing 
m em ory. Psychobiology 17: 115-128.

M izuki Y, Tanaka M, Isozaki H, Nishijim a H, Inanaga K, 1980. Periodic appearance of theta 
rhy thm  in  the frontal m idline area du ring  perform ance of a m ental task. 
Electroencephalography and Clinical Neurophysiology 49: 345-351.

M onk TH, 1989. A visual analogue scale technique to m easure global vigor an d  affect. Psychiatry 
Research 27: 89-99.

N iederm ayer E, Lopes da  Silva FH, 1999. Electroencephalography: Basic principles, clinical 
applications, and related fields. L ippincott, W illiams & W ilkins.

O rekhova EV, Stroganova TA, Posikera IN, 1999. Theta synchronization du ring  sustained 
anticipatory a ttention  in  infants over the second half of the first year of life. International 
Journal o f Psychophysiology 32: 151-172.

Pennekam p P, Bosel R, M ecklinger A, O tt H, 1994. Differences in  EEG-theta for responded  and 
om itted targets in  a sustained a ttention task. Journal o f Psychophysiology 8: 131-141.

Papousek I, Schulter G, 2002. C ovariations of EEG asym m etries and em otional states indicate 
that activity at frontopolar locations is particularly  affected b y  state factors. Psychophysiology 
39: 350-360.

Price DD, Barrel JJ, Rainville P, 2002. Integrating experiential-phenom enological m ethods and 
neuroscience to study  neural m echanism s of p a in  and consciousness. Consciousness and 
Cognition 11: 593-608.

Reber AS, Reber ES, 1985. D ictionary of psychology. Penguin Book.

Schacter DL, 1977. EEG theta w aves an d  psychological phenom ena: a review  and  analysis.
Biological Psychology 5: 47-82.

Smit AS, 2004. Vigilance or availability of processing resources. A study  of cognitive energetics. 
R adboud U niversity Nijmegen.

Sperry RW, 1969. A m odified concept of consciousness. Psychological Review 76: 532-536.

Sternberg S, 1966. H igh-speed scanning in  hu m an  m em ory. Science 153: 652-654.

Strijkstra AM, Beersma DG, Drayer B, H albesm a N, D aan S, 2003. Subjective sleepiness 
correlates negatively w ith  global alpha (8-12 Hz) and  positively w ith  central frontal theta (4- 
8Hz) frequencies in  the h um an  resting awake electroencephalogram . Neuroscience Letters 340: 
17-20.

Thayer RE, 1970. A ctivation states as assessed by verbal report an d  four psychophysiological 
variables. Psychophysiology 7: 86-94.

Thayer RE, 1989. The biology of m ood  and  arousal. Oxford U niversity Press.

Tom arken AJ, D avidson RJ, 1994. Frontal b ra in  activation in  repressors and  nonrepressors. 
Journal o f Abnormal Psychology 103: 339-349.

40



U m riukhin EA, Dzhebrailova TD, Korobeilnikova II, Ivanova LV, 2005. [EEG correlates of 
ind iv idual differences in  perform ance efficiency of studen ts du ring  exam ination stress].
Zhurnal Vysshei Nervnoi Deiatelnosti Imeni I P  Pavlova 55: 189-196, English abstract.

Varela FJ, 1996. N europhenom enology: A M ethodological rem edy to the h a rd  problem . Journal 
of Consciousness Studies 3: 330-350.

VaezM ousavi SM, Barry RJ, Rushby JA, Clarke AR, 2007. Evidence for differentiation of arousal 
and  activation in  norm al adults. Acta Neurobiologiae Experimentalis 67: 179-186.

41



42



C h a pt e r  3 .

Cortical lateralization patterns related 

to self-estimation of emotional state

This chapter is a modified version of Wyczesany M, Kaiser J, Barry RJ. Cortical 
lateralization patterns related to self-estimation of emotional state. Acta Neurobiologiae 
Experimentalis 2009; 69.

Abstract

The relationships betw een subjectively-reported em otional state and hem i­
spheric laterality w ere investigated. Participants' em otional state w as m odified using 
em otional slides. Self-estimation of Energy A rousal and  Hedonic Tone (positive 
valence) as well as Tense A rousal (negative valence) w as derived from  the Activation- 
Deactivation Adjective Checklist and  the UWIST M ood Adjective Checklist. Energy 
arousal w as found to be associated w ith right frontal dom inance in the alpha2 (10-12 
Hz) band, together w ith left frontal dom inance in the beta2 (16-24 Hz) band. It w as 
also related to left alpha2 dom inance in the central and  centro-parietal cortex. The ef­
fects for the Hedonic Tone scale w ere lim ited to a frontal beta2 effect. Surprisingly, no 
effects of state estim ates from  the tension scales w ere observed. It can be concluded 
that selected qualities of subjective em otional state m easured by adjective lists can be 
related in specific w ays to hem ispheric laterality, as m easured by EEG methods.

Introduction

Em otional processing has received substantial attention in psychophysiology, 
bu t its experiential, subjective aspect is still not sufficiently explored by scientific re ­
search. M ood and em otional state are im portant factors influencing m any aspects of 
hum an behaviour and cognition. In order to fully deal w ith subjective states, one has
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to focus to a greater extent on the subject's private report and integrate it into cognit­
ive science (Varela & Shear 1999).

The concept of hem ispheric differences in em otional processing is well estab­
lished in the literature. It w as initiated by observations of patients w ith  lesions in the 
right hem isphere, w hich resulted in attenuated  em otional expression (Babinski 1914). 
Since that time the data from  m any observations and  experim ents provide the back­
ground for theories of hem ispheric specialization in em otional processing, now  
w idely discussed in the literature (for reviews, see M andal et al. 1996; Demaree et al. 
2005, Thibodeau et al. 2006). The historically-first right hem isphere model, claiming 
the superiority of the right hem isphere in all aspects of em otional processing (Ross 
1985), w as replaced by the valence model, w hich posits both hem ispheres as nearly 
equally im portant in em otional processing, b u t differently specialized: the left related 
to positive emotions, and the right to negative em otions (e.g. Davidson 1992, 2004; To- 
m arken et al. 1992). Further observations, especially left-hem isphere activation in 
anger conditions, led to an update of this m odel tow ard  app roach /w ithdraw al the­
ory. According to this, it is not a valence w hich directly underlies the specialization, 
bu t rather a m otivational tendency to approach or w ithdraw  associated w ith particu­
lar em otions (Harmon-Jones & Allen 1998; Harm on-Jones 2003).

A prom ising attem pt to integrate these observations w ith  cortical functioning 
can be found in the valence/arousal m odel (Heller 1993) w hich postulates tw o dis­
tinct cortical em otional systems. The first system, located in the frontal cortex, is 
claim ed to account for the experience of em otional valence, w ith  activity shifted to the 
left for positive and to the right for negative emotions. The second system, located in 
the right posterior area, is insensitive to valence, and  reflects the m agnitude of non­
specific em otional arousal, w hich is also related to autonom ic activation. This model 
has significant observational support.

H owever, a recent version also includes endogenously determ ined affects. The 
observations of various kinds of depression and anxiety states w ere incorporated and 
the distinction betw een anxious apprehension and  anxious arousal w as introduced. 
Anxious arousal is a state accom panied by stress, panic reactions and  physiological, 
somatic arousal, w hich is reflected in right frontal dom inance and  right posterior ac­
tivation. On the other hand, anxious apprehension, w hich includes w orry, verbal 
rum ination and decreased overall level of arousal, together w ith  anhedonia, is charac­
terized by decreased activation of the posterior non-specific system. Additionally, 
anxious apprehension can be associated w ith  left frontal dom ination w hich m ay be 
explained by approach behaviour tow ard  the subject's problem s, or by verbal engage­
m ent (Heller and Nitschke 1998; Heller et al. 1998; Nitschke et al. 2001). A pprehension 
w as also observed to be related to left predom inance in the posterior region (Nitschke 
et al. 1999).

A significant num ber of studies have searched for state-dependent EEG p a t­
terns, w hich are expected to co-vary w ith  on-going affective states. M any reports 
confirming the asym m etry predictions have used EEG recording in non-clinical stu d ­
ies (Drevets et al. 1992; Sobotka et al. 1992; Bremner et al. 2000; Coan and Allen 2004; 
Davidson 2004; Fingelkurts et al. 2006; M athersul et al. 2008), as well as PET or fMRI 
(George et al. 1995; Canli et al. 1998; Phan et al. 2002). Also, this effect w as observed in
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depressed patients and  sub-clinical groups (Pizzagalli 2002; Shenal et al. 2003; M ath- 
ersul et al. 2008). Am ong these studies, few have used any kind of subjective 
m easures. In the study  of W heeler et al. (1993), resting frontal asym m etry (considered 
as a trait) w as investigated. Subjects' affective state w as m anipulated  by em otional 
films. In case of subjects characterized by stable frontal asym m etry, self-estimation of 
positive affect after the film w as associated w ith  a tendency to left, while negative af­
fect w ith a tendency to right frontal dominance. Biofeedback studies in w hich subjects 
had  to control their frontal asym m etry have show n that changes in self-estimation of 
em otional m ood after w atching the films are m odulated by changes of asym m etry 
(Allen et al. 2001). In contrast to the trait approach, Papousek and  Schulter (2002) in ­
vestigated state characteristics of the frontal asym m etry. They found co-variation of 
prefrontal asym m etry w ith  reported subjective state, and their spontaneous changes, 
how ever the direction of the effect (left dom inance associated w ith  negative affect and 
right dom inance w ith  positive affect) w as opposite to the typical asym m etry pattern  
described in the literature. As can be seen, the issue of relationships between hem i­
spheric asym m etry and em otional self-report is a still-unexplored area, especially 
w hen focusing on its state-dependent characteristics and  areas others than frontal 
sites. O ur study  is thus intended to gather more inform ation on this topic using m odi­
fication of em otional state by affective stimuli.

To obtain quantitative and replicable subjective data, an appropriate m easure­
m ent tool is needed. This requirem ent can be fulfilled by verbal self-description 
checklists, described as "controlled self-report" (Thayer 1970). These consist of a 
defined list of adjectives, w hich subjects use to rate their current m ood /  em otional 
state. Nevertheless, a doubt rem ains: are the "controlled self-reports" sufficient to d is­
play the true em otional state, or are they just a cognitive interpretation of the subject's 
current life situation in term s of selected adjectives? Such doubts could be resolved by 
the em pirical dem onstration of correlation betw een a subject's ow n affective feeling 
(rating on a scale) and m easures of specific characteristics of brain activity.

In the face of very scarce data concerning self-reports and EEG patterns, the 
aim  of our study w as to resolve how  particular qualities of subjective em otional state 
as reported  by subjects are related to hem ispheric lateralization of brain  activity. The 
question is w hether it is in accordance w ith the well know n effects of em otional stim ­
ulus processing w idely discussed in the literature. It is especially interesting not to 
lim it the data to prefrontal asym m etry, b u t also to determ ine the posterior relation­
ships predicted  by Heller's model.

O ur previous studies (Kaiser & W yczesany 2005, 2006; W yczesany et al. 2008) 
succeeded in finding stable and  specific relationships betw een EEG relative pow er of 
particular EEG bands and  adjective checklist scores. For m ore pronounced qualities of 
em otions we attem pted to increase the diversity of subjective states am ong subjects 
by presenting a series of positive, neutral or negative slides to different groups. We 
expected that the after-effect of these emotive events w ould  m odify both  valence/ac­
tivation of subjects' affective state as well as their pattern  of EEG activity. The 
em otional state and  EEG both before and  after slide presentation w ere assessed.

M any studies dedicated to em otional processing have show n the im portance 
of narrow -band EEG analysis, due to functional heterogeneity observed w ith in  trad i­
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tional bands (Lorig & Schwartz 1989; M arosi et al. 2002). O ur data (W yczesany et al. 
2008) pointed  to lower beta as the band  especially related to em otional processes, sup ­
porting other observations (Lehman et al. 1997; Isotani et al. 2001). O ur hypotheses 
relating em otional states to EEG are as follows:

An association betw een valence estim ation (Hedonic Tone scores) and  left 
hem ispheric predom inance in the frontal area will be observed. It will result in great­
er pow er of alpha at the right (reversed relationships w ith  activation) and beta at the 
left hem isphere.

The energetic arousal subscales, w hich have positive valence load, will be re­
lated to relative left hem isphere dom inance in frontal electrodes, while the tension 
subscales, w ith  negative connotation, will be associated w ith  the inverse pattern. 
Increase of both  energetic and tension arousal will be additionally related to increased 
right hem isphere dom inance, pronounced in right central and  posterior regions and 
observed as an increase of low-frequency beta activity.

Materials and Methods

Subjects

56 volunteers (34 wom en), aged 18-37 (mean 24.2 years), participated in the 
study. They were healthy and  m edication-free, and  none w ere ever diagnosed w ith 
any neurological or psychiatric illness. All of them  gave w ritten inform ed consent to 
participate in the study.

Subjective estimation tools

Assessm ent of em otional state w as m ade by m eans of two checklists: Activa- 
tion-Deactivation Adjective Checklist - ADACL, short version (Thayer 1970) in the 
Polish adaptation  of Grzegolowska-Klarkowska (1982), and  UWIST Adjective Check­
list - UMACL (M atthews et al. 1990) in the Polish adaptation  of Goryñska (2001). The 
former includes the valence subscale (Hedonic Tone), intended to m easure em otional 
state by rating adjectives w ith positive as well as negative connotation or meaning. It 
also has two activational subscales (Energetic A rousal and Tension Arousal). The 
ADACL has activational subscales only (Energy-Tiredness and  Tension-Calmness), 
how ever these include relatively strong valence loads. According to Thayer (1989), 
The Energy-Tiredness subscale has some positive connotation, while Tension- 
Calmness has a stronger negative com ponent. Their valence connotation is especially 
im portant, since that is related to the lateralization hypotheses. Usage of both scales 
allows their com parison, w hich is especially interesting for the corresponding scales.
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Both scales are intended to m easure em otional state at the very m om ent of m easure­
m ent, w hich is especially included in their instructions.

Procedure

The experim ent took place in a sound-proofed air-conditioned chamber, illu­
m inated w ith  d im m ed light. The procedural instructions w ere presented on a 20'' 
LCD screen. Before the experim ent, subjects w ere briefly inform ed about the aim  of 
the study, w hich w as "recording of brain  activity during  presentation of some inform ­
ation and pictures". All the electrodes w ere then attached and connected, and  subjects 
w ere advised to keep theirs eyes open, avoid rap id  body m ovem ents during  the p ro ­
cedure and pay attention to the com puter screen, w here further directives w ere going 
to be shown.

The procedure w as based on that used previously in our experim ents (Kaiser 
& W yczesany 2005, 2006; W yczesany et al. 2008). It began w ith  an initial period of 4 
m inutes rest, in tended for adaptation  to the experim ental conditions. D uring the next
1-minute period the tonic EEG w as recorded, im m ediately followed by a com puter 
version of checklists (ADACL and UMACL). Their order w as random ly changed to 
counterbalance any effects of the first checklist on the following one. Subjects were 
random ly d iv ided into 3 groups: neutral, negative and positive. D epending on the 
group, separate sets of 20 em otional pictures selected from  the International Affective 
Picture System (IAPS; Lang, 1997) w ere presented, preceded by the instruction to pay 
attention to the screen during  their presentation. Selection of pictures w as based on 
the standardized "pleasure" values. The following rules w ere used: for the neutral 
group, the "pleasure" value for both sexes w as between 4 and 5, for the negative 
group it w as lower than 2.5. For the positive group, due to the discrepancy of p leas­
ure ratings betw een sexes, separate sets w ere com posed w ith  "pleasure" ratings not 
lower than 7.5 points. Presentation time w as 20 sec for each picture, w hich required 6 
m in 40 sec for the whole set. The pictures w ere followed by a 1-minute rest period. 
Then the post-presentation recording session started. The detailed procedure is 
presented schematically in Fig. 4 . This resulted in 2 sets of em otional state rating and 
EEG data from  each of the 56 participants, generating 112 conjunctions of subjective 
and objective variable sets.

