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ABSTRACT

DOGAN, G., Comparative Investigation Of Event-Related Poteniials Elicited By The
Stroop Effect And Event-Related Potentials Elicited By Color Conflict. Hacettepe
University Graduate School Of Health Sciences, Biophysics Master Thesis, Ankara,
2019. Main interest of cognitive and experimental psychology is the human behavior
system. Cognitive control is the key aspect of this system and investigating its neural
mechanisms is an important objective method in such studies. One of the prominent
methods of studying cognitive control is the Stroop effect. The studies we have met
in the literature used different sets for congruent and incongruent stimuli, which
could cause habituation effects at various ERP components. The aim of this thesis was
to examine the cognitive control in the context of the Stroop task by recording event-
related potentials with a standard oddball paradigm. Amplitudes and latencies of the
seven ERP components were examined in the averaged data and compared between
stimulus types. N1 was not different for four stimuli in terms of amplitude and
latency. Latencies of P2, N2 and P3b were significantly longer for incongruent words
than that of incongruent bars. These findings suggest that Stroop conflict is processed
at early stages of stimulus evaluation. Incongruent bars and words enhanced
significantly longer and larger P3b responses than congruent bars and words,
respectively, as expected from a standard oddball paradigm. N450-LPC complex was
recorded only for incongruent words as a reflector of post-perceptual mechanisms.
Among the stimulus types, only congruent bars did not evoke an LPN response since

they did not have any semantic dimension or a color conflict.

Key Words: Cognitive control, ERPs, Stroop effect, Oddball paradigm.
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OZET
DOGAN, G., Stroop Etkisi ile Ortaya Gikan Olay-iliskili Potansiyellerin Renk Celiskisi
ile Ortaya Cikan Olay-iliskili Potansiyellerle Karsilastirmali incelenmesi. Hacettepe
Universitesi Saghk Bilimleri Enstitiisii, Biyofizik Programi Yiiksek Lisans Tezi.
Ankara, 2019. Bilissel ve deneysel psikolojinin temel ilgi alani, insan davranis
sistemidir. Bilissel kontrol bu sistemin temel o6zelligidir ve bu oOzelligin noral
mekanizmalarini incelemek bu tir ¢alismalarda 6nemli ve objektif yontemdir. Bilissel
kontrolu incelemek igin 6nde gelen yontemlerden biri de Stroop etkisidir. Literatiirde
karsilastigimiz calismalar, cesitli Olaya iliskin Potansiyel (OiP) bilesenlerinde aliskanhk
etkilerine neden olabilecek, uyumlu ve uyumsuz uyaranlar igin farkli setler
kullanilarak gergeklestirilmistir. Bu tezin amaci, biligsel kontrolli, Stroop testi
baglaminda, standart oddball paradigmasi ile OiPleri kaydederek incelemektir. Yedi
OIP bileseninin genlik ve latanslari, ortalamasi alinmis verilerde incelenmis ve uyaran
tipleri arasinda karsilastiriimistir. N1 genligi ve latansi dort uyaran igin farkl degildi.
P2, N2 ve P3b latanslari uyumsuz kelimeler icin uyumsuz ¢ubuklarinkinden anlaml
olarak daha uzundu. Bu bulgular, Stroop celiskisinin uyaran degerlendirmesinin erken
asamalarinda islendigini gostermektedir. Uyumsuz c¢ubuk ve kelimelerin P3b
cevaplari, standart bir oddball paradigmasindan beklenildigi gibi, sirasiyla uyumlu
c¢ubuk ve kelimelerden anlamli olarak daha uzun ve daha buyutkti. N450-LPC
kompleksi algi sonrasi mekanizmalarin bir yansiticisi olarak sadece uyumsuz
kelimelerde kaydedildi. Uyaran cesitleri arasinda, sadece uyumlu ¢ubuklar, herhangi
bir anlamsal boyuta veya renk celiskisine sahip olmadiklari icin LPN vyaniti

olusturmadi.

Anahtar Kelimeler: Bilissel kontol, OiP, Stroop Etkisi, Oddball Paradigmasi.
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1.INTRODUCTION

Behavioral control is one of the most distinctive features of the human cognitive
system. It enables humans to attend to relevant information about the stimuli that
we encounter in our everyday life and to resolve the conflict if an inconsistency exists
between the dimensions of a stimulus. Cognitive control studies are generally based
on the automatic-control processing approach and Stroop task is one of the classic
tasks to investigate these processes in terms of conflict between these two processes
(1). In a standard Stroop task, participants are to name the font-color of a color-word,
the controlled process, and not to read the word, inhibition of the automatic process.
The conflict between the word and the font color (incongruent condition) leads a
delay in response time (RT) as compared to a neutral stimulus (control condition) and

the “Stroop effect” refers to the longer RT in the incongruent condition.

In Stroop studies, Event-Related Potentials (ERPs) have been used to reveal if the
color-word interference is initiated early at stimulus processing or later at the
response selection stage (2). A considerable amount of literature has been published
by numerous modifications of the color-word Stroop task. It has been reported that
proportion of the incongruent stimuli in the presented sequence and the response
type requested from subjects affected the degree of the Stroop effect (3-5). Although
extensive research has been carried out on Stroop effect no single study exists which

used a standard oddball paradigm.

This thesis was designed to investigate the Stroop effect by a standard oddball
paradigm and we hypothesized that since our paradigm prevented the habituation
effect on the incongruent stimuli, it provided us to examine the full effect of the color-

word conflict in cognitive processes.



2.LITERATURE REVIEW
2.1. Automatic and Controlled Processes

As in all living beings, the behavior of humans is based on the stimulus-response
relationship. The sensory information received from the environment is encoded and
transmitted to the central nervous system for evaluation to give an appropriate
response. In the information-processing system, all cognitive processes take place
either automatically or controlled; or with the collaboration of both processes.
Automatic processes require none or little conscious effort and are usually developed
with practice. However, the controlled processes involve short-term memory
mechanisms, therefore they require conscious effort for their execution. Controlled
processes are relatively slow compared to automatic processes. If a task involves a
competition between these two processes, there arises the possibility of the
automatic response overriding the controlled; and inevitably the response would be

slower or the possibility to make an error would increase (6).

When a person encounters a two-dimensional stimulus contradicting with each other
in a certain way and is forced to make a choice between them, her/his reaction time
is slowed down; because the controlled action must first overcome the tendency of
giving an automatic reaction in order to give the correct response. This is an example

of interference, a time-lag caused by the competing functions in the cortex.

Cattell (7) conducted one of the earliest psychological experiments in 1886 and
reported that saying “horse” to a picture of a horse or “blue” to a blue colored patch
required more time compared to reading the words “horse” and “blue”. He explained
this situation as follows; since we associate words and letters frequently; reading
becomes automatic, however naming objects and color required a voluntary effort.
Cattell’s automatic/voluntary (controlled) distinction paved the way for the Stroop
Effect; one of the most effective and widely known experiments in both cognitive and
experimental psychology (1). Amongst the numerous paradigms used to examine the

nature of automatic and controlled processes, the most prominent is the Stroop task

(8).



2.2. The Stroop Effect

In 1935, John Ridley Stroop compared the RTs of naming the colors of incongruent
stimuli (a color word printed in a mismatched ink color such as “BLUE” displayed in
red ink) and colored patches. Incongruent stimuli consist of two dimensions; a word
dimension and a color dimension whereas colored patches only have a color
dimension. When presented with an incongruent stimulus, individuals process both
dimensions of the stimulus despite being asked only to name the font color without
reading it. He showed that naming the colors of incongruent stimuli took 47 s longer
than colored patches The difference between the response times to these two types

of stimuli is defined as the Stroop interference effect (or the Stroop effect).

Since Stroop's milestone study, color-word Stroop test and its various forms have
become the efficient tools for increasing our understanding of the selective attention,
interference, automaticity, cognitive flexibility, and inhibition in experimental

psychology (8,9).

A core assumption of virtually all theoretical accounts is that the Stroop interference
effect is a result of the conflict between automatic and controlled processes. Posner
and Snyder (10) have assumed that word reading was automatic while color naming
was controlled and when the responses of these two processes contradict each other,

one of them is slowed down, in other words, an interference occurs.

In the Stroop test, above all, the automatic process of word-reading should be
suppressed, only when this automatic process is suppressed can the controlled

process of naming the color could occur.

Previous studies have shown that the tendency to read a word and to evaluate the
meaning of it are difficult to suppress even if one is instructed not to do so since
reading is an automatic process (11-13). Objective response time measurements
have clearly revealed that naming the color of the incongruent stimulus requires

more time than that of the congruent stimulus (8).



Stroop studies are generally in the form of speed reading of congruent and
incongruent words written on cards and measuring reaction times (1). With the
introduction of computers in the scientific researches, the cards were replaced by the
screens; subject’s reactions are measured by pressing a button, according to the font-
color of the congruent or incongruent words they see on the screen (5). Whether it
is a card or a screen reading, such measurements are mostly based on psychophysics.
Measurement of galvanic skin resistance, cortical and cardiac electrical activity of
subjects provide an objective evaluation of the Stroop effect. However, the neural
mechanisms in resolving the conflict have not been clearly revealed yet. At this point,
ERPs come into use in the Stroop effect studies since they provide a high temporal
resolution for a comprehensive understanding of the neural mechanisms underlying

the Stroop effect (2).
2.3. Event-Related Potentials

Transient electrical activities recorded from the brain as a result of the presentation
of a controlled sensory stimulus, usually acoustic or visual, to the subject under
laboratory conditions are called Evoked Potentials (EPs). An EP is the response of the
subject to the physical properties of the stimulus (such as intensity, color, frequency,
etc.). However, if a stimulus is of importance to the subject, in other words, if the
stimulus has a psychological dimension, additional electrical activities are also
recorded and called Event-Related Potentials (ERPs). Like EPs, ERPs are the field
potentials that are due to the synchronized postsynaptic activity of a neuron
population and reflect the time-locked EEG changes to cognitive, sensory, and motor
events (14-16). ERPs allow the neuroscientist to investigate the cognitive processes
from before the onset of a stimulus until after an appropriate response is given, and
from the point of view of temporal resolution they offer the best information in
investigating the timing of cognitive processes. In the literature, the N1 and P2 are
called the early (sensory) components of ERPs and they are enhanced in response to
the physical properties of a stimulus having a psychological dimension. These
components are generally followed by N2, P3, N4, LPC and LPN waves, which are

categorized as late (cognitive) components since they are sensitive to psychological



dimensions of a stimulus. The main components of a standard ERP complex are given
in Figure 1. The temporal information provided by ERPs and interactions between
ERPs are helpful to enlighten the neural mechanisms underlying the cognitive

processes (17).