The separate estim ation of subjective (rating scales) and objective (EEG) m eas­
urem ent w as necessary to avoid possible EEG artefacts caused by cognitive a n d /o r  
m otor activity while filling in the checklists. This m ethod of quasi-sim ultaneous 
m easurem ent w as used in our previous studies, and by other research (e.g. Thayer 
1989; Lehm ann et al. 1995; Gam m a et al. 2000; Papousek & Schulter 2002; Fairclough 
& Venables 2006).
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Fig. 4: Experimental procedure

EEG Recording and analysis

EEG data w ere recorded w ith  a 32-channel Biosemi ActiveTwo device, 
equipped w ith  active electrodes and  24-bit A /D  converters. The electrodes w ere 
placed using a cap w ith  the extended 10-20 system . Data w ere recalculated to the 
linked m astoid reference. For ocular artefact correction, four additional electrodes 
w ere used for recording the signals from eye muscles. Electrode im pedances w ere 
kep t in a recom m ended range during  the w hole recording. The EEG signal w as 
filtered w ith  a digital bandpass filter w ith  low  and  high cut-off frequencies of 1 and 
46 H z respectively, and  slope of 24 dB /octave. Ocular artefact correction w as based 
on the Gratton-Coles-Donchin m ethod (Gratton et al. 1983). 1-minute EEG segments 
w ere d iv ided into 2-second overlapped epochs, and m anually  inspected for artefacts. 
For each segm ent averaged spectral pow er density  (^V2/H z ) w as calculated as the av­
erage of absolute spectral pow er for all 2-second artefact-free epochs contributing to 
this band  (FFT m ethod w ith  0.5 Hz resolution and  10% H anning w indow ). Finally, 
the spectral pow er density  values w ere aggregated into the following bands: alpha1 
(8-10 Hz), alpha2 (10-12 Hz), beta1 (13-15 Hz), beta2 (16-24 Hz), and  beta3 (25-30 Hz). 
The EEG analysis in the present experim ent (as w ell as following ones) w as lim ited to 
the narrow  alpha and  beta bands. It w as due to  the fact tha t these frequencies tu rned  
out to  be sensitive to subjective scores and, on the other hand, interpretation of their 
effects has m uch stronger theoretical and experim ental support. As a m easure of 
hem ispheric imbalance, a Lateralization Coefficient [LC] w as calculated for 12 hom o­
logous electrode pairs (Fp1-Fp2, AF3-AF4, F7-F8. F3-F4, FC1-FC2, FC5-FC6, T7-T8, 
C3-C4, CP1-CP2, CP5-CP6, P7-P8, P3-P4). The coefficient is expressed by  the follow­
ing formula: LC=(L-R)*100/(L+R), w here L and  R are spectral pow ers in the selected 
frequency w indow  for the left and  right hem isphere, respectively (Porac & Coren 
1981). Its positive value indicates left-, while a negative value indicates right-hem i­
spheric dominance. The advantage of the LC over the sim ple difference betw een the 
hem ispheric spectral pow ers, or its logarithm s, is its insensitivity to  the general level 
of EEG activity. The large am ount of LC data (12 electrode pairs x 5 frequency bands) 
w as reduced using Principal Com ponent Analysis [PCA] to  group data channels sep­
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arately for each of the bands. This m ethod is typically used to reduce m ultidim ension­
al data sets to lower dim ensions by identifying their m ain "com ponents", w hich are 
linear com binations of the original data. The tw o com ponents w ithin each band  w ith 
the largest eigenvalues w ere used for further analysis.

Results

Effect of the procedure

Effect of the randomization

The chi-Square statistic show ed that the gender distribution across the three 
experim ental groups d id  not differ: X2(2)=0.211; p=0.26.

Subjective measures of emotional state

Subjective scores w ere obtained using the original instructions for both  check­
lists, yielding five dim ensions: three of them  from  the UMACL (Hedonic Tone HT, 
Energetic A rousal EA, Tense A rousal TA) and  two from  the ADACL (Energy-Tired- 
ness ET and Tension-Calmness TC). Correlations betw een subjective subscales were 
calculated using the Pearson's r correlation coefficient. The energetic subscales are 
correlated at the m oderate level of 0.51, and tense arousal at the quite high level of
0.77. It is also apparen t that all the subscales covary w ith  HT scores; the energy estim ­
ation com prises positive, while tension com prises negative connotation. Tab. III 
shows correlations between all subjective subscales.

ET TC EA TA HT

Energy-Tiredness (ET) -0.17 0.51* -0.18 0.41*

Tension-Calm ness (TC) -0.17 -0.14 0.77* -0.58*

Energetic A rousal (EA) 0.51* -0.14 -0.19 0.48*

Tense A rousal (TA) -0.18 0.77* -0.19 - -0.61*

H edonic Tone (HT) 0.41* -0.58* 0.48* -0.61* -

Tab. III: Correlations between subjective subscales. Significant effects (p<0.05) are marked with an
asterisk.
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The MANOVA analysis, run  for both checklists together, show ed that the 
presentation of em otional slides strongly affected em otional state as reported  by sub ­
jects. The differences betw een state before and after the slide presentation were 
analysed. Positive values m ean that the estim ation on the scale w as higher after the 
stim ulus presentation than before. Valence of state reported  using the HT scale w as 
significantly low er in negative com pared to both neutral and  positive conditions (Fig. 
5). There w as a strong effect of slide valence (F10/Sg=6.69; p<0.001). Detailed HSD post­
hoc tests show differences for particular subscales. The ADACL estim ation of energy 
(ET) w as significantly higher in positive com pared to both  neutral and negative con­
ditions. For the EA scale, the relationships had  the same direction, bu t negative 
conditions differed significantly from  the others. Estim ation of arousal related to ten­
sion w as significantly higher in negative conditions for both  ET and  EA scales.

EEG data

The results from the PCA based on the LC data are show n in Tab. IV. For the 
two m ain com ponents (c1, c2) for each frequency band, com ponent loadings greater 
than 0.65 are shown. As can be seen, these com ponents largely reflect activity from 
either a consistent region (based on neighbouring electrodes), or the one pair of elec­
trodes.

alpha1 alp h a2 beta1 b e ta 2 beta3

c1 c2 c1 c2 c1 c2 c1 c2 c1 c2

Fp1-Fp2 -0.764 -0.706

AF3-AF4 -0.670 -0.753 -0.819 -0.717

F7-F8

F3-F4 -0.680

FC1-FC2 -0.698 -0.717 -0.842

FC5-FC6 -0.814 -0.756 -0.758

T7-T8

C3-C4 -0.799 -0.796 -0.783 -0.850 -0.851

CP1-CP2 -0.738 -0.691 -0.682 -0.684

CP5-CP6 -0.764 -0.697 -0.753

P7-P8 0.680

P3-P4

Tab. IV: Factor coordinates o f the two main components (cl, c2) based on the PCA analysis.
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Fig. 5: Changes of the emotional state estimation between recording sessions as an effect of stimulus 
valence (HT - Hedonic Tone, ET - Energy Tiredness, EA - Energy Arousal, TC - Tension Calmness, 

TA - Tension Arousal). The asterisks denote significant differences at the level of p<0.05.

There are two general localizations of lateralized EEG activity: one in the cent­
ral area (usually including central, fronto-central and centro-parietal electrodes), and 
a second in the frontal area. The exception is for low alpha, w here the second com ­
ponent is dom inant in parietal cortex. Thus this analysis suggests two m ain EEG 
activity areas w hich can be distinguished on the base of laterality patterns.

51



Fig. 6: Changes of the frontal Laterality Coefficient (LC) as the effect of the slides' valence 
(neg - negative, neu - neutral, pos - positive slides set).

Frontal laterality and the valence o f the slides

In order to determ ine the im pact of the slides' valence on the frontal laterality, 
a repeated m easures ANOVA w ith  a planned contrast (negative vs positive slides) 
w as carried out on the frontal com ponent data (alpha2 to beta3 frequencies). The in­
fluence of the em otional content w as found to be significant for beta2 (FW3=4.04, 
p=0.049) and beta3 (Fi,53=4.19, p=0.045) frequencies; positive slides caused a shift of 
EEG activity to the left while negative slides caused a shift to the right (Fig. 6).

Integration of the EEG and subjective data

For the analysis of associations between subjective scores and the LC, all the 
subjects w ere taken together. The three experim ental groups w ere not distinguished, 
because they w ere used only for varying the subjective states w ithin and between the 
subjects. A series of 25 m ultiple regression analyses (5 subjective subscales x 5 fre­
quency bands) w as run w ith the subjective score as dependent variable. The LC 
values of the two principal com ponents (c1 and c2) w ere taken as predictors, together 
w ith gender (used as a dichotom ized factor). This series of analysis did  not show  any 
significant effect of gender, so the regression procedure w as repeated w ithout gender 
as a predictor. Due to m ultiple statistical testing, additional verification of results w as 
necessary to avoid increase of type I errors. A ssum ing a  required level of 0.05, the 
False Discovery Rate procedure (FDR; Shaffer 1995) w as applied independently  on 
each frequency band.
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Fig. 7: Significant correlations between Hedonic Tone (HT) scores and the Lateralization Coefficient, 
marked with heavy lines. The asterisks mark the dominant electrodes related to high scores on the subscale.

Fig. 8: Significant correlations between Energetic Arousal (EA) scores and the Lateralization Coefficient 
were observed in similar localizations.

Fig. 9: Significant correlations between Energy-Tiredness (ET) scores and the Lateralization Coefficient.
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For the Hedonic Tone scale (UMACL HT), we observed a predom inance of left 
prefrontal activity in beta2 (c2: R=0.22, F21C8=2.79, p<0.06; t109=-2.33, p=0.010, one-tailed 
test; Fig. 7).

The associations of both energetic subscales (EA and ET) w ith beta2 pow er had 
the same localizations. M oreover, they w ere sim ilar to those observed for the valence 
scale (EA beta2 c2: R=0.22, FV09=2.82, P<0.03; ^<»=-2.18, p=0.015; ET beta2 c2: R=0.26, 
F2,109=4.15, p<0.09; t109=-2.70, p<0.01; one-tailed tests). A dditional effects in the alpha2 
range w ere visible: increase of right frontal dom inance (EA alpha2 c2: R=0.32, 
FU09=6.41, p<0.001; ^<»=3.42, p<0.001; ET alpha2 c2: R=0.35, FU09=7.82, p<0.001; 
t109=2.99, p<0.001, one-tailed test) as well as m assive left predom inance in the central 
area for ADACL subscale (ET alpha2 c1: t109=-2.20, p=0.014, one-tailed test) in condi­
tions of positive reported  em otional state (Fig. 8 and  9).

Surprisingly, no effects for tension related scales were observed in any of the 
considered bands.

Discussion

Effect of emotional stim uli on the subjective scores and the EEG

In accordance w ith expectations, em otional stim uli significantly affected sub­
jective state. The direction of the changes caused by the em otional slides are in line 
w ith Thayer's claim concerning affective value com prised in the ADACL subscales - 
positive connotation is related to the ET scale, and  negative to the TC. This is the case 
also for the UMACL w hich has dim ensions corresponding to those in the ADACL. 
This effect is in line w ith our prediction and  can also be observed in the checklist 
scores' correlation matrix (Tab. IV) w hich shows the relatively strong association 
betw een the direct valence m easure (HT) and the rem aining subscales.

Location of two m ain EEG-defined areas yielded by PCA analysis could be 
considered, to some extent, as the two functional systems for em otional processing 
postu lated  in Heller's m odel: prefrontal and centro-parietal. The influence on the 
frontal system lateralization w as in accordance w ith  the theoretical expectations, 
how ever visible only in beta and not in alpha frequencies.

The slides presentation is a factor w hich affects both subjective estim ation and 
EEG laterality. It indicates that we observe tem poral, state-dependent after-effects on 
these dependent variables.
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Integration of the EEG and the subjective data

Similar effects visible for both ET and  EA subscales suggest their com mon 
physiological background, and it is possible that these subscales m easure sim ilar p h e ­
nom ena. Both energetic dim ensions share com m on frontal beta effects. M oreover, an 
alpha2 effect appeared at AF3-AF4 electrodes w hich m ay be interpreted  as a m arker 
of left hem isphere relative dominance. Increase of relative dom inance of right central 
and posterior region observed in conditions of high energy arousal estim ation (ET) 
can be considered as sim ilar to the theoretical predictions by the valence/arousal 
model. How ever, this m odel locates this effect more posteriorly that our observations.

The associations betw een the HT subscale and the LC scores w ere in accord­
ance w ith  our expectations. As predicted, an effect is visible at the frontal cortex 
(Fp1-Fp2 and AF3-AF4 electrodes) w ith  positive state associated w ith  left hem isphere 
predom inance. In other w ords, in people w ho estim ated their state as more positive, 
left hem isphere dom inance w as observed. Similar state dependent effect w as reported 
in the study  of Ferreira and others (2006), w here loss of positive m ood in sleep-de­
prived subjects w as accom panied by right shift of activity in the frontal sites (Fp1- 
Fp2, AF3-AF4, F7-F8).

On the other hand, no co-variations w ere observed w ith  the Tension-Calmness 
or Tension A rousal dim ensions. This m eans that, in our experim ent, lateralization 
patterns based on the LC d id  not correlate w ith  scores on the tension subscales. This 
is surprising since the Tension subscales possibly com prise the negatively-valenced 
aspects of em otional state. According to our assum ptions that Tension dim ensions 
m easure phenom ena closely related to "anxious arousal" as described by Heller's 
model, we w ould  expect effects in both em otional systems (a right shift of cortical 
arousal observed in the prefrontal region, together w ith  an increase of arousal in the 
right posterior area). How ever, detailed analysis of the adjectives used in the Tension 
subscales suggests that they could be related not only to "anxious arousal" bu t also to 
"anxious apprehension" states. Since these states are characterized by different p a t­
terns of frontal and  posterior EEG, their contribution to the effect could be partly  
cancelled by each other, w hich m ay explain the overall lack of effect. In order to clari­
fy this issue, a subjective estim ation m ethod w hich can distinguish betw een "anxious 
arousal" and  "apprehension" should be used in future research. In addition, the lack 
of a lateralization effect for tension estim ation could also be explained by the experi­
m ental conditions, w hich w ere characterized by relatively low  uncertainty and  an 
absence of any kind of physical or social risk. Such conditions should not provoke a 
significant increase of tension, how ever subjects rated this subscale quite high, pos­
sibly describing some interpretation of their current conditions rather than ow n actual 
state.

Some aspects of em otional processing are supposed to differ betw een females 
and males (Schneider et al. 2000; Kemp et al. 2004). H owever, according to the m eas­
ures used in this study, no gender differences were apparent.
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Conclusions

It m ay be concluded that between-subjective ratings and laterality differences 
partly  fit w ith  the theoretical predictions provided by Heller's model. This model, 
how ever, w as based m ainly on the m easures different from  the subjective estim ation 
used in our study, and this could possibly explain the observed differences. It is also 
possible that the process of adjective rating used in the present study  is not a simple, 
autom atic response and  can be affected by cognitive self-evaluation, i.e. interpretation 
of the subject's current situation. In such a case, the relationships betw een adjective 
rating and the LC scores m ay no t appear. Thus, to obtain self-report m atching the ac­
tual subject's internal state m ay require conditions of non-reflective (impulsive) 
adjective rating.
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C h a pt e r  4 .

Associations between self-report 

of emotional state and the EEG patterns 

in affective disorders patients

This chapter is a modified version of Wyczesany M, Kaiser J, Coenen, A. Associations 
between self-report of emotional state and the EEG patterns in affective disorders patients. 
Journal of Psychophysiology 2010 (in press).

Abstract

The study w as intended to determ ine associations betw een self-report of on­
going em otional state and EEG patterns. Thirty-one hospitalized patients w ere en ­
rolled w ith  3 types of diagnosis: major depressive disorder, manic episode of bipolar 
affective d isorder and  non-affective patients. For assessm ent of affective state the 
Thayer ADACL checklist w as used w hich yields two subjective dim ensions: Energy- 
Tiredness [ET] and  Tension Calmness [TC]. Q uantitative analysis of EEG w as based 
on EEG spectral pow er and Laterality Coefficient [LC]. Only the ET scale show ed re ­
lationships w ith  the Laterality Coefficient. H igh energy group show ed right shift of 
activity in frontocentral and  posterior areas visible in alpha and beta range, respect­
ively. No effect of ET estim ation on prefrontal asym m etry w as observed. For the TC 
scale, high estim ation of tension w as related to right prefrontal dom inance and  right 
posterior activation in beta1 band. Also, decrease of alpha2 pow er together w ith in­
crease of beta2 pow er w as observed over the entire scalp.
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Introduction

The presented study addresses the issue of relationships betw een self-report of 
on-going em otional state and  corresponding param eters of EEG activity. Since brain 
em otional system s (including cortical structures) are a substrate for em otions related 
processes, EEG data can reveal im portant inform ation on their functioning. The issue 
of associations betw een EEG activity and em otions receives m uch attention in the lit­
erature. How ever, m ost often, affective state is not directly m easured by self-report. 
Instead, inference about its valence and m agnitude is m ade on the basis of the proced­
ure (e.g. type of em otional slides or em otional content presented to participants, 
recalling particular m em ories asked by the researcher etc.).