Oddball paradigm has been introduced in the cognitive studies for the first time by
Squires et al. (18) in an auditory-ERP study and since its discovery, this paradigm and
its several forms have also being used in visual studies (19). A standard oddball
paradigm is based on the technique of using standard and deviant stimuli within a
single session; in such a way that deviant stimulus, usually 10% of the total stimuli,
distributed among the standard stimulus in a random manner. The deviant stimulus
differs from that of the standard stimulus in a certain aspect such as color, size,
frequency, etc. The subject is asked to attend these deviant stimuli; thus this stimulus
becomes an important factor for the subject, that is, the stimulus bears a

psychological dimension.

However, we have seen that such an ERP strategy has not been fully implemented in
the ERP studies on Stroop paradigm (20-23). In these studies, different sessions were
generally used for congruent and incongruent stimuli. The purpose of this study was

to examine the Stroop effect with a standard ERP strategy.
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Figure 2.1. An ERP complex showing its typical components.
2.3.1.N1

Our nervous system, besides other sensory modalities, processes a myriad of visual-
sensory stimuli in everyday situations and processing stages differs with the
“expectancy of the stimuli”. It has been shown that reaction time to expected
(attended) visual stimuli was shorter than the reaction time to unexpected
(unattended) visual stimuli (24). In addition to psychophysical studies, researches by
ERPs have also been conducted to investigate the difference between attended and
unattended stimuli processes. A negative response, called N1, was reported to be
greater when stimuli are presented at attended locations than stimuli presented out
of spatial attention (25). This study suggests that the early stages of visual processing
are affected by attention. N1 can be elicited by both auditory and visual stimuli over
multiple cortical areas such as occipital, parietal, and frontal areas in a latency range

from 150 -200 ms (26,27).
2.3.2. P2

N1 wave is followed by a positive-going wave peaking around 200 ms after stimulus

onset over parieto-occipital areas (28). P2 has been associated with both basic-level



sensory processes such as evaluation of size, color, luminosity, etc. of the stimulus;
and higher-level cognitive operations such as attention or language context (29).
Detecting a simple target or complex visual stimulus, identifying pictures or reading
words enhanced the P2 wave and the word-evoked P2 is called Recognition Potential

(RP) (30).

It has been reported that meaningful words evoked larger RP than a random
sequence of letters and response time is longer for difficult words compared to easy
words (31-34). P2 may reflect neural processes that occur when a visual stimulus is
compared with an internal representation or expectation in memory or language
(35). Taking into account of all these, P2/RP can be considered as the first indicator
of higher cognitive functions and a convenient tool in assessing cognitive evaluation

time.
2.3.3. N2

N2 is a negative ongoing ERP wave which occurs in 200 — 350 ms time range after a
deviant stimulus is presented, and it is thought to be reflecting the stimulus
evaluation processes since it is observed before a motor response is made (36). Itis
also associated with language processing, contextual information and mismatch
detection (37). Jackson et al. (38) have reported that N2 amplitude was attenuated
with repetitions suggesting that this wave is sensitive to habituation. Several studies
have investigated the sub-components of N2 such as N2a, N2b, N2c, and N2pc (39,
40). They have been characterized according to the type of stimulus they were
sensitive to and/or to their distribution over the scalp. Amongst them, N2b has a
fronto-central or central topography and it is associated with color selection and
general detection processes (39, 41). Because this component is also evoked in focal-
attention required tasks, it has been suggested as an indicator of the response
conflict and controlled processes (39, 42, 43). In the flanker task, which has been
accepted as an appropriate tool to investigate conflict mechanisms, in which only
one-dimensional stimulus has been used, the N2 observed was larger compared to

that of the congruent stimulus (44, 45).



2.3.4.P3

The most featured and most studied ERP component was described by Sutton et al.
(46) in 1965. They reported a relatively larger “late positive component” (P3) was
evoked to target or expected stimulus. The P3 wave is a positive deflection occurring
from 250 to 500 ms after stimulus onset and it is most pronounced at central
electrode sites (47, 48). The P3 is most clearly observed during the oddball paradigm.
In this paradigm, the low-probability (target) stimuli are randomly scattered between
the high-probability (non-target) stimuli and subjects are asked to focus their
attention on the low-probability stimuli. The amplitude of the P3 is larger to the low-
probability stimuli than that of the high-probability stimuli (49). The sensitivity of the
P3 to psychological aspects of stimuli and its independence from physical
characteristics of stimuli (50) enables to investigate the mechanisms related to
selective attention (51). It has been reported that the P3 latency is proportional to
discriminability of low-probability stimuli from its high-probability counterparts,
therefore P3 latency is an appropriate tool to determine the stimulus evaluation time

and to separate evaluation stage from response selection (52).