One of the prom ising theoretical attem pts to describe how  cortical structures 
contribute to em otional processing is a "valence/arousal m odel" postu lated  by Heller 
and co-workers (Heller 1993; Heller & Nitschke 1998; Heller, Nitschke & Miller 1998). 
This m odel takes into account experiential aspect of emotions, w hich makes it espe­
cially interesting for our investigations. On its basis, tw o em otion-related cortical 
systems are distinguished. The first one, located in frontal area, is related to experien­
tial aspect of em otional valence. Its activity accounts for the phenom ena of prefrontal 
asym m etry, w here left hem isphere predom inance is associated w ith  positive, while 
right predom inance w ith negative em otional conditions. This asym m etry concept w as 
integrated into Heller's m odel on the basis of num erous clinical and laboratory obser­
vations, as well as from  the w ithd raw al/app roach  theory, w idely discussed in the 
literature (Davidson & Tom arken 1989; D avidson 1995; for review see: Demaree et al.
2005). The second cortical system  postu lated  by Heller is located in the right posterior 
area. It is related to non-specific em otional arousal and is claim ed to be active in con­
ditions of both positive and negative activation. Majority of data, w hich underlie 
these theoretical m odels come from  research on processing of em otional stim uli and, 
additionally, from  clinical observations. The question is, w hether cortical EEG pat­
terns postu lated  by valence/arousal m odel will show  sim ilar relationships w ith 
verbally self-reported em otional state.

O ur previous studies succeeded in determ ining some state-dependent associ­
ations betw een self-report of em otional state (Thayer 1970) and EEG activity in 
selected cortex areas. Estim ation of positive energetic state w as related to frontal 
asym m etry w ith  left hem isphere dom inance (expressed in alpha2 and beta frequen­
cies), while estim ation of tension w as associated w ith global decrease of beta1 pow er, 
mostly over right posterior area (W yczesany et al. 2008). In the present study affective 
d isorder patients w ere chosen (diagnosed w ith  major depressive d isorder and  manic 
phase of bipolar affective disorder). Their subjective ratings of spontaneous em otional 
state together w ith  EEG patterns w ere analysed. Participation of affective disorder p a­
tients provides the opportunity  for increasing between-subject variability of m easured 
affective states betw een subjects (especially for depressive and  manic patients). At 
this point it is im portant to em phasize that the prim ary objective of the study is to de-
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term ine associations betw een affective state estim ation and  EEG patterns. Therefore, 
the experim ental approach presented  here d isregards the diagnosis, b u t uses self-re­
po rt as a m ain variable in the subsequent analysis. The participants were 
differentiated on the basis of their subjective scores rather than on their diagnosis. U n­
fortunately, only a small p a rt of the literature on EEG and em otions shares our 
interest tow ards subjective assessment. In two studies, state-dependent changes 
betw een CES-D depression scores (Center for Epidemiological Studies Depression 
Scale; Radloff 1977) and  frontal EEG asym m etry w ere reported. Depression scores 
w ere found to be positively correlated w ith  left frontal alpha pow er (Diego et al. 
2001). The BDI scores (Beck Depression Inventory) scale w as also found to be related 
to greater alpha pow er at the left hem isphere (i.e. right dominance; Schaffer et al.
1983). Single case study of Earnest (1999) confirm ed the positive association between 
BDI scores and  right frontal hem isphere dom inance, m easured by decrease of alpha 
pow er. The study of Papousek and  Schulter (2002), carried out in healthy subjects, 
w as also dedicated to the frontal asym m etry issue. They found that EEG recorded on 
frontopolar electrodes can be considered as state-dependent and  pattern  of their activ­
ity changes along participants' estim ation of their current em otional state. There is an 
apparen t lack of studies that take into account other areas of the cortex and their asso­
ciations w ith  current em otional state.

As in our previous procedures (Kaiser & W yczesany 2005, 2006, 2008; W yczes­
any et al. 2008), Thayer's Activation-Deactivation Checklist (Thayer 1970) w as applied 
to m easure subjective state. It can quantify the internal state on two m ain bi-direction­
al dim ensions: i) energetic arousal, estim ated on continuum  betw een high energy and 
tiredness, characterized by positive valence related to increase of energy and ii) ten­
sion arousal, located betw een calm, relaxed state and  tension or stress response, 
related to negative valence while tension estim ation increases. These dim ensions are 
closely related to the non-unitary arousal concept, w hich seems especially valuable 
for verification of a valence/arousal model.

In the present experim ent it is expected that estim ation of subjective state will 
co-vary w ith  on-going EEG param eters and these relationships will be as follows:

♦  increase of Energy scores will be related to relative left frontal dominance,
♦  increase of Tension scores w ill be related to relative right frontal dominance,
♦  increase of both Energy and Tension scores will be non-specifically associated 

w ith  increase of posterior activity, mostly pronounced in the right hem isphere.
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Materials and methods

Subjects

H ospitalized, neuropsychiatric patients under m edication (N = 31; 13 w om en 
and 18 men) participated in the study. M ean age w as 46.2 years (range: 26-58). All of 
them  gave inform ed consent. The study  w as carried out under approval and  superv i­
sion of the hospital authorities. In order to create a possibly heterogeneous group, the 
following subjects w ere included according to their diagnosis at the time of adm ission 
to the hospital (based on the ICD-10 system):

♦  depression (13 persons w ith  major depressive disorder of no psychotic type 
w ith  low anxiety),

♦  m ania (5 persons w ith  bipolar affective disorder during  manic episode, w ith  
no psychotic features),

♦  w ithout m ood disorders (13 non-affective patients suffering w ith  peripheral 
neurological com plaints b u t no pain  at the time of experiment).

Mood assessment

For assessm ent of m ood, the paper version of the Activation Deactivation A d­
jective CheckList [ADACL] in a Polish adaptation  by Grzegolowska-Klarkowska 
(1982) w as used. The scale consists of 20 adjectives w hich are rated on a 4-levels scale 
to indicate the extent they describe participants' current m ood and activation state. 
Two dim ensions can be distinguished: Energy-Tiredness [ET] operating on the con­
tinuum  betw een positive energetic state and drow siness and  tiredness and Tension- 
Calmness [TC] m easuring negative tension arousal of a defensive character as oppos­
ite to relaxed state.

EEG recording and quantification

EEG data w ere recorded w ith  a 32-channel Biosemi ActiveTwo device, 
equipped w ith  active electrodes integrated w ith  am plifiers and 24-bit A /D  convert­
ers. The electrodes w ere placed using a cap w ith  extended 10-20 system. Linked 
m astoid reference w as used. For off-line ocular artefact removal, additional electrodes 
w ere used, w hich recorded the signals from  eye muscles. Electrode im pedances were 
kept in a recom m ended range during  the whole recording.

The frequencies betw een 3 and  46 Hz w ere extracted using digital bandpass 
filter w ith  24dB/octave slope. Ocular artefacts w ere rem oved using the Gratton- 
Coles-Donchin m ethod (Gratton et al. 1983). The EEG recording w as d iv ided into
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2-second, overlapped segments. Those containing artefact w ere abandoned by m anu­
al data inspection. For each segm ent, averaged spectral pow er density (^V2/H z) w as 
calculated using Fourier transform  w ith  1 H z resolution and 10% H anning w indow . 
These values w ere then averaged across all segments. Finally, the following narrow  
bands were distinguished: alpha1 (8-10 Hz), alpha2 (10-12 Hz), beta1 (13-15 Hz), beta2 
(16-24 Hz), beta3 (25-30 Hz). Due to investigation of both  unilateral and asymmetric 
effects, two different EEG m easures w ere introduced:

♦  EEG pow er w hich shows the value of electrical cortical activity in given fre­
quency band  sensitive to its unilateral changes,

♦  Laterality Coefficient [LC] designed to m easure the m agnitude of hem ispheric 
imbalance, especially useful in m easuring com plem entary changes in EEG 
activity betw een the corresponding areas on both hem ispheres. It w as calcu­
lated using the following formula: LC=(L-R)*100/(L+R), w here L and  R are 
spectral pow ers values for the selected frequency w indow  in the left and  right 
area, respectively (Porac & Coren, 1981). Its positive value indicates left-, while 
if negative, a right-hem ispheric dominance.

In the case of Laterality Coefficient, the electrodes w ere aggregated into fol­
lowing areas by averaging their EEG pow er m agnitude: prefrontal (left and right 
respectively: LPF - Fp1, AF3, RPF - Fp2, AF4, frontocentral (LFC - F3, FC1, FC5, C3, 
RFC - F4, FC2, FC6, C4) and posterior (LPS - CP5, CP1, P3, PO3, RPS - CP6, CP2, P4, 
PO4). In order to norm alize the d istribution of the spectral pow er data, logarithm  
transform ation w as then applied to the averaged pow er values (Gasser et al. 1982).

Procedure

The experim ent took place in a sound-proof room  illum inated w ith  dim m ed 
light. Participants w ere seated in comfortable chairs. After attaching the electrodes, 
instruction w as given orally. Subjects w ere advised to avoid any rap id  m ovem ents as 
well as to keep their eyes open during  the whole recording. After confirming the 
readiness to start the procedure, patients w ere left alone in the room. The recording of 
EEG data w as preceded by the adaptation  period lasting 4 m inutes. Just after, a 1 
m inute recording of ongoing EEG started. Im m ediately after EEG recording w as com ­
pleted, participants w ere given the Thayer's checklist to fill in. Simultaneous 
m easurem ent of the EEG and em otional state w as impossible due to possible m otor 
and cognitive artefacts. Assum ing m ood has a relatively slow-changing characteristic, 
this tim e-shift w as expected to be of negligible influence on the results.

Data analysis

Relationships betw een EEG pow er and m ood self-report w ere calculated by 
series of Pearson's r linear correlation analysis separately for each frequency band (5)
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and electrodes (32). The effect of subjective estimation on the Laterality Coefficient 
was investigated using 15 separate ANOVA analysis for each frequency band (alpha
1, 2, beta 1, 2, 3) and localization (PF, FC, PS). For this purpose, in case of both 
ADACL sub-scales (ET, TC) participants were divided into three groups according to 
their scores (low, medium, high). The statistical tests were followed by additional 
verification of significance level using False Discovery Rate procedure (FDR; Shaffer 
1995) in order to control type I error level probability, increased due to multiple stat­
istical tests. This procedure was applied independently within each considered 
frequency band.

Results

Subjective scales

As expected, the subjective scores rating were widely dispersed, due to includ­
ing subjects with both depressive as well as manic affective disorders. Descriptive 
statistics of both subjective scales (Energy-Tiredness and Tension-Calmness) are 
provided in Tab. V. A positive value of the ET scale suggests a state related to high 
energy, while a negative value to low energy and drowsiness. Similarly, positive 
scores on the TC scale means a state of high tension while negative scores are associ­
ated with a relaxed state. Relatively high values of standard deviations suggest that 
emotional states were widely dispersed between the subjects, following our expecta­
tions.

mean min max st. dev

Energy-Tiredness 121 -13 12 6.94

Tension-Calmness -6.21 -15 7 6.97

Tab. V: Descriptive statistics o f subjective scales.

The Laterality Coefficient

As can be seen in Tab. VI, the asymmetry scores were very differentiated w ith­
in the group. The group mean of the LC was close to zero, but with high deviation in 
both directions.
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Integration of the EEG and self-report data

Energy-Tiredness

Among two used EEG measures, only the Laterality Coefficient turned out to 
be sensitive to Energy estimation. In alpha frequencies there was a significant differ­
ence between the low and high energy group observed at the frontocentral area. The 
former group showed more alpha activity at right, while the latter at left hemisphere 
(alphal: F2,28=3.99; p=0.03; alpha2: F2,28=4.53, p=0.02). In beta band the differences were 
found at posterior sites: high energy group showed greater activity of right hemi­
sphere than the other groups (beta2: F2,28=11.03, p<0.001; beta3: F2,28=5.23, p=0.01; Fig. 
10). No significant effects of energetic arousal estimation on EEG absolute power 
measures were found.

m ean m in m ax st. dev

PF (alpha 1) -2.44 -35.65 36.81 13.90

PF (alpha2) -2.01 -25.75 27.25 10 .10

PF (be ta l) 0.70 -16.63 22.93 7.99

PF (beta 2) -0 .11 -17.98 13.78 7.21

PF (beta 3) 1.88 -15.36 32.44 9.44

FC (alpha 1) -1.82 -33.35 41.42 13.59

FC (alpha2) -2.00 -24.20 33.08 10.75

FC (b e ta l) -0.82 -11.25 13.87 5.03

FC (beta2) -1.85 -15.78 13.85 6.40

FC (beta3) 1.78 -20.83 23.52 9.35

PS (alpha 1) 1.25 -22.03 22.73 9.55

PS (alpha2) -0.41 -21.23 16.84 9.46

PS (beta1) -1.35 -8.75 11.79 4.65

PS (beta2) -3.57 -13.73 1 1 . 2 1 6.89

PS (beta3) - 1.86 -26.32 22.92 12.18

Tab. VI: Descriptive statistics o f the LC (PF - prefrontal, FC - frontocentral, PS - posterior area).

Tension-Calmness

In contrast to the energy subscale, among Tension scores significant relation­
ships were found only for absolute power measures. In the alpha2 range, negative 
correlation with tension self-report was observed with the effect mostly pronounced 
in the left temporal and parietal area, however it was also visible over the entire range 
except for the prefrontal cortex. For the beta range, positive associations with tension 
estimation were different depending on frequency range. For beta1, the effect was vis-
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ible mostly in right prefrontal and frontal as well as in right centro-parietal and pari­
etal area. For beta2, positive correlation was found across the whole scalp, however 
the effect was the strongest in the left posterior cortex (Fig. 11, Tab. VII).

Fig. 10: Significant correlations between the Energy-Tiredness estimation and Laterality Coefficient in 
alpha (frontocentral) and beta (posterior) bands. Positive LC values are related to greater power at left 
while positive, at right hemisphere. The miniature scalps show location of the effect with direction of 

asymmetry observed along with increase of Energy marked with asterisks.
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Fig. 11: Maps o f significant correlations between the Tension-Calmness scores and EEG spectral power in
alpha2, betal and beta2 bands.

alpha2
Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 PO4

-0.141 -0.28 *-0.39 *-0.43 **-0.44 **-0.49 *-0.39 **-0.53 **-0.52 *-0.42 -0.35 **-0.46 **-0.47 *-0.41 *-0.41
p=0.45 p=0.12 p=0.03 p=0.02 p=0.01 p=0.00 p=0.03 p=0.00 p=0.00 p=0.02 p=0.05 p=0.01 p=0.01 p=0.02 p=0.02

P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz
*-0.42 *-0.41 *-0.39 *-0.41 -0.37 -0.33 *-0.41 *-0.41 -0.29 -0.37 -0.25 -0.10 *-0.41 **-0.45

p=0.02 p=0.02 p=0.03 p=0.02 p=0.04 p=0.07 p=0.02 p=0.02 p=0.12 p=0.04 p=0.18 p=0.61 p=0.02 p=0.01
betal

Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 PO4
0.27 0.33 0.31 0.30 0.34 0.33 -0.02 *0.38 *0.40 0.37 *0.39 0.37 0.35 0.36 *0.39

p=0.14 p=0.07 p=0.09 p=0.10 p=0.06 p=0.07 p=0.90 p=0.03 p=0.03 p=0.04 p=0.03 p=0.04 p=0.05 p=0.04 p=0.03
P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz

*0.39 0.32 *0.39 **0.44 **0.46 0.09 0.25 *0.43 *0.42 0.17 **0.48 *0.41 0.35 **0.46
p=0.03 p=0.08 p=0.02 p=0.01 p=0.01 p=0.62 p=0.17 p=0.02 p=0.02 p=0.36 p=0.00 p=0.02 p=0.05 p=0.01

beta2
Fp1 AF3 F7 F3 FC1 FC5 T7 C3 CP1 CP5 P7 P3 Pz PO3 PO4
0.31 *0.40 *0.42 *0.40 **0.52 *0.42 **0.47 **0.58 **0.62 **0.58 **0.53 **0.57 **0.55 **0.49 **0.46

p=0.09 p=0.03 p=0.02 p=0.02 p=0.00 p=0.02 p=0.01 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 p=0.01
P4 P8 CP6 CP2 C4 T8 FC6 FC2 F4 F8 AF4 Fp2 Fz Cz

**0.44 **0.48 **0.44 **0.48 **0.47 0.32 **0.45 **0.48 *0.41 *0.40 0.33 0.17 **0.48 **0.54
p=0.01 p=0.01 p=0.01 p=0.01 p=0.01 p=0.08 p=0.01 p=0.01 p=0.02 p=0.02 p=0.07 p=0.37 p=0.01 p=0.00

Tab. VII:Correlation values between the Tension-Calmness and EEG spectral power with p-levels for two­
tailed tests. Significant items that passed the FDR procedure are marked with asterisks.
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Discussion

According to our expectations, self-report scores of Energy and Tension were 
widely dispersed within the group. This is not too surprising, since the affective state 
reported by patients is (beside behavioural, motivational and physical aspects) one of 
the important symptoms accounting for such diagnoses. High variance of self-report 
scales supports the assumption that the sample of patients with affective disorders 
gives the opportunity to obtain the wide range of emotional states. It should be noted 
that mood disorder as a factor, includes not only the disease process but also the in­
fluence of psychotherapy and pharmacotherapy. But, since our experimental 
approach focuses on the subjective estimation of emotional state, it does not require 
homogeneity according to disorder subtype or the length of therapy.

The only significant effect in the frontal cortex was heightened beta1 activation 
at the right hemisphere together with increase of reported Tension (Fig. 11b). Only 
right hemisphere changes contributed to this effect, which did not show a typical 
asymmetry pattern, i.e. simultaneous decrease of left hemisphere activity. Right front­
al predominance observed in state of Tension characterized by negative emotional 
valence is in accordance with our expectations and theoretical predictions. This find­
ing confirms our assumption that prefrontal asymmetry has state-dependent 
properties which was a subject of discussion in the literature (see: Coan & Allen 2002). 
On the other hand no associations between Energy scale and frontal asymmetry was 
detected, nor was absolute power Laterality Coefficient found.

Positive correlation between estimation of energy and magnitude of left frontal 
cortex predominance was expected. Since the Energy dimension is characterized by 
positive valence, our expectation concerning frontal asymmetry was based on the 
concept of hemispheric specialization in emotional processing. In order to interpret 
the findings, a closer look should be taken at this issue which, despite much attention 
paid, is still not entirely clear. Apart from many reports confirming left hemisphere 
predominance in positive and right hemisphere in negative emotional state (e.g. Coan 
& Allen 2002; Demaree et al. 2005), there is also a significant number of observations 
that do not confirm this effect or even claim it opposite to the theoretical expectations 
(Drevets et al. 1992; Nitschke et al. 1995; Carson et al. 2000; Papousek & Schulter 2002; 
Stabell et al. 2004). To explain these inconsistencies, possible mediating factors affect­
ing frontal asymmetry were considered: differences in experimental conditions, 
affective disorders and its subtypes, accompanying anxiety, comorbidity, as well as 
personality traits (Davidson 1998; Heller & Nitschke 1998; Reid et al. 1998; Coan & Al­
len 2002). It is also known, that frontal asymmetry does not directly reflect valence of 
emotions (positive/negative) but rather the motivational direction (approach/w ith­
drawal). This important distinction was included into the theoretical models to 
incorporate observations of left frontal dominance in state of anger (Harmon-Jones & 
Allen 1998; Harmon-Jones & Sigelman 2001) or in case of some depression subtypes,
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where patients were focused on recollecting their problems (Heller & Nitschke, 1998). 
Lack of effect for Energy scale could be caused by the fact that Energy scale is not d ir­
ectly related to the approach/withdrawal dimension. There is some positive valence 
load in this scale, but its relation to motivational direction remains ambiguous. In case 
of Tension scores, which shows the effect of right frontal predominance, motivational 
direction can be more easily attributed to avoidance. Another possible explanation 
suggests medication as a factor which could disrupt frontal asymmetry pattern ob­
served in patients. There are many reports describing changes in EEG activity caused 
by pharmaceuticals, including their influence on frontal cortex (Knott & Lapierre 
1987; Knott et al. 1999; Cook et al. 2002; Banoczi 2005; Hunter et al. 2006; Saletu et al.
2006).

The expectations concerning non-specific cortical activation with centre in 
right posterior area received some support in the data. In narrow beta bands, 
heightened activation of right posterior region associated with increase of both En­
ergy as well as Tension scores was observed. Such an effect was predicted by our 
hypothesis as well as observed in our previous findings (Kaiser & Wyczesany 2008; 
Wyczesany et al. 2008). However, a more detailed look at these data shows significant 
differences between Energy and Tension scales concerning their associations with 
posterior EEG. In the case of ET scale, self-report of high energy was associated with 
beta2 and beta3 predominance in right posterior region compared to low and medi­
um energy groups which showed more beta power at the left, especially in the beta3 
band. This result was found significant only by means of Laterality Coefficient meas­
ure which means that both hemispheres contributed to this effect in opposite 
direction (Fig. 10cd). For the TC scale, the pattern of co-variation between EEG and 
subjective scores was different; in the beta1 band there was focused increase of right 
posterior activation with no effect of left hemisphere attenuation (Fig. 11b). Similar 
patterns of association between Tension scale and beta1 activity was found in our pre­
vious study, in which healthy volunteers were enrolled (Kaiser & Wyczesany 2008; 
Wyczesany et al. 2008). When comparing EEG effects of Energy arousal with Tension 
arousal it can be seen that they differ from each other according to frequency (beta2 
and beta3 for the ET scale and beta1 for the ET scale) and the co-variation of left hemi­
sphere (observed only for the ET scale). This outcome suggests that subjective Energy 
arousal and Tension arousal are characterized by specific patterns of cortical activa­
tion. These observations are against Heller's model claims that right posterior region 
reflects level of subjective emotional arousal despite its type and valence. Differences 
in frequencies and accompanying changes of left hemisphere activity may suggest 
that this is not the case. Thus this theoretical proposition should be considered with 
caution.

Apart from the effects described above, more significant relationships between 
ADACL self-report and the EEG were observed which were not predicted by the hy­
pothesis. Energy scale was found to be also associated with changes of alpha 
asymmetry in the frontocentral area. More alpha activity at the left hemisphere was 
visible in the high energy group, while in the low energy group, alpha power was 
greater in the right hemisphere. It could be interpreted as increase of right frontocent- 
ral cortical activation during conditions of Energetic arousal. It is not quite clear what
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causes this effect, since it is not well explained in the mentioned theoretical models. 
Dominance of the right hemisphere in the frontocentral region during the state of in­
creased Energy shares some analogy with beta rhythm in the right posterior system, 
described above. However these two observations, right posterior beta and right fron­
tocentral alpha differ according to frequency and localization, which suggest that they 
should be considered as two separate phenomena. Increase of right activation of the 
frontocentral cortical region (reflected in left alpha dominance related to estimation of 
high energy) was also found in another of our studies, where ADACL scores were 
correlated with spontaneous fluctuation of emotional state as well as modified by af­
fective stimuli (Kaiser & Wyczesany 2008). So far, not enough data are provided to 
draw convincing conclusions on this issue.

Two more effects, characterized by weak hemispheric asymmetry, were found 
for Tension scale using absolute power measures. The first one was a negative correl­
ation with alpha2 activity visible on the most scalp area except prefrontal and right 
temporal area and most pronounced on the left posterior derivations. Another one 
was a positive correlation with beta2 frequencies, mostly similar according to localiza­
tion to alpha2 effect. Similarity of these two observations according to localization 
may suggest that these two effects could be complementary (decrease of alpha2 along 
with increase of beta2). Observed wide-localized correlation of beta power with Ten­
sion scores can be preliminarily explained by importance of beta rhythm in emotional 
processes. Some interpretations can be made on the basis of literature reports, where 
reduction of emotional tension resulted in decrease of beta power, mostly in the an­
terior region (Jacobs et al. 2006). Recollection of 'angry' memories was also 
accompanied by increase of wide beta range at frontal and temporal electrodes (Foster 
& Harrison 2002). Similarly, alpha rhythm is well known to be related to the calm, re­
laxed state (Andreassi 2000) and these observations are in accordance with our data. 
As can be seen, the associations of alpha2 and beta2 power turned out to be not fo­
cused and specific for any particular localization but was observed in the entire 
cortex. Our data support the importance of narrow band spectral analysis of EEG sig­
nals due to their specific functional significance (Lorig & Schwartz 1989; Marosi et al. 
2002).

Conclusions

Summarizing the findings, associations between emotional self-report and 
EEG measures were observed. The data show that particular EEG measures have 
some predictive power on the experiential aspect of affective state. The relationship 
between prefrontal asymmetry and tension estimation was visible in expected direc­
tion, but no such effect was found for energetic arousal. Right posterior region, 
supposed as the system related to experience of non-specific emotional arousal, 
showed increase of activation for both energetic and tension scales. However, two 
patterns of activation related to energetic and tension arousal differed from each other
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according to frequency and accompanying changes in left hemisphere. Our data sug­
gest that energetic and tension arousal affects posterior cortex in a different way 
which is opposite to Heller's claim. Therefore, it can be concluded that the predictions 
of the valence/arousal model were only partly confirmed. One possible reason for 
this observed discrepancy was difference between our approach with focus on self-re­
port data and the experimental paradigms on which Heller's model was mostly 
based. Verbal estimation of current emotional state could be then considered as a dif­
ferent process than the usually investigated aspects of emotions. Nevertheless, some 
consistency between presented findings and valence/arousal model was described 
which suggests a common factor linking self-report and other emotional processes. 
This factor could be considered in terms of the experiential aspect of affective state. It 
supports the idea that verbal estimation can reflect a real functional state of brain re­
lated to emotions.
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C h a pt e r  5 .

Co-variation of EEG synchronization and 

emotional state as modified by anxiolytic drugs

This chapter is a modified version of Wyczesany M, Grzybowski S, Panasiuk A, Kaiser J, 
Coenen AML, Barry RJ, Potoczek A, Co-variation of EEG synchronization and emotional state as 
modified by pharmaceuticals (under review).

Abstract

The relationships between subjective estimation of emotional state and syn­
chronization patterns in cortical emotional systems were investigated. The emotional 
state was varied between groups using diazepam, buspirone and placebo. The 
UMACL checklist was used for the assessment of emotional state in the drug condi­
tion, yielding three estimates of emotional state: Energy Arousal, Tension Arousal 
and Hedonic Tone. These measures were correlated with the Synchronization Likeli­
hood index of the resting EEG. Increased affective valence and arousal were related to 
an increased level of synchronization between frontal and right temporo-parietal 
emotional areas. Two identified centres of synchronization, localized in the temporal 
and centroparietal regions, appeared to be functionally distinct. Stable relationships 
between subjective emotional state measures and cortical EEG synchronization pat­
terns were confirmed, especially for the valence and energetic arousal estimation. A 
higher synchronization is associated with higher emotional valence and arousal, and 
this can thus be seen as a neural correlate of emotional experiences.

Introduction

The present study addresses the relationship between subjective qualities of 
the individual's emotional state and cortical activity as expressed in the EEG. Subject­
ive emotional state is assessed by the Mood Adjective Checklist - UMACL (Matthews
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et al. 1990). This yields scores on Energy Arousal [EA], Tension Arousal [TA] and He­
donic Tone [HT] scales. These are considered to reflect both the energetic/arousal and 
valence dimensions of subjective emotional state. Note that EA and TA, while primar­
ily loading on energy/arousal, also include some valence load, respectively positive 
and negative.

The general assumption underlying this study is that the experiential aspect of 
the affective state is a function of brain systems related to emotions. Thus, changes in 
subjective emotional experience can be associated with specific changes in EEG activ­
ity. These changes are presumably best observable over those cortical areas related to 
emotional processing. In order to modify the emotional state of subjects, two psycho­
active drugs were used, diazepam and buspirone, both primarily used as anxiolytics. 
Based on the above general assumption it is expected that both the subjective state of 
a person, and their brain activity, will be affected by these drugs. In previous studies, 
co-variation between emotional state and the power in the EEG was shown (Wyczes- 
any et al. 2008; Wyczesany et al. 2009) This relation, which is rather stable across 
different experimental conditions, indicates the existence of cortical correlates of sub­
jective states.

To date, most attempts to identify cortical regions whose activities co-vary 
with the emotional state have concentrated on the frontal area, although some authors 
claim that frontal and prefrontal activities change with the ongoing emotional state 
(Demaree et al. 2005). The valence-arousal concept of Heller (Heller 1993; Heller & 
Nitschke 1998), distinguishes two cortical emotional systems: the frontal area, related 
to valence or motivational value of the affective state, and the right temporo-parietal 
area, regulating behavioural, autonomic and subjective aspects of non-specific emo­
tional arousal. According to this model, the experiential aspects of emotions are 
reflected in state-dependent changes of activation in these areas. Previous data 
provide partial support showing that the areas specified in Heller's model are related 
to subjective estimation of the emotional state in different conditions. However, the 
spectral power methods used so far do not provide information about the possible 
functional connections between these areas. To overcome this disadvantage, a syn­
chronization analysis is used in the present experiment. Synchronization methods are 
used for determining the level of interaction of two signals measured by separate 
electrodes. As a general class of non-linear methods, synchronization analysis is sens­
itive to phase relationships, while amplitudes of the signals do not affect the results. 
This is an advantage over traditional linear analyses. Synchronization can be con­
sidered as an index of functional integration between distant cortical areas (Varela et 
al. 2001). In the present experiment, the Synchronization Likelihood [SL] index (Stam 
& Van Dijk 2002), which is based on the concept of generalized synchronization 
(Rulkov et al. 1995), is employed. SL has been used successfully to investigate interac­
tions between cortical areas engaged in cognitive processes, such as memory (Molnár 
et al. 2009), visual-spatial processing (Micheloyannis et al. 2003), attention (Gootjes et 
al. 2006) and movements (Calmels et al. 2006).

In using synchronization methods, it is assumed that phase similarity between 
two signals is an index of functional dependence of these signals. Based on this meth­
od, it can be determined whether the synchronization level, and the emotional state
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reported by subjects, show patterns of co-variation. In the present paper we focus on 
the two emotional systems described in the model of Heller, so that frontal, and right 
temporo-parietal areas, related to these systems, are considered in the analyses. The 
synchronizations between these systems are expected to reveal their mutual relation­
ships. The role of the frontal cortex and its hemispheric specialization is well 
documented; many studies support the link of the left frontal area with positive em o­
tions, while the right frontal area is linked with negative emotions. On the other hand, 
some studies give support for alternative opinions, in the sense that only the right 
hemisphere is specialized in all types of emotions (for review see: Demaree et al. 
2005). Some suggestion of functional heterogeneity within the right temporo-parietal 
system can also be found in our previous data (Wyczesany et al. 2010).

The present experiment used drugs, diazepam and buspirone, to modify the 
emotional state of the participants. Both of these drugs have anxiolytic effects. 
Diazepam (DZP) belongs to the benzodiazepines, a wide class of minor tranquillizers, 
sharing sedative, anxiolytic, muscle-relaxing and amnesic properties. Benzo­
diazepines have a general depressing effect on the central nervous system by 
modifying the GABA-A receptor, which is then more easily activated by gamma- 
aminobutyric acid (GABA), the main inhibitory brain neurotransmitter (Mehta & 
Ticku 1999; Olkkola & Ahonen 2008). In the present study, diazepam was expected to 
decrease both the energetic and tension aspects of subjective arousal. The second 
drug, buspirone (BSP), is a newer anxiolytic drug, which is a partial 5-HT1A receptor 
agonist. Compared to DZP, it does not affect GABA receptors and has anxioselective 
action, lacking sedative, muscle-relaxant, motor-impairment and anti-convulsive ef­
fects (Taylor 1988; Cohn et al. 1989). In this study, BSP was administered in order to 
decrease the subjective level of tension, but in contrast to diazepam, was not expected 
to influence the level of energy or alertness.

The effect of benzodiazepines on the spontaneous EEG power is well estab­
lished. Results show a consistent increase of beta or high beta power, along with a 
decrease of theta and low alpha activity. The pattern of EEG activity after benzo­
diazepines is similar to that associated with an alert state, while behavioural and 
subjective measures show decreased activity and more drowsiness (Coenen & Van 
Luijtelaar 1991). However, in the low frequencies an increase of delta over the right 
temporo-parietal region has been observed, which could be related to a deactivation 
of the posterior emotional system (Yamadera et al. 1997). On the other hand, BSP 
causes a shift in EEG frequency toward low frequencies, from alpha to theta, which is 
more pronounced in the posterior than in the anterior sites (McAllister-Williams et al.
2007). An enhancement of low frequency activity (theta and delta) with a decrease of 
either whole beta or only high beta, has been reported. There are some inconsistencies 
concerning alpha power, which is decreased or unchanged, depending on the study 
(Bond et al. 1983; Murasaki et al. 1989; Holland et al. 1994).