In literature, two P3 subcomponents have been described (48). The first component
is novelty P3 or P3a and the second component is classic P300 or P3b. P3a is evoked
by attention or detection of novelty, on the other hand, it is also said to be produced
independently of attention. It is frontocentrally distributed and reaches its maximum
value in the 250 - 280 ms range after the stimulus onset. Although differentiated from
P3b, its amplitude and latency may depend on the activities which also affect its

neighboring component P3b (53).

The P3b is evoked around 280 - 500 ms time range and its amplitude is maximal over
the parietal regions of the scalp. When the subject directs her/his attention to the
stimuli and when memory processes are involved in the stimulus evaluation a P3bis
elicited (47, 54, 55, 51). On the other hand, Sutton et. al. (46) proposed that the P3b
appeared when an uncertainty in the stimulus was resolved, in other words, the

difficulty in eliminating a conflict in the stimulus is reflected as an increase in its



latency. Therefore the P3b latency can be interpreted as an index of uncertainty
resolution. The theories proposed by Donchin (56) and Kok (57) has one thing in
common: P3b is evoked as the result of making a decision about whether a stimulus
matches with an internal representation of a specific category. This process of
categorization involves mechanisms such as attention, perception and working

memory.

P3 wave has been the most powerful tool to investigate the cognitive abilities such
as intelligence, selective attention, memory, and neurological or psychiatric diseases
since its discovery (58). In the studies investigating the inhibition processes or
selective attention mechanisms through the Stroop effect, P3 is the most preferred
ERP component since the first Stroop-ERP research conducted by Duncan- Johnson
and Kopell (59). ERP findings in further studies reported no significant latency
difference between congruent and incongruent stimuli. It has been concluded that
the Stroop effect occurs during the response production stage, not in the stimulus

evaluation stage (2).
2.3.5. N450-LPC Complex

In Stroop studies, two relatively late components were reported which were sensitive
to incongruency, namely N450 and LPC (60-62). In Stroop-ERP studies, a more
negative wave occurring within 300-550 ms after stimulus onset for the incongruent
stimuli as compared to congruent or control stimuli has been reported over the
fronto-central regions (63-66). N450 has been considered as reflecting the inhibition

mechanisms of the neural system during evaluating the incongruency (63).

The second Stroop-related ERP wave in this complex is LPC (also labelled as Slow
Potential). It is a positive-going component peaking between 600-900 ms post-
stimulus (20, 60, 64). LPC has been reported to be sensitive to color-word conflict
since it was more positive to incongruent stimulus than to congruent stimulus in
Stroop studies. Liotti et al. (60) suggested that this late positivity may be associated

with semantic re-activation of the word.
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In the light of these studies, N450 and LPC have been proposed to reflect the stimulus
conflict and/or the response selection during the color-word conflict processing (63,

61, 67-69).
2.3.6. LPN

In the experimental paradigms that subjects were required to retrieve contextual
information to accomplish the task, a negative deflection recorded between 600-
2000 ms is called the Late Posterior Negativity (LPN) (70). Various kinds of
experimental paradigms such as; item recognition and lexical decision revealed
enhanced LPN (71). Since different paradigms, stimuli types (word, voice, picture),
and tasks evoked LPN, there is no consensus about its function. One of the theories
about the LPN suggested that it is associated with the retrieval of perceptual

information from the stimulus context such as color (72).
3.PARTICIPANTS and METHOD
3.1. PARTICIPANTS

The study protocol was approved by the Hacettepe Univesity Faculty of Medicine
Ethics Committee (Decision Number: GO 17/118-49). This study was carried out in
the EEG-1 Laboratory of the Biophysics Department of Hacettepe University Faculty
of Medicine. 19 healthy volunteers (8 females) with a mean age of 26.68 + 4.56
participated in the study. Volunteers have been informed that they can terminate the
study at any time. A signed consent form was obtained from all the volunteers (see
Appendix-3). The inclusion criteria of the participants are as follows: having at least a
high school education; no neurological or psychological disorders; normal or
corrected to normal vision; no achromatopsy and no fear of darkness or

claustrophobia.
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3.2. METHOD
3.2.1. Stimulus

As mentioned earlier, the Stroop paradigm is based on word-color conflict. The
stimulus in a Stroop paradigm consists of a color-word (e.g., RED) and the color of the
font the word is written, that is, the stimulus used in such a paradigm is a two-
dimensional stimulus, namely a meaning and a color. On the other hand, the bar
stimulus, which is used as the control in this thesis has only the color dimension.
Therefore, when the subject is met with an incongruent bar, she/he has to deal with
the change of color, only. However, for a word stimulus, the subject, besides dealing
with a color change, she/he also has to overcome the color-word conflict to give the
appropriate response. In this thesis, we based our paradigm to investigate the Stroop
Effect by examining the differences between the parameters of the responses to the

incongruent bar and word stimuli.