The aim of the present study is to determine the relationships between subject­
ive qualities of emotional state and the way the cortical emotional systems cooperate 
with each other. This cooperation is inferred from synchronization measures of the 
EEG recorded from cortical emotional areas. The drugs introduced in the study are in­
tended to modify the subjective state. It is hypothesized that changes in the subjective
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state will be reflected in specific changes of synchronization levels. These activities 
could then be considered as neural correlates of experiential aspects of subjective 
states. The distinction in emotional specialization of cortical areas (valence versus 
non-specific arousal) suggests a measurement of the emotional state on the following 
dimensions: energetic arousal, tension arousal and valence. It is expected that the in­
crease of the scores which are strongly linked to emotional arousal (i.e. tension and 
negative valence), will be associated by a heightened level of synchronization 
between prefrontal and right temporo-parietal areas in the higher frequencies. On the 
other hand, changes in energetic arousal are thought to be associated with a deactiva­
tion pattern, i.e. with a low frequency synchronization, at both short (within an area), 
and long ranges (between areas).

Materials and methods

Subjects

52 student volunteers (25 women, 27 men), aged 19-32 (mean 22.8 years) parti­
cipated in the study. All of them were healthy, were not suffering from any chronic 
diseases and were medication free and this information was based on a questionnaire 
filled in during the recruitment process.

Mood assessment

The current emotional/activation state was assessed by the computer version 
of the University of Wales Institute of Science and Technology Mood Adjective 
Checklist - UMACL (Matthews et al. 1990) in the Polish adaptation of (Goryrtska,
2001). It consists of 29 adjectives describing subjective state, rated on a 4-point scale. 
As a result, it yields scores on three subscales: Energy Arousal [EA], Tension Arousal 
[TA] and Hedonic Tone [HT].

EEG recording and quantification

The resting EEG signal was measured and recorded with a Biosemi ActiveTwo 
device, equipped with 32 pre-amplified active electrodes. The sampling frequency 
was 256 Hz with 24-bit A /D  converters. The extended 10-20 system for electrode 
placement, with averaged reference, was used. The following electrodes, localized 
over the prefrontal and temporo-parietal emotional systems, were selected: frontal 
(Fp1, Fp2, AF3, AF4, F7, F8) and right temporo-parietal (T8, C4, CP2, CP6, P4, P8).
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Electrode impedances were kept in a recommended range during the whole record­
ing. An off-line ocular artefact rejection algorithm based on the Gratton-Coles- 
Donchin method (Gratton et al. 1983) was then applied to the EEG signal using data 
from additional EOG electrodes. For synchronization analysis, 16-second EEG seg­
ments (4096 samples) recorded just before the subjective assessment were taken. 
Using digital filters (24 dB/octave slope) the whole spectrum was divided into the fol­
lowing frequency bands: alpha1 (8-10 Hz), alpha2 (10-12 Hz), beta1 (13-15 Hz), beta2 
(16-24 Hz), beta3 (25-30 Hz). The data were not normalized. Separately for each fre­
quency band, the Synchronization Likelihood [SL] index was calculated for all 
electrode pairs, using the following parameters: lag = 10 samples, embedding vector 
dimension in phase space = 10, (»1=100, (»2=400, pref = 0.05 (Stam & Van Dijk 2002). 
Apart from the SL analysis, in order to check the effects of drug influence on EEG 
power, 60-second segments of the EEG signal were divided into 2-second, overlap­
ping epochs for which power spectral density (^V2/H z) was calculated and averaged 
across the epochs, then aggregated into the above mentioned frequency windows. 
Due to skewness of the data distribution, spectral values were log-transformed (Gass­
er et al. 1982).

Procedure

The experimental procedure was approved by the Bioethical Committee of the 
Jagiellonian University. Before the experiment, all subjects were given basic informa­
tion about the procedure and asked to sign a written consent. Subjects were randomly 
assigned to one of three groups in which different substances were administered or­
ally in accordance with a double-blind procedure: CTR - control with placebo, DZP - 
diazepam (2 mg), BSP - buspirone (5 mg). The experiment took place in a sound-proof 
and electrically shielded cabin. All instructions were displayed on a 19'' LCD screen. 
The procedure started with an idle 4 min period with a blank computer screen which 
was intended for adaptation to the measurement conditions, followed by the com­
puter version of the UMACL checklist. Then, the substance was administered, 
followed by a % h period required for the drugs to take effect (Besser & Duncan 1967; 
McAllister-Williams et al. 2007). During this time, subjects were allowed to read 
newspapers. After this waiting period, 1 min of spontaneous EEG with eyes open was 
recorded, followed immediately by a second UMACL assessment.

Data analysis

In order to check that after randomization, the balance between genders in the 
experimental groups was maintained, a non-parametric chi-square test was used. Pre­
medication subjective scores were checked using a MANOVA test to ensure no differ­
ences between the groups. To determine whether the pharmacological modification 
of mood was effective, the influence of medication type on differential subjective 
scores (before- minus after-medication) was analyzed using one way MANOVA with
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planned contrasts: DZP vs. CTR+BSP for the EA scale (decreased activation effect), 
CTR vs. DZP+BSP for the TA scale (the effect of tension reduction) and CTR vs. 
DZP+BSP for the HT scale (the control group was checked against the medication 
groups). The effect of the drugs on EEG power was verified using an ANOVA with 
planned contrasts testing beta increase in the DZP vs CTR group, and alpha decrease 
in BSP vs CTR group.

Within each of the EEG frequency bands, the associations between subjective 
scores and synchronization levels between all combinations of electrodes were 
checked using Pearson's r correlation coefficient. Due to the limited group size, no ad­
ditional p-level correction was used for multiple testing (Papousek & Schulter 2002). 
However, to avoid the increased risk of type-II errors, an additional rule was added, 
to reject any single effects with no similar "neighbours" (in terms of one of: electrode, 
frequency band, or direction). Positive correlations meant an increase of synchroniza­
tion together with an increase of subjective scores, while negative correlations meant 
a decrease in synchronization with a increase in subjective scores.

Results

The effect of the drugs

The Chi-square statistic showed no significant disturbance of gender distribu­
tion between experimental groups (X22=0.12; p=0.94). The MANOVA test run on pre­
medication subjective scores showed no between-groups differences (Wilk's A=0.93; 
F6r94=0.60; p=0.73). The effects of drug type using planned comparisons were found 
significant for the EA (F149=4.74; p=0.02; 1-tailed test) as well as the TA scale 
(F149=3.50; p=0.03; 1-tailed test). As expected, diazepam decreased the level of energy 
comparing to the remaining groups, and both anxiolytics decreased the level of ten­
sion. No effect for the HT scale was observed (FJ49=0.85; p=0.36; 2-tailed test). Changes 
of subjective scores within the groups are shown in the Tab. VIII.
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scale g ro u p
scores

M in M ax M ean

EA

CTR -11 10 1.11

D Z P -10 4 -3.44

BSP -13 8 -1.00

TA

CTR -4 9 0.50

D Z P -5 3 -1.44

BSP -7 7 -1.22

H T

CTR -3 8 3.83

D Z P -3 7 2.50

BSP -1 10 3.56

Tab. VIII: The differences between pre- and post-medication subjective scores, for the three scales 
(EA, TA and HT) within each group.

Fig. 12: Increase o f beta3 log-power observed in the DZP group. The bars show 95% CI.

Spectral analysis of EEG power after diazepam revealed an increase of beta3 
power in the DZP comparing to the CTR group in the regions of interest (t48=1.71; 
p=0.047; 1-tailed test; Fig. 12). No significant FFT effects were found for buspirone 
comparisons.
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Synchronization and subjective scores

The Control Group

In medication free conditions, numerous negative correlations within the 
frontal area were apparent between tension scores and SL in the alpha frequency 
range (8-12 Hz; Fig. 13; Tab. IX). The lower the EA estimation, the more pronounced 
was alpha synchronization within and between the hemispheres. Estimation of negat­
ive valence (HT) was correlated with increased SL between T8 and many frontal sites 
in the whole frequency range (8-30 Hz) as well as some right parietal electrodes in 
lower frequencies (8-15 Hz). However, in the highest frequency range, only a limited 
number of these effects were preserved. Instead, SL between the right centro-parietal 
electrodes and some frontal sites co-varied with negative valence estimation. In other 
words, more negative emotional state was related to heightened level of fronto-pariet- 
al synchronizations. No correlations were found between EA estimation and SL.

band electrodes r band electrodes r

alpha1 Fp1/Fp2 -0.48 alpha1 T8/P4 -0.45

Fp1/F7 -0.48 Fp1/T8 -0.62

Fp1/F8 -0.48 Fp2/T8 -0.54

Fp2/AF4 -0.59 A F3/T8 -0.59

Fp2/F7 -0.52 A F4/T8 -0.48

Fp2/F8 -0.48 F7/T8 -0.68*

F7/F8 -0.59 alpha2 T8/CP2 -0.46

alpha2 Fp1/Fp2 -0.45 T8/P4 -0.46

Fp1/F7 -0.50 Fp1/T8 -0.59

Fp1/F8 -0.49 Fp2/T8 -0.56

Fp2/AF3 -0.49 A F4/T8 -0.52

Fp2/AF4 -0.53 F7/T8 -0.69*

Fp2/F7 -0.54 beta1 T8/CP2 -0.46

Fp2/F8 -0.47 T8/P4 -0.46

Fp1/T8 -0.59

Fp2/T8 -0.56

A F4/T8 -0.52

F7/T8 -0.69*

beta2 Fp1/T8 -0.48

Fp2/T8 -0.51

F7/T8 -0.64

beta3 Fp2/T8 -0.48

Fp2/C4 -0.46

AF3/CP2 -0.63*

AF4/CP2 -0.50

Tab. IX: The significant r-coefficients between subjective scales and the SL in the CTR group
(p<0.05; *p<0.01)
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alpha 1 alpha2 betal beta2 beta3

Fig. 13: Dashed lines link pairs of electrodes for which negative correlations between subjective scores and 
the SL were observed in the CTR group.

The diazepam group

In the DZP group, strong positive correlation with EA between C4 and some 
right frontal as well as posterior electrodes were observed in the whole frequency 
band. HT scores were negatively correlated with the SL between right posterior and 
frontal electrodes, also in the whole frequency window, however in lower frequencies 
more significant effects were observed; Fig. 14; Tab. X.

alpha 1 alpha2 b e ta l beta2 beta3

Fig. 14: The lines connect the pairs of electrodes for which correlations between subjective scores and the 
SL were observed in the DZP group. Solid lines represent positive while dashed negative correlations.
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b a n d
EA

electrodes r b a n d
H T

electrodes r
alpha1 C4/CP2 0.52 alpha1 Fp1/C4 -0.49

CP2/CP5 0.53 Fp1/CP2 -0.55
AF4/C4 0.56 Fp1/CP5 -0.60
F8/C4 0.60 AF3/C4 -0.69*

alpha2 C4/CP2 0.55 AF3/CP2 -0.72*
AF4/C4 0.66 AF3/CP5 -0.47
F8/C4 0.58 AF4/CP2 -0.43

beta1 C4/CP2 0.57 F7/C4 -0.73*
AF4/C4 0.61 F8/T8 -0.45

beta2 C4/CP2 0.58 alpha2 Fp1/C4 -0.44
Fp2/C4 0.73* Fp1/CP2 -0.55
AF4/C4 0.51 Fp1/CP5 -0.44

beta3 C4/CP2 0.52 Fp2/CP6 -0.47
Fp2/C4 0.51 AF3/C4 -0.62*

AF3/CP2 -0.68*
AF3/P4 -0.45
F7/C4 -0.66

beta1 Fp1/C4 -0.52
AF3/C4 -0.58

AF3/CP2 -0.58
AF3/P4 -0.47
F7/C4 -0.54

beta2 AF3/CP2 -0.46
AF3/P4 -0.39

AF4/CP2 -0.50
beta3 Fp1/CP2 -0.43

AF3/CP2 -0.42
AF4/CP2 -0.50

Tab. X: The correlations between subjective scales and the SL in the DZP group (p<0.05; *p<0.01)

The buspirone group

After BSP intake, EA estimation was positively correlated with SL levels 
between centro-parietal and prefrontal areas over the whole frequency range (8-30 
Hz), and also with the left frontal area in the lower frequencies (8-15 Hz). Some effects 
within the centro-parietal area are also visible. Generally speaking, EA estimation was 
related to an increase of fronto-parietal synchronizations. For higher frequencies (16­
30 Hz), TA scores were positively correlated with synchronizations between the T8 
electrode and some frontal and right posterior electrodes. Additionally, the highest 
frequencies (24-30 Hz) showed additional effects with SL between left frontal and 
posterior area. HT scores were again negatively correlated with SL level between 
right temporo-parietal and frontal electrodes in beta frequencies, however the effects 
in right centro-parietal region were found for higher beta band (16-30Hz; Fig. 15; Tab. 
XI).
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Fig. 15: The lines connect the pairs o f electrodes fo r which correlations between subjective scores and the 
SL were observed in the BSP group. Solid lines represent positive while dashed negative correlations.
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b an d
TA

electrodes b a n d
HT

electrodes r
beta2 Fp2/T8 -0.65* alphal C4/CP2 0.60*

Fp2/P4 -0.55 C4/CP6 0.75*
Fp2/P8 -0.57 C4/P4 0.66*
AF4/T8 -0.64* C4/P8 0.76*
AF4/P4 -0.52 CP6/P4 0.83*
F8/T8 -0.73* P4/P8 0.79*

beta3 Fp2/T8 -0.72* Fp1/C4 0.77*
AF3/P4 -0.55 Fpl /CP6 0.63*
AF3/P8 -0.57 Fp2/C4 0.67*
AF4/T8 -0.76* AF3/C4 0.80*
AF4/P4 -0.51 F7/C4 0.75*
F7/P8 -0.66* F7/CP6 0.56
F8/T8 -0.77* alpha2 C4/CP2 0.64*

TA C4/CP6 0.74*
band electrodes r C4/P4 0.6l
beta2 T8/C4 0.53 C4/P8 0.79*

T8/CP6 0.53 CP6/P4 0.84*
T8/P4 0.63* P4/P8 0.75*

AF4/T8 0.54 Fp1/C4 0.8l*
F7/T8 0.55 Fpl /CP2 0.53
F8/T8 0.67* Fpl /CP6 0.57

beta3 T8/CP2 0.53 Fp2/C4 0.76*
T8/P4 0.62 AF3/C4 0.82*

AF3/C4 0.53 F7/C4 0.74*
AF3/P8 0.55 F7/CP6 0.56
AF4/T8 0.56 betal C4/CP2 0.6l
F7/P8 0.74* C4/CP6 0.64*
F8/T8 0.69* C4/P4 0.54

C4/P8 0.7l*
CP6/P4 0.85*
P4/P8 0.74*

Fpl/C4 0.76*
Fpl /CP2 0.54
Fp2/C4 0.72*

Fp2/CP6 0.55
AF3/C4 0.67*
F7/C4 0.73*

F7/CP2 0.53
F7/CP6 0.56

beta2 Fp2/AF3 0.52
C4/CP2 0.54
C4/P4 0.52
C4/P8 0.52

CP2/P8 0.6l
CP6/P4 0.80*
P4/P8 0.7l*

Fpl/C4 0.60
Fp2/C4 0.73*

Fp2/CP2 0.55
Fp2/CP6 0.66*

beta3 C4/CP2 0.52
CP2/CP6 0.54
CP2/P8 0.57

Tab. XI: The correlations between subjective scales and the SL in the BSP group (p<0.05; *p<0.01).
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Discussion

The modification of the subjects' emotional state by the use of the drugs was 
successful, as reflected in the subjective scores. The UMACL checklist used here was 
also previously found useful in registering changes caused by medication (Holland et 
al. 1994).

The general hypothesis assuming stable and specific relationships between 
EEG characteristics and subjective scales received partial, but rather good, support. 
Salient similarities between the groups were observed for the Hedonic Tone [HT] and 
Energy Arousal [EA], which may suggest their more universal character.

Negative correlation of the HT scores and the SL between right temporo-pari- 
etal centres (temporal T8 and posterior CP2 and C4) were similar in all three groups. 
Due to the bipolar characteristics of the HT scale, this effect can be considered as a 
positive correlation between cortical synchronization and the negative affect, in the 
sense that the more negative is the estimation of emotional state, the higher is the 
level of functional bindings between parietal and temporal centres of synchronization. 
Moreover, this effect is in accordance with the initial hypothesis, predicting increased 
cortical associations in emotional conditions. However, another conclusion, which is 
suggested by the data, is not fully compliant with the theory. It is shown that the tem- 
poro-parietal area characteristics are different for positive versus negative valence of 
the emotional state, while Heller's theory claims that this area is related to both posit­
ive and negative emotional arousal. There are some similar discrepancies in the 
literature, regarding the posterior activation related to emotional processing. Some 
procedures show activation in both positive and negative conditions, as predicted by 
Heller (Lane et al. 1997; Lang et al. 2001; Goldin et al. 2005), but other studies show 
specificity of activation, depending on the valence (Davidson et al. 1990; George et al. 
1995). It is possible that the negative emotional state, especially in laboratory condi­
tions, could be generally more arousing than the positive. As a consequence, it seems 
easier to provoke in experimental procedures a higher negative emotional state, 
which is reflected in sensitivity of the temporo-parietal system to negative stimula­
tion. More data need to be provided to settle this issue.

The analysis of the focus of synchronization delivers more information con­
cerning the posterior emotional system. Interestingly, two centres can be 
distinguished. The first of these, a temporal centre focused in the T8 electrode, forms a 
centre of synchronizations with most frontal and right posterior sites, showing in­
creased synchronizations in conditions of negative valence estimation. Another centre 
can be observed over the right posterior sites (CP2, C4). Two distinct centres with dif­
ferent characteristics, according to subjective dimensions and frequencies, suggest 
that the right parietal and temporal cortex is not a single, unitary emotional system. 
Instead, it may be composed of different subsystems, which are related to different as­
pects of emotional processing. Moreover, the present data show that, despite possible 
functional heterogeneity, the whole right temporo-parietal area seems to have import­
ant functional connections with the frontal area, especially visible in the negative 
emotional state.
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Positive correlation of the EA scores with synchronization between bilateral 
frontal and parietal areas (focused mostly in the C4 derivation), as well as local syn­
chronizations within the parietal cortex, can be observed in the buspirone group. In 
the diazepam group, only a subset of these synchronizations are significant, however 
the C4 electrode was still a centre of synchronization. The effects are very similar 
across the whole frequency range examined.

It can be noted that temporal lobe SL level was not related to EA estimation, 
which is another argument in favour of a functional dissociation between temporal 
and parietal cortex. The EA dimension is weakly related to emotional arousal, and 
this can be linked with the absence of temporal synchronizations. It can be hypothes­
ized on the basis of the outcomes, that the posterior area is more related to unspecific 
emotional arousal, as described by Heller's model, while the temporal area activity is 
related to negative emotional arousal. However, the reason why the drug groups dif­
fer according to the effect size, as well as why the effect is absent in the control group, 
remains unclear.

Contrary to the hypothesis, the Tension Arousal (TA) scores in the control 
group are not correlated with the level of synchronization between the frontal and 
posterior areas. Instead, changes are limited to the frontal area, where synchroniza­
tion decreases with increasing tension. It is noticeable that this effect is visible only for 
the low frequencies, particularly those covering the alpha frequencies. This activity 
has traditionally been considered as one of the basic brain integrating rhythms, ori­
ginating in thalamic pacemaker cells (Skinner et al. 2000). Despite the newer data 
suggesting distinction of several functional rhythms in this frequency range with pos­
sibly multiple generators (Ba§ar et al. 1997), alpha power is usually considered as an 
index of cortical deactivation (DiFrancesco et al. 2008; Barry et al. 2009) and is negat­
ively correlated with fMRI BOLD signal (Laufs et al. 2003). In agreement with these 
findings, the present observation of a decreased alpha synchronization in tension con­
ditions may reflect a more active cortex. However, after medication, these low 
frequency associations with tension are not observed, and the reason behind this is 
not completely clear.

Quite different effects related to tension estimation are found in the BSP 
group. Increase of synchrony between the temporal T8 site and the frontal region is 
accompanied by some synchronizations within parietal areas at high frequencies. This 
effect, although predicted by the theory, is seen only in the BSP group. It reflects an 
enhancement of communication between the temporal lobe and the frontal and right 
posterior areas. The right temporal area is known to be important in the control of 
emotional and autonomic arousal, which is related to TA estimation (Kuniecki et al.
2002). The action of BSP is mainly located in limbic structures (Taylor 1988), as well as 
the raphe nuclei which activate serotonin release related to positive mood (Flory et al. 
2004). The limbic system has bilateral projections to the medial part of the prefrontal 
cortex, which is related to conscious awareness of anxiety state and its inhibiting 
modulation (Miller et al. 2005). Increased SL level between the frontal and temporal 
lobe may be an effect of enhanced inhibiting action of the frontal lobe on the emotion­
al circuits. This interpretation, however, is speculative and requires further 
investigation.
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Conclusions

The main hypothesis concerning a stable relationship between subjective 
measures of emotional state and cortical EEG synchronization patterns received sub­
stantial support. The obtained results can be interpreted as increased cooperation of 
both the prefrontal and the posterior emotional areas in conditions of increased negat­
ive valence as well as increase of both kinds of affective arousal: energetic and 
tension. Especially the valence dimension (Hedonic Tone), but also Energy Arousal, 
showed similar results in different groups. In the case of the former, data analysis re­
vealed two centres of synchronization, which are possibly functionally distinct, but 
localized in the postulated right temporo-parietal emotional area. It was speculated 
that the parietal centre is more related to unspecific arousal while the temporal centre 
is associated with negative emotional arousal. The presented results suggest that com­
bining subjective measures with non-linear synchronization methods can be a 
valuable tool for inferring functional cortical dependences in emotional processes.
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C h a pt e r  6 .

General discussion

Introduction

Emotional state and EEG spectral power

The basic question regarding associations between estimation of arousal by 
means of the ADACL checklist and EEG power was investigated in Chapter 2. The ex­
perimental procedure was based on two measurement sessions, separated by 
cognitive tasks which were intended to modify the emotional state of the subjects. The 
correlations between changes in mood estimation and changes in EEG spectral power 
between the sessions were calculated. The EEG was analyzed over a wide frequency 
range, from delta to gamma. The obtained results supported the hypothesis of associ­
ations between subjective qualities of mood and brain activity patterns. Both ADACL 
dimensions, Energy-Tiredness [ET] and Tension-Calmness [TC] co-varied with EEG 
in a specific way, according to frequency and localization. Estimation of ET was neg­
atively correlated with slow alpha, and positively correlated with the lowest 
frequency rhythms (delta and theta2) relative power; these effects were most p ro­
nounced over the central electrodes. As can be seen from the results, the ET 
dimension turned out to be associated especially with lower frequency rhythms, 
however the direction of the changes of delta and theta2 power was different from 
that expected. Typically, the lower frequency activity is associated with sleep and the 
high drowsiness state, and the experimental observations that support the obtained 
results were discussed. Only delta activity showed changes with subjective ET estima­
tion that were localized in the right posterior region. The TC scores correlated 
positively with theta1 at the left frontotemporal area, and with beta1 in the right pos­
terior region. There was also a negative correlation with fast alpha relative power, 
most pronounced at the posterior electrodes. The strong link of the TC dimension 
with negative emotional arousal can explain the right temporo-posterior activation in 
the low beta band, in agreement with the valence/arousal theory. This effect was ac-
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companied with asymmetrical frontal activation in the left hemisphere. The decrease 
of alpha2 activity in high tension conditions is also in agreement with the presence of 
alpha activity in the state of relaxation.

The important conclusion that can be drawn from the presented data is the dif­
ference between characteristics of activations between Energy and Tension arousal, 
measured with relative as well as absolute EEG power. The former showed more dis­
tributed while the latter more focused patterns, which better fits to the predictions of 
the arousal/valence model. Observed changes in alpha power for Energy and Ten­
sion scales were different according to localization and narrow frequency windows; 
this last is an argument for specific narrow-band frequency analysis.

Lateralization and emotional states

The lateralization effects of mood, which are of high importance when consid­
ering emotional processing, were investigated in the second experiment, presented in 
Chapter 3. The issue of hemispheric specialization in emotions has received signific­
ant attention in previous research, however some inconsistencies in those results were 
reported. The aim here was to determine if, using self-report measures, a pattern 
would be observed similar to that widely reported in the literature for the processing 
of emotional content. During the experiment, affective state was modified using emo­
tional slides from the International Affective Picture System. In order to include the 
measurement of valence, another self-assessment tool (UMACL) was applied beside 
the ADACL checklist. Hemispheric imbalance was measured by the Laterality Coeffi­
cient [LC] index. Moreover, Principal Component Analysis [PCA] was applied on the 
EEG laterality data in order to identify localization of the main components related to 
variability of the LC, and to check if they were in agreement with the theoretical pre­
dictions. The resultant components confirmed these predictions; frontal and centro- 
parietal components could be identified as related to frontal and posterior emotional 
systems.

The results of integration of the self-report and EEG data revealed that positive 
valence was related to left frontal dominance, observed in the relatively narrow, beta2 
(16-24 Hz) frequency band. This essentially confirmed the frontal asymmetry state-re­
lated pattern widely described in the literature in the subjective, state-dependent data 
here. It should be noted that this effect was observed only for the beta2, which 
showed the importance of using the narrow-band spectral analysis. The Energy 
arousal estimation was also associated with left frontal dominance, reflected in 
lowered high alpha band (10-12 Hz) as well as heightened beta2 power in the left 
hemisphere. Here also, the relatively narrow bands in which the effects were ob­
served can be noted. Assuming that energy estimation has a positive connotation, this 
effect can be considered as related to positive valence. Moreover, posterior effects re­
lated to energy estimation, as predicted by the theory, were also observed: left 
dominance in the central and centro-parietal cortex in the high alpha band. Since al­
pha is considered as a reversed (negatively correlated) index of cortical arousal, this 
reflects an increase of right centro-parietal activation related to high energy scores. So
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far these effects using the LC index were in agreement with theoretical predictions. 
Although no effects of tension estimation were observed while using the LC, the 
single-electrode FFT analysis revealed a significant increase of activation in the right 
parietal region in both studies using this measure (Chapter 2 and 4). These results 
again suggested that activation of posterior cortex is specifically related to emotional 
arousal and the context has different activation patterns for positive and negative 
emotional arousal.

Emotional state in affective disorders, and changes in cortical activity

Another question addressed in the thesis was whether in conditions of mood 
disorders, which affect emotional state much more strongly than do experimental m a­
nipulations, the patterns of covariations observed so far would be preserved, or even 
more strongly pronounced. Patients suffering from affective disorders (major uni­
polar depression or a manic episode of bipolar affective disorder) participated in the 
study. The control group consisted of non-psychiatric patients, matched according to 
age and gender. It was determined whether the internal factors strongly affecting 
mood would show similar, or even more pronounced, effects as observed in the pre­
vious experiments. Both EEG measures used in the first two studies were calculated: 
EEG spectral power and the Laterality Coefficient. In case of the LC index, aggregated 
areas of the cortex were considered: prefrontal, fronto-central and posterior. The ra­
tionales behind this division of the cortical area were both the theoretical predictions 
and the previous PCA analysis, which mostly fitted the theory.

Both the subjective dimensions of ET and TC had some predictive power on 
the EEG patterns. The ET scores were correlated with bilateral changes in hemispheric 
activity for which the LC turned out to be most sensitive, while the TC scores showed 
associations only with EEG power calculated for separate electrodes. The group with 
high energy estimation showed a right predominance in fronto-central and posterior 
areas, visible in the whole alpha as well as medium and high beta ranges, respect­
ively. No effect of ET estimation on prefrontal asymmetry was found. For the TC 
scale, high scores were related to increased activation in the right prefrontal area, and 
right centro-parietal area in low beta frequencies. This fitted perfectly to the theoretic­
al predictions of Heller (Heller 1993). Another effect observed for increased tension 
report was a decrease of alpha2 power together with an increase of beta2 power, 
which was observed over the entire scalp, but most strongly pronounced in the left 
temporo-parietal region. Similarities of spatial distributions of these two observations 
may suggest that alpha2 and beta2 activity are negatively correlated and comple­
mentary to each other.

The right posterior region, supposedly the system related to experience of non­
specific emotional arousal, showed an increase of activation for both energetic and 
tension scales. However, these patterns related to energetic and tension arousal 
differed from each other according to frequency and the accompanying changes in 
left hemisphere in case of the former. This confirmed the outcomes described in the 
previous chapters.
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State-dependent changes of functional relationships between the cortical emo­
tional systems, with and without medication

The final experiment investigated the functional associations between the cor­
tical emotional areas. By using non-linear Synchronization Likelihood index, which 
measures the level of dependencies between signals, it was possible to determine how 
these areas cooperate. It is known that EEG power can be affected by medication, so 
that the non-linear method, which is sensitive only to the phase relationship between 
signals, is preferred.

In Chapter 5, it was hypothesized that the higher the emotional arousal self-es­
timated by subjects, the higher is the level of bilateral dependencies. Another issue 
investigated was the pharmacological modification of emotional state, and its influ­
ence on the level of cooperation between the cortical areas. The subjects were divided 
into three groups, the control one with placebo, and two medication groups: the 
anxiolytic benzodiazepine, diazepam, was used in order to decrease the level of TA 
and decrease the level of EA, while the non-benzodiazepine anxiolytic, buspirone, 
was applied in order to decrease TA while leaving EA unchanged. The UMACL 
checklist was used for the assessment of emotional state and its scales were correlated 
with the Synchronization Likelihood index of the resting EEG, separately for each of 
the electrode pairs belonging to the considered cortical areas. The hypothesis concern­
ing a stable relationship between subjective measures of emotional state and cortical 
EEG was checked according to synchronization patterns, and it was supported by the 
results. Moreover, the levels of correlation between synchronization of selected elec­
trodes and subjective report were high. Increased cooperation of both emotional areas 
in conditions of increased negative valence, as well as with increases of both kinds of 
affective arousal: energetic and tension, were observed. Despite the medications, most 
of the relationships for the valence dimension (HT), and also Energy Arousal, were 
preserved across the different groups. However, TA scores were differently associ­
ated with subjective estimation, depending on the drug taken.

Data analysis revealed two main centres of synchronization in the posterior 
area, which are possibly functionally distinct. They were localized in the temporal 
(T8) and centro-parietal cortex (C4, CP2, P4). For energetic arousal, mostly the parietal 
centre effects were visible, while for tension arousal and valence, both centres were 
active, but not simultaneously. It was speculated that the parietal centre was related 
to unspecific emotional arousal, while the temporal cortex, whose activity correlated 
positively with TA and negatively with HT scores (associated with negative valence, 
contrary to expectations of the EA dimension), was related to negative emotional 
arousal.
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The main findings

In terms of the usage of EEG measures, it can be stated that the changes of the 
EEG activity related to valence and energy estimation are especially characterized by 
asymmetrical patterns and thus better "caught" by the LC, which is sensitive to op­
posite changes occurring in both hemispheres. It was confirmed that the positive 
valence estimation scale is related to left frontal predominance, and negative valence 
to right frontal predominance. Two main effects were observed for energy estimation: 
left frontal predominance (interpreted as the impact of the positive valence of this 
arousal) and centro-parietal right dominance (interpreted as the impact of the increase 
of activation of the posterior system). On the other hand, single electrode EEG power 
measures are more sensitive to the effects related to tension estimation. Positive cor­
relation of tension estimation with the frontal EEG power was observed in both 
hemispheres, although this effect was stronger at the right side. Changes of right pari­
etal activation related to increased tension scores were observed, but these were not 
accompanied by simultaneous changes at the left side. The third measure used in the 
studies, the synchronization index, plays a different role than the previous two meas­
ures, since it quantifies the level of functional association between distant cortical 
areas. Application of the synchronization method with the subjective measures allows 
investigation of how the level of the functional linkage between the frontal and pos­
terior emotional systems changed with dimensions of emotional state. It was 
confirmed that in more emotional conditions, the level of cooperation between the 
frontal and the right posterior area increased. Moreover, multiple centres of synchron­
ization were identified, which were associated with different aspects of emotional 
state.