Our Stroop paradigm was developed by using the Psychtoolbox-3 (PTB-3) software
which ran under a licensed MATLAB program (R2016a). In this study, four Turkish
color-words, in upper-case letters, written in bold Arial fonts with a font size of 40
were used: “KIRMIZI” (red), “MAVI” (blue), “YESIL” (green) and “SARI” (yellow). The
RGB color codes chosen for these colors were “255,0,0” for red; “1,152,255” for blue;
“58,198,58" for green and “255,219,1” for yellow. The color codes were chosen in
such a way to ensure the subjects to see the words and bars clearly over a black

background. The frame rate of the screen used was 60 Hz.

The horizontal angles that hold on the retina when subjects sat 1 m away from the
screen were 4°48’,3°09’, 3°47’, 3°02’ for KIRMIZI, MAVI, YESIL, and SARI respectively;
the vertical angle, 55’, being the same for all words. For the control session, four bar
stimuli which bear no contextual meaning and having the colors of the four words
were prepared (e.g., green bar instead of the word YESIL, i.e., green). The same
dimensions were used for the bars which corresponded to the words they replaced.
A small grey circle, holding an angle of 34.4’, used as a fixation point, was

continuously visible on the center of the screen to discourage the eye movements.
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Participants were presented with four consecutive sessions; each session consisted
of word or bar stimulus. For the word session, the word “KIRMIZI” written in red
fonts was used as the congruent word stimulus and the word “KIRMIZI” written in
blue fonts was used as the incongruent word stimulus. The word “YESIL” in green
fonts and the word “YESIL” in yellow fonts were used as congruent and incongruent
stimuli, respectively. As for the bar sessions, the same paradigm was used; red
colored bar vs. blue colored bar and green colored bar vs. yellow colored bar. The
stimulus sequences displayed to the subjects are given in Figure 3.1. Participants
were required to vocalize the color of the bars and words on the screen and to ignore
the meaning of the word, that is, not to read the word. To familiarise with the task,

participants underwent two training sessions of 25 trials.

B B NN
KIRMIZI KIRMIZI KIRMIZI KIRMIZI KIRMIZI

e e .
YESIL YESIL YESIL YESIL

Figure 3.1. Stimulus sequences used in the study.

In each session, the ratio of the number of incongruent stimuli to the total number
of stimuli was 1:10, in line with a standard oddball paradigm. The incongruent stimuli
were interspersed between the congruent randomly. For every session, forty-five
congruent and five incongruent stimuli were used. The pre-stimulus interval was 200

ms, and the stimulus and blank interval durations were each 750 ms.

The reason for using an oddball paradigm is that the studies, which used separate
sessions for congruent (standard) and incongruent (deviant) stimuli, reported a
habituation effect causing a decrease in N2 and P3 responses (38, 47). Therefore, in
order to eliminate this habituation effect, which arises by the repetitive stimulus, we
have chosen to intermix congruent and incongruent stimuli in one session, in line
with a standard oddball paradigm. In this manner, the subject is met with a word-

color conflict stimulus infrequently and gives a full response. However, our paradigm
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differs from a standard oddball paradigm in one point: subjects are required to attend

to all stimuli, not to attend only to incongruent ones.
3.2.2. EEG Recording

Subjects were taken into a dimly lit sound-attenuated and electrically shielded room
and sat on a comfortable chair 1 m away from the screen. Three gold electrodes were
placed on the scalp of the subjects at Fz, Cz and Pz positions according to the 10-20
international system. All electrodes were referenced to A1/A2 and subjects were
grounded by another electrode placed on their forehead. Electrode impedances were
kept below 5 kQ. EEG signals were recorded using the MICROMED SD plus Polygraphic
Acquisition System and digitized at a 250 Hz sampling rate with a band-pass of 0.1-
100 Hz and a 50 Hz notch filter.

For analysis, epochs were visually inspected for artifacts and the artifact-free epochs
were averaged with the MICROMED software. The ERPs were averaged off-line from
200 ms before to 12000 ms after stimulus onset. The peak latencies and the
amplitudes of the ERP waves; and the time-positions of these peaks within the time-
windows where they were expected to appear were determined by a code written in
Matlab. Peak amplitudes of the waves were measured with respect to the averaged
EEG baseline in the 200 ms pre-stimulus period. Then the averages and the standard

errors of the mean amplitudes and latency were calculated.
3.2.3. Statistical Analysis

Latencies and amplitudes of the ERPs were analyzed with a licensed IBM SPSS
Statistics 23 software package. Data were expressed as means + standard error (SE).
A one way ANOVA was conducted on the ERP latency and amplitude measures for
the following factors; color (red-blue, green-yellow), electrode derivations and
stimulus type (bar-word, congruency-incongruency) and ANOVA followed by the
Scheffe multiple-comparison posttest. A value of p < 0.05 was considered statistically

significant.
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4. FINDINGS

Since we have found no significant difference between the parameters of the ERP
components recorded for both red-blue and green-yellow sessions, we have

combined data of these two sessions within the one data.