Affective states and stable EEG patterns

The EEG measures applied

Valence

The pattern of state-dependent prefrontal asymmetry is found to change to­
gether with estimation of valence as a separate dimension. The effects associated with 
this dimensions are observed only in the frontal cortex.
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Energy arousal

Use of the LC index in Chapters 3 and 4 allowed observation of some similar 
effects related to energy estimation in both experiments. In the second experiment 
(Chapter 3), a relative increase of right hemisphere activity in the centro-parietal re­
gion (measured by relative decrease of alpha2 power) was noted. The latter effect is in 
general similar to the one found in the third study (Chapter 4), where a relative in­
crease of activity in the centro-parietal electrodes was observed (decrease of 8-12 Hz 
alpha power). Additionally, a more posteriorly right predominance (expressed in in­
crease of higher beta rhythm) is visible. It can be summarized that the right centro- 
parietal region becomes more activated together with an increase of energy scores. 
Other effects related to energy estimation turn out to be more procedure-specific. 
High energy is associated with a decrease of left alpha1 power in the experiment with 
the Sternberg task (Chapter 2), as well as prefrontal dominance of the left hemisphere 
in the experiment with visual presentation of emotional content, expressed in de­
crease of alpha2 and increase of beta2 activity (Chapter 3). On the other hand, in 
patients, a right predominance in central and posterior areas is visible. However, it 
was observed as two separate effects: an increase of left alpha dominance in central, 
while an increase of right beta dominance in parietal electrodes.

Tension arousal

The effects of tension are exclusively found using the spectral power measure. 
In the first study (Chapter 2), an increase of frontal and right temporo-parietal activity 
in beta1 was observed. In the third study, similar frontal and right parietal effects 
were observed in the same frequency band. This similarity suggests that this pattern 
may be a stable characteristic of tension arousal. It was accompanied with a distrib­
uted decrease of fast alpha activity observed over the whole scalp, with a weaker 
effect in the right frontal and temporal region. These effects are similar and reprodu­
cible in both a healthy group (the first study) as well as in an affective disordered 
group of patients (the third study) and can be also considered as specific to tension 
arousal.

Additionally, a distributed increase of beta2 power was observed in the patient 
group. It is similar to fast alpha changes regarding its localization. Since patients 
covered a more extended range of subjective scores than normal subjects, it is possible 
that in the latter group this effect was too weak to be significant. Another effect, the 
positive bilateral correlation of the frontal activity with the tension estimation, was 
observed also in the low beta band, however it was slightly below the required signi­
ficance level. In the patient group this effect was very similar in magnitude on the left 
side, but reached significance in the right hemisphere. It confirmed the expectation 
that the power spectral patterns in the healthy group are similar to those in patients, 
and moreover, that stronger effects were observed in the latter group. Generally 
speaking, EEG effects related to tension estimation turned out to be relatively stable, 
despite the differences in procedures.
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Summarizing, some stable effects, specific for different qualities of affective 
state distinguished here, can be found. As the affective state was measured using self­
report data, it can be concluded that these replicable spatiotemporal patterns reflect 
neural activity related to the experiential aspect of mood. It is not certain whether the 
effects observed only in single experiments are specific to the procedure of that exper­
iment, and related to other phenomena (e.g. cognition associated with the 
experimental procedure), or were too weak to be significant. This issue requires fur­
ther studies.

Predictive power of the arousal/valence theory

As already noted, the arousal/valence theory is based mainly on emotional 
processing paradigms, but also attempts to incorporate the experiential aspects of 
emotional state. It was expected that frontal asymmetry would change according to 
the emotional state, with a left predominance for positive, and right for negative 
valence. Energetic as well as tension arousal, which comprise positive and negative 
valence load, respectively, were also expected to produce state-dependent changes of 
frontal asymmetry. The right posterior area, claimed by the theory as related to non­
specific emotional arousal, should be activated similarly in conditions of both energy 
and tension arousal, while the valence state should not affect this functional area.

Generally speaking, many of the outcomes found in the experiments support 
the valence/arousal theory, which received significant support regarding self-report 
data. The Principal Component Analysis confirmed the existence of two main cortical 
components related to estimation of arousal: the frontal and the posterior regions. The 
latter component covered an area somewhat wider than the postulated parietal and 
temporal region, and included also some central electrodes. Beside our outcomes, oth­
er data can be mentioned, which also support the role of both these systems in 
emotional experience. Anatomic studies have revealed that the prefrontal cortex (es­
pecially the orbitofrontal part) is strongly connected to limbic structures (primarily 
the amygdala), which are crucial for emotional phenomena (Heilman 1997). There are 
also observations, suggesting that activity of the right posterior cortical region is pos­
itively correlated with autonomic arousal level (Schrandt et al. 1989). According to the 
two-factor theory of emotions (Schachter & Singer 2000), perception of the body state 
is one of the components of emotions. Such a link fits into our observations regarding 
increased activity of right posterior cortex in conditions of reported increased arousal. 
Further, the analysis of clinical observations has shown that especially right frontal 
and right temporal brain lesions resulted in affective disorders (Flor-Henry 2003).

In accord with the theoretical expectations, the valence scale was found to cov- 
ary only with frontal asymmetry. No other effects related to this dimension were 
found, in either central or posterior regions. The remaining dimensions (energy and 
tension arousal), apart from effects in other locations, showed some frontal effects. 
These dimensions include some valence load, which may explain the observed 
changes in frontal asymmetry related to them. Energy arousal, as a dimension with 
positive valence, was characterized by left frontal predominance, which fully sup­
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ports the theory. On the other hand, the tension scores were characterized by simul­
taneous increases of frontal activation in both hemispheres (greater at the left in the 
Chapter 2, but opposite in the Chapter 4), while the theory predicted right predomin­
ance. In conclusion, the frontal asymmetry patterns fitted fully into the theory for the 
HT and ET/EA scales, with some ambiguous results for the TC/TA scales.

When considering changes in central and posterior cortex predicted by the the­
ory, it can be seen that both kinds of arousal (energy and tension) are associated with 
an increase of activity in the right posterior cortex. However, a closer look at this ou t­
come shows that the patterns related to energy and tension arousal differ from each 
other. The energy related increase in the right hemisphere is accompanied by a simul­
taneous decrease in the left hemisphere, which is not the case for the tension related 
arousal. Moreover, the location of the energy arousal covers a greater scalp area than 
that for the tension arousal, and the frequencies involved also do not match.

Summarizing, despite some of the outcomes, which do not fully fit to the the­
oretical predictions, the results can be used to particularize the model, rather than to 
falsify it.

The first important observation concerns the frontal asymmetry, which may 
behave differently according to the conditions in which the measurements were 
taken. This result is in line with the many inconsistent findings in the literature con­
cerning this issue (e.g. Demaree et al. 2005). Frontal asymmetry seems to be generally 
related to both emotional processing and emotional feeling, however it is also sensit­
ive to other factors which are not fully clear to date. It is known that both 
temperamental traits and emotional state affect frontal asymmetry (Hugdahl & Dav­
idson 2004).

Another conclusion concerns the specificity of the two kinds of arousal: ener­
getic and tension. Their EEG patterns are similar but not the same. They share an 
increase or relative dominance of the right posterior region, however this differs in re­
gard to the frequencies involved, and the precise locations of the effects. Energy 
arousal seems to be related to complementary changes of activation in both hemi­
spheres (increased right accompanied by decreased left activation; increase of 
activation measured as alpha activity decrease), while the experience of tension may 
be more dependent on changes in the right hemisphere (increase of activation ob­
served in the beta band). This may suggest that these two kinds of arousal have at 
least partly separate and specific neural bases.

It can be noted also that state-dependent changes of the EEG activity in some 
of the frequency bands were not always focused, but their distribution was observed 
over most of the cortex, exceeding the areas claimed by the theory. This confirms the 
view that emotional processes, although based on some defined circuits, engage many 
cortical areas (Heilman & Gilmore 1998; Ishai et al. 2005).

The narrow band analyses revealed significant differences even within basic 
EEG bands (e.g., alpha, beta). It was not always possible to replicate the typical pat­
tern of alpha suppression linked with an increase of beta activity in conditions of 
raised activation. Instead, often differences within a single narrow band were ob­
served, not accompanied by changes in neighbouring frequencies, nor in a 
complementary band (alpha/beta). On the basis of our observations, some sugges­
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tions can be made as to the associations between alpha2 and beta2 activity (10-12 Hz 
and 16-24 Hz, respectively). It is possible that these two frequency bands (although 
not adjacent bands) are complementary, and show an inverse bilateral relationship, at 
least in regard to emotional phenomena. Certainly, alpha suppression accompanied 
by beta increase was not observed when analyzing the wide frequency windows of 
traditional alpha and beta.

The level of functional dependency between the frontal and the right posterior 
emotional systems was increased in conditions of heightened emotional arousal, both 
energetic and tension. The same was visible also for negative valence estimation (low 
HT scores). Moreover, most of these effects were preserved across medication condi­
tions. Drugs, however change some of the synchronizations, do not affect the general 
increase of cooperation between the systems in emotional conditions. In the right pos­
terior region, two possibly-distinct areas were observed, active in different conditions: 
the temporal and the centro-parietal regions. Some suggestions can be made regard­
ing the differences between these subsystems: the temporal appears related to 
negative emotional arousal, and the parietal appears characterized by non-specific 
properties. There are still some controversies regarding the specificity of right posteri­
or cortical activation, which is sometimes claimed to be non-specific (Lang et al. 2001) 
or, on the other hand, specific to the valence (Borod et al. 1998); our data strongly sup­
port the latter view.

General conclusions

The investigations presented here confirm the main thesis of stable and specif­
ic relationships between self-estimation data and spatiotemporal patterns of brain 
activity. The positive answer to this question shows that mood (emotional state) can 
be considered as a genuine phenomenon, which can be experienced and measured in 
a reliable and objective way. Thus, people are able to "read" their brain state, which 
can be considered as a neural correlate of emotional experience. Lack of correspond­
ence between neural activity and emotional experience would suggest that mood is 
hardly the direct "product" of a specific brain state. Instead, to a large degree, it could 
be considered as a cognitive interpretation of the current subject's situation, expressed 
within frameworks of language conventions. E.g., according to this possibility, in the 
experiment, where sad films are presented, subjects could report their "bad mood" by 
means of typical language descriptions used in such conditions ("language conven­
tion" may require such "adequate" response). Although such influences cannot be 
entirely ruled out, our investigations showed that part of the variability of brain activ­
ity can be explained by changes of subjective states.

The observed correlations of the self report scales with selected physiological 
parameters undoubtedly justifies a broader application of these methods in the stud­
ies of emotions. To date, instead of applying the subjective reports, conclusions are 
often made on the basis of the experimental procedure itself and its expected influ­
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ence on the subjects' emotional state. It is especially important while using emotional 
stimuli applied in order to affect emotional state. Then, an implicit assumption is 
made, that this influence is identical for each subject and, moreover, in the direction 
intended by the researcher. However, this is not always the case. It was shown in 
Chapter 3, that even presentation of standardized emotional stimuli (IAPS sets) may 
not affect subjects in the desired direction, when we consider subjects' self-description 
of mood. Inferences of the quality and intensity of the affective states from an uncer­
tain basis can seriously affect the experimental outcomes. The control of the subjects' 
internal state is recommended, which may allow for more precise and reliable conclu­
sions to be drawn from the experimental studies. This may help in overcoming the 
problem of numerous inconsistent results published in the literature. Moreover, sub­
jective state could be an important factor affecting and modulating emotional 
responses, and we should be aware of this when designing experimental procedures.

Another factor which turns out to be very important for experimental studies 
is the analysis of spontaneous EEG using narrow frequency windows. It was con­
firmed that, within the basic bands (i.e. alpha, beta), significant functional differences 
can be observed. Failing to distinguish this functional heterogeneity may lead to false 
conclusions, especially type II statistical inferencing errors.

The valence/arousal theory, used as the theoretical context here, can be con­
sidered as a valuable attempt to describe the cortical mechanisms of emotions. 
However, it should be treated more as an important starting point, rather than as a 
complete theory. Certainly, its explanatory and predictive power can be increased by 
its particularization by further studies. The presented data provide some suggestions 
and directions which may be helpful in clarifying and improving the theory. The find­
ings that can bring more details into this theory are, first of all, the specificity of 
positive and negative emotional arousal (energy and tension arousal seem to be medi­
ated by partly separate cortical areas), and the heterogeneity of the posterior system 
(possibly two subsystems related to unspecific and negative arousal). This requires 
more systematic studies, which can certainly benefit from application of new EEG 
techniques, such as non-linear synchronization used here. It would allow researchers 
to go beyond the information provided by traditional methods, and to overcome 
some of their limitations (especially lack of quantification of functional dependencies 
between electrodes).

Certainly, more studies are required to gather more detailed knowledge on 
how the cortical mechanisms mediate emotional experience, processing and beha­
viour. The present approach, which integrates self-report with physiological 
laboratory data, seems to be a promising direction. The information gathered in such 
new paradigms might provide a better understanding of how the brain "produces" 
the emotional experience. They can be summarized as follows:

♦ Subjective measures concerning mood (emotional state) can be specifically re­
lated to spatiotemporal patterns of cortical activity. In several different 
conditions some reproducibility of the patterns is observed, which supports 
the main hypothesis that objectively measured brain states can be experienced 
and reported with adequate reliability using controlled self-report tools.
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♦ The obtained results are mostly in agreement with the predictions made on the 
base of the valence/arousal theory. The existence of frontal and right posterior 
cortical emotional systems is confirmed using Principal Component Analysis 
based on spectral data. It is also supported by the analysis of functional coup­
ling using the Synchronization Likelihood index, which shows an increased 
cooperation of both systems in more emotionally arousing conditions.

♦ Some of the observations, however, remain inconsistent with this model. 
These outcomes can possibly be incorporated into this model in order to guide 
its further extension (in particular, to incorporate specificity of positive and 
negative arousal, and heterogeneity of the posterior system).

♦ Two kinds of arousal, energetic and tension, show different and specific pa t­
terns of temporo-posterior cortex activation. This suggests that the posterior 
area is specifically related to different kinds of emotional arousal.

♦ Within the right posterior emotional system, two subsystems are suggested: 
the right centro-parietal and the right temporal. The former may be associated 
with unspecific arousal, while the latter seems to be strongly related to negat­
ive arousal. According to Heller, the whole temporo-parietal area is related to 
unspecific emotional arousal, which is not the case.
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Summary

The present work studies the associations between self-report of mood (emo­
tional state), defined here as a transient affective state of low or moderate arousal 
(Reber & Reber 1985) and cortical brain activities. The experiential aspect of mood 
(emotional state), only indirectly accessible from the third-person perspective, can 
provide relevant information on human emotional functioning. In the present study, 
mood assessments were performed using controlled self-report tools: the Activation 
Deactivation Adjective Checklist (ADACL; Thayer 1989) and the UMACL (UWIST 
Mood Adjective Checklist; Matthews et al. 1990). These tools, based on a list of adject­
ives rated by subjects, describe the subject's current emotional state. It is measured on 
the dimensions of a positive energetic arousal (Energy Tiredness [ET] and Energy 
Arousal [EA]), a negative tension arousal (Tension Calmness [TC] and Tension 
Arousal [TA]), and a valence (Hedonic Tone [HT]). The assumed presence of a neural 
basis for affective experiences, located in cortical areas, was the reason for searching 
for specific and replicable covariations between subjective self-report data and object­
ive cortical EEG measures. The spatiotemporal patterns of cortical activity, postulated 
to be related to different aspects of emotional states, were investigated in different 
conditions. Confirmation of this covariation hypothesis would be an argument for 
considering mood as a genuine phenomenon, which can be perceived, reported and 
then measured in a reliable and objective way. On the other hand, a negative result 
would suggest that mood is rather a cognitive interpretation of the current subject's 
situation, dependent on its perception, language conventions, and social context.

In order to make the affective states more variable across subjects, modification of 
mood was induced in healthy subjects using emotional content presentation, cognit­
ive tasks, or psychoactive drugs. It was hypothesized that, despite different 
conditions and factors affecting mood, the relationships between subjective scales and 
EEG parameters would be preserved. Also, patients with diagnosed affective dis­
orders (major depression or a manic episode of bipolar disorder) were examined in 
the study, in order to determine whether the effects found in the healthy group could 
also be seen in these patients, perhaps in an even-more pronounced way.

The open-eye spontaneous EEG was recorded during a relaxed "idle" period, i.e. 
without any task given to the subjects at the moment of measurement. There were 
three parameters taken from the EEG signal. A traditional FFT spectral power was 
used for measuring cortical arousal, while the Laterality Coefficient [LC] was used for 
quantification of a relative hemispheric dominance. Additionally, the non-linear Syn­
chronization Likelihood [SL] index was used to determine the level of functional 
dependencies between distant cortical areas. All parameters were analyzed in nar- 
row-window frequency bands.

The valence/arousal theory developed by Heller (Heller 1993; Heller & Nitsch- 
ke 1998) was used as the main theoretical context. It posits two brain systems 
mediating emotions. The frontal system is related to motivational tendency, which is
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reflected in asymmetrical patterns of activation (left dominance for approach beha­
viours and, usually, positive feelings, while right dominance for avoidance 
behaviours and negative feelings). The second system, located in the right temporo­
parietal cortex, is related to unspecific emotional arousal. Heller's theory is based 
mainly on experimental data (although with little use of subjective reports), as well as 
on clinical studies. In the present study it was determined whether predictions based 
on this model can be extended to experiential aspects of emotional state described by 
self-reports.

The main hypothesis, of specific and stable relationships between subjective state 
and cortical activity reflected in EEG patterns, received substantial support. Some of 
the EEG parameters describing the activation of defined cortical areas have a state-de­
pendent character, and changed together with the self-reported emotional state. The 
replicability of these effects in different conditions also suggests that internal states 
can be experienced and reported with a relatively high reliability when used with 
properly designed self-estimation tools. The more detailed experimental hypothesis 
regarding self-report data and its associations with brain activities was based on the 
valence/arousal theory. It was expected that valence dimension scores (HT) would be 
related mainly to changes of frontal asymmetry, measured by the Laterality Coeffi­
cient index. Since the arousal scales (energetic and tension) include a significant 
valence load, their scores would also correlate with frontal asymmetry, according to 
the valence sign (positive and negative, respectively). The reported arousal (both en­
ergy: ET and EA scales, as well as tension: TC and TA) was expected to covary with 
the activation of the right parieto-temporal area. Additionally, it was hypothesized 
that, in more emotional conditions (high valence despite its sign, together with high 
arousal), the level of functional dependence between both emotional areas would in­
crease, which would be reflected in higher Synchronization Likelihood values.

The relevance of distinguishing two emotional systems was supported by the 
Principal Component Analysis run on the EEG laterality data. This resulted in two 
main components covering Heller's areas according to cortical localization. It should 
be noted that the obtained outcomes are the results of narrow band frequency ana­
lyses. This is important, since within the traditional wide frequency windows (delta, 
theta, alpha and beta), significant functional differences are observed, which could be 
missed if taking only the wide frequency range into analysis. This confirms the neces­
sity of using a detailed, narrow band analysis of brain rhythms.

The covariations between subjective and objective EEG data can be summar­
ized with reference to Heller's theory. These results are consistent across different 
experimental conditions. Valence estimation was found to be related to frontal asym­
metry, in accord with the theoretical predictions. No effects of valence estimation 
could be observed in the posterior regions. The direction of the frontal dominance is 
also in agreement with the positive/negative nature of the emotional state. The en­
ergy estimation, which has a positive connotation, also fits to the theory, and is 
related to left frontal predominance. The frontal pattern of asymmetry for tension es­
timation did not show the expected right shift. Instead, increased tension is associated 
with a bilateral increase of frontal activation, observed as an increase of frontal beta 
rhythm. This effect was observed in healthy subjects, as well as in mood disordered
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patients. However, in the latter case, there was a relatively greater increase in the 
right hemisphere.

Another important result concerned the role of the right posterior affective 
system. This area is activated in both energy and tension arousal, as predicted by the 
theory. However, the patterns of activation differ significantly for these two dimen­
sions, in terms of localization and frequency bands. Energy activation is accompanied 
by a relative decrease of the left posterior region activity, and is observed mainly in 
the low frequencies (alpha2, negatively correlated with cortical arousal), while tension 
activation is associated with changes in the right posterior cortex only, visible in the 
higher frequencies (beta rhythm). Moreover, negative arousal affects the right tem­
poral area, which is not associated with positive emotional arousal. This outcome 
shows that the posterior system is sensitive to valence, which is in contradiction to 
Heller's claim. It can be suggested that the posterior system is not homogeneous. It is 
possible that the centro-parietal and parietal area is related to unspecific emotional 
arousal, as claimed by the theory, but additionally, that the right temporal region is a 
distinct subsystem, mediating negative arousal. This supposition is supported by the 
results of the synchronization analysis, which reveals two distinct centers of syn­
chronizations within the posterior system. The parietal center is active in both energy 
and tension arousal, while the right temporal center increases its synchronization 
with the frontal system, as well as with the parietal cortex, especially when a negative 
emotional arousal is reported.

The obtained results, especially differences in posterior activation for energy 
and tension arousal, as well as the identification of two distinct neural centers within 
the right posterior area, allows the introduction of the more detailed model of cortical 
emotional systems. The present results can be used for further particularization and 
extension of the existing theories. The most important observations, that should be re­
flected in such improved model, are: partially different neural structures engaged in 
positive and negative emotional arousal, two distinct centers within the right posteri­
or emotional area, and increased cooperation between the frontal and right posterior 
subsystems during the emotional arousal. Although the postulated new model re­
quires further investigation, the conclusions described here can be applied as a 
promising framework for future research. But certainly, this new model needs to in­
corporate subjective data as the important aspect of mood and emotional state.

108



Samenvatting

In dit proefschrift zijn de relaties tussen zelf- rapportages van emotionele ge­
moedstoestanden en daarmee gepaard gaande elektrische hersenactiviteiten 
beschreven. De beschrijving van stemming en gemoed, alleen mogelijk door de per­
soon zelf, levert waardevolle informatie op over het persoonlijk emotioneel 
functioneren. In deze studie zijn gevoels- en stemmingsbeschrijvingen verkregen door 
het gebruik van gevalideerde zelf- rapportage instrumenten: de 'activation deactiva­
tion adjective checklist' ('ADACL') van Thayer (1989) en de 'UMACL' ('UWIST mood 
adjective checklist') van Matthews et al. (1990). Deze instrumenten, gebaseerd op een 
lijst met adjectieven die gewogen worden door proefpersonen, beschrijven de actuele 
emotionele toestand van mensen. Gemoed en stemming zijn vastgesteld op dimensies 
van een energetische arousal van positieve aard ('energy tiredness' [ET] en 'energy 
arousal' [EA]), een 'tension' (spannings-) arousal van negatieve aard ('tension 
calmness' [TC] en 'tension arousal' [TA]) en een valentie- waarde ('hedonic tone' 
[HT], UMACL). De veronderstelde aanwezigheid van een neurale basis voor af­
fectieve ervaringen in corticale breingebieden, was reden om op zoek te gaan naar 
repliceerbare en specifieke co- variaties tussen subjectieve zelf- rapportages en ob­
jectieve corticale EEG maten. De gepostuleerde spatio- temporele patronen van 
corticale activiteiten, gerelateerd aan diverse aspecten van emotionele gemoedstoest­
anden, zijn bestudeerd in uiteenlopende situaties. Een bevestiging van deze co- 
variatie hypothese is een argument om stemming en gemoed als echte fenomenen te 
zien, die niet alleen beleefd kunnen worden, maar ook op een objectieve manier ge­
meten kunnen worden. Zou dit niet zo zijn, dan zou dat kunnen betekenen dat 
gemoed en stemming een interpretatie van de op dat moment aanwezige toestand is, 
weliswaar voortgekomen uit een subjectieve conditie, maar niet het product van een 
specifieke breintoestand.

Om subjectieve gemoedstoestanden tussen personen meer uiteen te laten lo­
pen, zijn in gezonde proefpersonen veranderingen geïnduceerd, enerzijds door het 
aanbieden van cognitieve taken en emotionele stimuli, en anderzijds door het geven 
van psychoactieve stoffen, zoals anxiolytica. Dit is gedaan op grond van de veronder­
stelling dat ondanks het feit dat stemmingveranderingen op uiteenlopende manieren 
geïnduceerd zijn, eventuele vaste relaties tussen subjectieve belevingen en objectieve 
EEG parameters gehandhaafd zouden blijven. Ook zijn patiënten met affectieve sto­
ornissen, zoals endogene depressies en manische aandoeningen, onderzocht, om te 
zien of bestaande relaties, zoals beschreven bij gezonde proefpersonen, in stand ge­
houden zouden worden, of wellicht zelfs op een meer geprononceerde wijze tot 
uitdrukking zouden gaan komen. Het spontane, open ogen, EEG, werd afgeleid 
tijdens een rust periode, de periode tussen twee taken. Drie parameters van het EEG 
zijn bekeken: een traditioneel FFT ('fast Fourier transform'), om de corticale arousal te 
bepalen, de 'laterality coefficient', om de hemisferische dominantie te kwantificeren, 
en de 'synchronization likelihood', een niet- lineaire index om de mate van func-
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tionele afhankelijkheid van gebieden te bepalen. Alle EEG parameters zijn geana­
lyseerd in een frequentieband met een smal venster.

Het 'valentie/arousal' model ontwikkeld door Heller (1993) is gebruikt als the­
oretisch uitgangspunt. Dit model veronderstelt twee hersensystemen die emoties 
controleren. Het frontale systeem is gerelateerd aan een motivationele tendens, ge­
woonlijk identiek aan een emotionele valentie. Deze valentie is geassocieerd aan 
hemisferisch asymmetrische patronen van activatie: links gerelateerd aan toenader- 
ings ('approach')- gedragingen en rechts gerelateerd aan vermijdings ('avoidance')- 
gedragingen. Het tweede systeem, gelegen in de rechter parieto- temporale cortex, is 
betrokken bij niet-specifieke arousal van emotionele aard. Heller's theorie is hoofdza­
kelijk gebaseerd op experimentele gegevens en klinische studies, en vrijwel niet op 
subjectieve gegevens. In de hier gepresenteerde studie is onderzocht of voorspellin­
gen gebaseerd op dit model doorgetrokken kunnen worden naar de gemoedsaspecten 
van emoties zoals die tot uiting komen in zelf- rapportages.

De belangrijkste hypothese inzake specifieke en stabiele relaties tussen sub­
jectieve toestanden and corticale activiteiten tot uitdrukking komend in bepaalde EEG 
patronen, heeft substantiële steun gekregen. EEG parameters die de activatie van be­
paalde corticale gebieden aangeven, hebben een toestands- afhankelijk karakter en 
veranderen tegelijk met zelf- gerapporteerde emotionele toestanden. De rep- 
liceerbaarheid van deze effecten in uiteenlopende condities suggereert eveneens dat 
interne toestanden gepercipieerd en gerapporteerd kunnen worden met een relatief 
hoge betrouwbaarheid. Een gedetailleerde hypothese betreffende zelf- rapportage 
gegevens in relatie tot hersenactiviteiten is gebaseerd op het eerder genoemde 'valen- 
tie/arousal' model. De verwachting is dat valentie- dimensie scores (HT) 
voornamelijk gerelateerd zijn aan veranderingen in frontale asymmetrie, gemeten 
door de 'laterality coefficient' index. Aangezien de arousal- schalen ('energy' en 'ten­
sion' [energie en spanning] ) een significante valentie- lading hebben, zullen de scores 
op deze schalen ook gecorreleerd zijn aan frontale asymmetrie, wat in overeenstem­
ming is met de waarden voor respectievelijk positieve en negatieve valentie. De 
gerapporteerde arousal, zowel bepaald met energie- schalen [ET en EA], als met span- 
nings- schalen [TC en TA], zullen dan co- variëren met de activatie van het rechter 
parieto- temporale gebied. Daarbij komt de veronderstelling dat in meer emotionele 
condities met een hogere valentie voor arousal, de mate van functionele af­
hankelijkheid van beide emotionele gebieden zal toenemen. Dit zou tot uitdrukking 
komen in hogere waarden van de 'synchronization likelihood'.

De relevantie van het onderscheiden van twee emotionele systemen w ordt on­
dersteund door de 'principal component analysis', uitgevoerd op EEG data van beide 
hemisferische gebieden. Dit heeft geresulteerd in twee belangrijke componenten die 
overeenkomen met Heller's gebieden inzake corticale localizatie. Wel moet gezegd 
worden dat deze uitkomsten verkregen zijn middels een analyse van het EEG in een 
smal venster en dat de gegevens anders zijn wanneer de EEG analyse in een meer tra­
ditioneel, breed venster plaatsvindt. Dit bevestigt het belang van een gedetailleerde 
analyse van het EEG in een smal venster.

Met betrekking tot Heller's theorie kunnen de co- variaties tussen de sub­
jectieve gegevens en de objectieve EEG data als volgt samengevat worden. De
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resultaten van de co- variatie analyse zijn consistent in alle experimenten. Gevonden 
is dat de aard van valentie gerelateerd is aan een frontale asymmetrie, als voorspeld 
door de theorie, en dit is niet zo voor de posterieure (parieto- temporale) gebieden. De 
richting van de frontale dominantie is ook in overeenstemming met de positieve of 
negatieve uitingen van de emotionele toestand. De mate van energie met een posit­
ieve connotatie, past eveneens in de theorie en is gerelateerd aan een frontale 
dominantie van de linker hemisfeer. Het patroon van de frontale spannings- asym­
metrie vertoont echter niet de verwachte verschuiving naar rechts. In plaats daarvan 
is een toegenomen spanning geassocieerd aan een bilaterale toename van frontale ac- 
tivatie, tot uitdrukking komend in een toename van het frontale beta- ritme. Dit effect 
wordt zowel gezien bij gezonde proefpersonen als bij stemmingsgestoorde patiënten. 
Bij deze laatste groep is wel een grotere toename waargenomen in de rechter 
hemisfeer.

Een ander belangrijk resultaat betreft de rol van het affectieve systeem in de 
rechter posterieure cortex. Zoals voorspeld door de theorie, is in dit gebied zowel de 
energie- als de spannings- arousal zichtbaar. Het patroon van activatie van de twee 
dimensies verschilt echter aanzienlijk met betrekking tot localizatie en frequentie. De 
energie- activatie gaat gepaard met een relatieve afname in het linker posterieure ge­
bied (een gebied dat vrijwel geen rol speelt in de theorie van Heller), en wordt 
meestal waargenomen in de lage frequenties (alpha2, normaliter negatief gecorreleerd 
met corticale arousal), terwijl de spannings gerelateerde activatie alleen gepaard gaat 
met veranderingen in de rechter hemisfeer, zichtbaar in de hogere frequenties (beta- 
ritme). Bovendien beïnvloedt de negatieve emotionele arousal het rechter temporale 
gebied dat niet gevoelig is voor positieve emotionele arousal. Dit resultaat toont aan 
dat het posterieure systeem gevoelig is voor valentie, en dit is niet in overeenstem­
ming is met de claim van Heller. Verondersteld zou kunnen worden dat het 
posterieure systeem niet homogeen is en dat het mogelijk zou zijn dat de centro- pari­
etale en parietale delen betrokken zijn bij niet- specifieke emotionele arousal, zoals 
gesteld door de theorie, maar dat het rechter temporale gebied een afzonderlijk sub­
systeem is dat betrokken is bij negatieve arousal. Deze mogelijkheid is in overeen­
stemming met de uitkomsten van de synchronisatie- analyse die het bestaan van twee 
afzonderlijke centra van synchronisatie in het posterieure systeem aangetoond heeft. 
Het parietale centrum is zowel bij energetische- als bij spannings- arousal actief, ter­
wijl het rechter temporale centrum zijn synchronisatie met het frontale systeem en 
met de parietale cortex, verhoogt, zeker wanneer er sprake is van negatieve arousal. 
Deze effecten zijn niet alleen zichtbaar in controle groepen, maar ook in die groepen 
waarbij psychoactieve stoffen, zoals diazepam en buspirone, zijn gegeven.

Al deze waarnemingen, maar voornamelijk de verschillen in posterieure activ- 
atie voor energetische- en spannings- arousal, alsmede de identificatie van twee 
aparte neurale centra in het rechter posterieure gebied, leiden tot een meer gede­
tailleerd model van het emotionele systeem. De belangrijkste observaties die 
opgenomen dienen te worden in het bestaande model zijn: een gedeeltelijk onder­
scheid van neurale structuren die betrokken zijn bij positieve en negatieve arousal; 
het bestaan van twee aparte emotionele centra in het rechter posterieure gebied en 
een verhoogde synchronisatie tussen frontale en rechter posterieure subsystemen
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tijdens emotionele arousal. Het belang van dit aangepaste en uitgebreide model is 
tevens dat nu gegevens van subjectieve aard, als gemoed en stemming, onderdeel van 
het model uitmaken. Al met al hebben de resultaten in dit proefschrift geleid tot een 
verbijzondering en verfijning van het bestaande valentie/arousal model voor emoties, 
en zullen voorts richting geven aan toekomstige studies inzake dit belangrijke psy- 
chofysiologisch model.
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