We summarise which ERP components evoked by congruent and incongruent stimuli
types in Table 4.1. Mean amplitudes and latencies of ERPs in response to all stimulus

types are given in Appendix-1.

Table 4.1. The presence of waves according to stimulus types.

N1 P2 N2 P3a P3b  N450-LPC LPN
cB + - - + + - -
cw + - - + + - +
ICB + + + - + - +
ICW + + + - + + +

C: Congruent, IC: Incongruent, B: Bar, W: Word.

The ERP responses to bars and words for congruency and incongruency conditions

are given in Figure 4.1.
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Figure 4.2 and Figure 4.3 give the ERP responses of bars and words for congruent and

incongruent stimuli types, respectively.
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Figure 4.2. Grand-average ERPs at Fz, Cz, Pz for the congruent bars and words.
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4.1.N1

The latency and amplitude of the N1 did not manifest any significant difference for

bar-word and congruent —incongruent and electrode site interactions.
4.2. P2

Congruent stimuli did not evoke any P2 response. The amplitude and latency of P2
did not show significant difference between electrode sites. The amplitudes of P2 did
not manifest any significant difference betwen incongruent bar and word, whereas
the latency of the word was longer than the latency of the bar significantly at Fz (

F(1,25)=9.31,P<0.05), Cz (F(1,27)=11.42, P<0.005), Pz ( F(1,22) = 5.90, P < 0.05).
4.3.N2

Congruent stimuli did not evoke any N2 response. No statistically significant
difference was found in terms of N2 amplitude and latency for incongruent stimuli
between electrode sites. N2 amplitude did not differ significantly between
incongruent bars and words. The analysis of N2 latency at the Fz ( F(1,20) =5.45, P <
0.05) and Pz (F(1,21) = 5.93, P < 0.05) electrode sites yielded a significant difference

between incongruent bars and words with earlier peaks for bars than words.
4.4.P3

All stimulus types evoked P3b response, whereas P3a response was observed for only
congruent stimuli. For congruent bars, latency of P3a at Cz was significantly earlier
than Pz ( F(2,43)= 4.51, P < 0.05). No significant difference was found between the
electrode sites for both congruent and incongruent stimuli in terms of P3b
parameters. Incongruent bars evoked significantly longer (at Fz, F(1,19) = 10.94, P <
0.00); Cz, F(1,18)=11.79, P <0.005 ; Pz, F(1,21) = 22.01, P < 0.001) and larger (at Fz,
F(1,17) =9.98, P < 0.05; Cz, F(1,15) = 5.05, P < 0.05; Pz, F(1,20) = 5.33, P < 0.05) P3b
responses than congruent bars. Also we found significant differences between
latencies and amplitudes of P3b for the congruent and incongruent words. As in the
case of bar stimuli, incongruent words evoked longer (at Fz, F(1,27) =9.69, P < 0.005;

Cz, F(1,26) =10.21, P < 0.005; Pz, F(1,26) = 12.60, P < 0.005) and larger (at Fz, F(1,24)
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= 10.63, P < 0.005; Cz, F(1,25) = 14.19, P < 0.005; Pz, F(1,25) = 13.85, P < 0.005) P3b

response.

Amplitudes and latencies of P3a and P3b were not significantly different between
congruent bars and words. On the other hand, although there was no significant
difference between incongruent bars and words in terms of P3b amplitude, the
latency of incongruent words was longer than incongruent bars at Fz ( F(1,18) = 18.53,

P<0.001), Cz(F(1,16) =19.56, P < 0.001 ) and Pz ( F(1,20) = 8.45, P < 0.05 ).
4.5. N450-LPC Complex

Only incongruent words evoked N450 and LPC at Fz and Cz electrode sites. There was
a significant main effect of site with Cz being longer in latency than Fz for N450
response ( F(1,18) = 6.69, P < 0.05). No significant difference was found between the

electrode sites for LPC.
4.6. LPN

Congruent bars did not evoke any LPN. An LPN response was observed at all three
electrode sites for incongruent words, whereas incongruent bars and congruent
words evoked this component only at Fz and Cz sites. There was a significant main
effect of site with Cz being earlier in latency than Fz for incongruent bars ( F(1,20) =
25.48, P < 0.001 ). Although no significant latency difference was found between
congruent words and incongruent words, LPN amplitude was significantly greater for
incongruent words at Cz ( F(1,26) =4.92, P < 0.05 ). The latency of the LPN difference
between incongruent bars and words significantly different at the Cz electrode, being

longer for words (( F(1,18) = 10.10, P < 0.05).
5. DISCUSSION
5.1.N1

N1 was the first peak of the ERPs we have recorded. We observed that all of our bar
and word stimuli, whether congruent or incongruent, produced N1 wave. But we

found no significant difference between them in terms of amplitudes and latencies
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and between the derivations. The reason of this invariability may be that the peak
around 140 ms after the stimulus onset was nothing but the sensory component of
the time-locked EEG and insensitive to contextual changes therefore it can be
considered as a component of the Visual Evoked Potentials (VEPs). On the other
hand, contrary to the first suggestion, if the N1 was a cognitive component, then we
have to turn our attention to our experimental paradigm. All of the presented stimuli
were in the range of spatial attention and as mentioned in the literature review, N1
has been reported as being sensitive to spatial attention. In their study, Vogel and
Luck (73) found no significant N1 effect difference in response to choice-easy and
choice-hard tasks, despite the fact that more cognitive effort was required in the
choice-hard task. Furthermore, Atkinson et al. (21) revealed that N1 was not
significantly different between the conditions of the Stroop paradigm. In conclusion,
we suggest that N1 does not reflect high-level cognitive processes, such as the
semantic evaluation of a stimulus, and can not be considered as an indicator of the

Stroop effect.
5.2. P2

We have observed no P2 in our data for congruent stimuli, be it word or bar, the
possible explanation for this insensitivity can be that congruent stimuli have a
repetition effect on subjects since they are more frequently presented than
incongruent stimuli. The repetition causes a decrease in attention, hence a decrease
or a complete attenuation of the P2. Moreover, since all stimulus types evoked N1
whereas congruent ones did not evoke P2, we suggest that higher executive functions
are initiated around 200 ms after stimulus onset. On the other hand, we have clearly
observed a P2 response in our data for both incongruent bars and words, in such a
way that the latency of the P2 produced by the words being longer than that of the
bars. We propose that such a delay may indicate the first step in processing the
Stroop conflict and Stroop delay arises in the early processes of the stimuli
identification. As for the amplitudes of the P2 waves for both stimuli types, there was
no significant difference between them indicating that the same amount of mental

energy is spent in evaluating these two stimuli.
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5.3.N2

As in the case of P2, congruent stimuli did not evoke an N2 wave, which is line with
the study of the Jackson et al. (38) revealing that N2 was attenuated in amplitude
with repetitions. Our findings have shown that N2 was elicited only for the
incongruent stimuli and the latencies of these two stimuli (bar and word) were
statistically significant. The longer evaluation time of the incongruent word, relative
to the incongruent bar, suggests that the Stroop effect which is caused by the
response conflict and controlled processes is reflected by N2 latency. Various brain
regions involved in the Stroop conflict processing have been identified with the
functional magnetic resonance imaging (fMRI) studies and the most prominent one
among them is the anterior cingulate cortex (ACC) (13). In their dipole source
localization study, Veen and Carter (74) revealed that the source generator of N2 is
ACC and N2 reflects the conflict detection. Combining these findings with our latency

results N2 is a stronger index of Stroop effect than P2.
5.4.P3

In our study, the P3a wave was enhanced only by congruent stimuli, but as can be
seen, its time course is interrupted and a half-wave is observed. This can be explained
by the overlapping time-windows of P3a and P3b: the decreasing phase P3a coincides
with the rising phase of the relatively large P3b. P3a is related to attention and since
attention is required all through the sessions, the existence of a P3a is also expected
for the incongruent stimuli, too. For the absence of P3a in incongruent response we
suggest that although P3a tends to rise, its presence is occluded by the incongruent-
specific N2 wave. We know that the time windows of these two waves overlap
considerably and their polarities are in opposite directions. As a result, the relatively
larger N2 attenuated and prevented the further rise of the P3a wave. A significant
difference between the latencies of P3a for bar responses at Cz and Pz electrode sites
was found indicating that the evaluation of the bar stimulus first took place at Cz and

then at Pz electrode sites. This may explain the frontocentral distribution of the P3a.
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When we compare the responses to the bar and word stimuli within themselves, we
have seen that congruent bar parameters (latency and amplitude) were significantly
different from their incongruent counterparts, incongruent parameters being longer
in latency and greater in amplitude, and the same is also valid for the parameters of
the word responses. These results show that when the cortex is met by a deviancy
and/or a conflict, it expends more energy and spends more time in evaluating the

stimulus.

As for the P3b component, a robust P3b was observed for both congruent and
incongruent stimuli. No significant differences were found between the congruent
bar and word latencies and amplitudes indicating only attentional mechanisms are
involved in evoking the P3b. On the other hand, although no differences were found
between the incongruent bar and word amplitudes, the differences between the bar
and word latencies were significant, word latencies being longer. This shows that for
the bar stimulus P3b is evoked only by a color conflict whereas the word, besides
having a color dimension, it also has a contextual dimension that harbors a word-
color conflict. Therefore the cortex must first resolve this uncertainty before arriving

a conclusion, which means that it needs extra time in evaluating this kind of stimulus.

Our findings are in line with the literature which showed that P3 amplitude and

latency are proportional to cognitive demands and stimulus evaluation time (48, 75).
5.4. N450-LPC Complex

In our study, we observed the N450 and LPC components only for the incongruent
word over the fronto-central regions. No N450-LPC complex was recorded either for
congruent words or congruent/incongruent bars. We reported P2, N2 and P3b waves
for both incongruent bars and words with a longer latency for words which indicate
that more time was required in evaluating the conflict in incongruent words.
However, we recorded N450-LPC complex for only incongruent words, which
revealed additional post-perceptual mechanisms reflecting the Stroop conflict or the
re-emergence of inhibited automatic processes. As mentioned in the literature

review, previous Stroop studies reported that congruent words, too, enhanced N450
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and/or LPC with small amplitudes. The lack of this complex for congruent words in
our data can be explained by the repetition effect. In our paradigm, the number of
congruent stimuli is 90% of the total stimuli, that is, the subject is met with congruent
stimuli sufficiently enough to be habituated. We can assert that at each repetition of
the stimulus, the semantic processing is eased and subsequently the activity ceases.
There was a significant N450 latency difference between Fz and Cz sites, Fz leading
the Cz, indicating that the N450 is transmitted in a frontocentral direction. This
finding is in line with the results of Qui et al. (76) who reported that a negativity in

this time range was observed over prefrontal regions.
5.6. LPN

All four stimulus types, but the congruent bar, enhanced a late negative deflection
around 900 ms after stimulus onset in our study. For the incongruent word stimulus,
this peak can be explained by the fact that it is enhanced by high-level conflict,
retrieval of color information and lexical decision. Although a congruent word
stimulus does not include a high-level conflict and retrieval of color information, since
it bears a lexical dimension we also have observed an LPN for this stimulus type. A
latency difference between Fz and Cz sites has been observed, the LPN at Cz being
shorter for the incongruent bars. We assume that different source generators of the
LPN were included in the processing stages.The amplitude of the LPN for the
incongruent word was found to be significantly larger than that of the congruent
word at the Cz electrode site. This indicates that high-level conflict and retrieval of
color information required additional energy compared to lexical decision alone. The
latency of incongruent words was longer than incongruent bars at the Cz electrode
site, but there was no significant difference at Fz. We suggest that although Fz is
sensitive to both stimuli types, it is indifferent to higher executive functions such as

discrimination between patterns
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6.CONCLUSION

In this thesis, we described the relationships between the relevant ERP components
and the Stroop effect. Basing on the electrophysiological findings, we discussed

various aspects of the conflict processes.

We have observed the N1, P3b and LPN components for all types of stimulus
whereas, P2, N2, N450 and LPC waves only for the incongruent stimulus types. The
existence of these four waves reflected additional energy proportional to increased
cognitive demands. Furthermore, incongruent words evoked N450-LPC complex in
addition to P2 and N2 waves which suggested that increased cognitive demands were
also reflected between incongruent bars and words. In our paradigm, incongruent
bars led to only physical deviation however incongruent word led to both physical
and semantic deviations. We concluded that processing of this semantic deviation

has been mirrored at N450-LPC complex.

Since N1 was elicited for all stimulus types we cannot relate this wave to higher
cognitive functions such as detecting or resolving a conflict. Stroop effect was first
observed at P2 and N2 waves, with a longer latency for incongruent words than
incongruent bars, thus we interpreted that the Stroop conflict is initiated at early
stages of the stimulus processing. As far as we know, no study in the literature
reported such a conflict processed as short as 200 ms after the stimulus onset. For
example, although Ergen et al. (77) recorded these early components, they found no
significant difference in ERP components of congruent and incongruent words. Since
the first Stroop-ERP study in 1981 (59), researchers have not associated the P3 wave
with the Stroop effect; however, this situation was reversed in our results. Since we
found a latency difference between incongruent bars and words, we suggest that
Stroop conflict is also being reflected at P3. We suggested that whereas P2 and N2
waves can be considered as related to conflict detection, N450-LPC complex may

indicate the conflict resolution processes since they are relatively late components.

Stroop tasks are used in linguistic sciences, cognitive functions or clinical studies (78-

82). Standard oddball paradigm has enabled to investigate the neural mechanisms of
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Stroop interference explicitly, the findings presented in this thesis may lead to new
approaches for these studies. In the future, using our experimental design in various
forms of Stroop task may be advantageous in understanding neurophysiological

and/or psychiatric disorders.
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Appendix-1. Mean ERP latencies and amplitudes with standard error.

Latency

Amplitude

Latency

Amplitude

Latency

Amplitude

Latency

Amplitude

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

Fz
Cz
Pz

N1
CcB cw ICB Icw
143 (0.004) 140 (0.002) 145 (0.003) 139 (0.000)
138(0.003) 139 (0.002) 146 (0.005) 138 (0.003)
137 (0.004) 134 (0.002) 128 (0.007) 134 (0.003)
-1.95(1.272) -2.66(1.216) 1.78 (1.885)  -1,68 (1.548)
-2.84(0.861) -3.75(1.116) 4.24(2.153)  -2,90 (1.239)
-1.76 (1.244)  -2.57 (0.664) 0.49 (2.971)  -2,89 (1.666)
P2 N2
ICB Icw ICB Icw
217 (0.003) 235 (0.005) 263 (0.006) 279 (0.003)
216 (0.004) 233 (0.004) 280(0.007) 277 (0.003)
219 (0.004) 234 (0.005) 266 (0.007) 279 (0.006)
7.73(1.553)  9.13 (1.803) 2.66(2.077) 0.20(3.184)
6.14 (2.035)  8.79 (2.200) -1.51(2.591) -1.77 (3.201)
5.53(2.702)  4.68(1.778) 1.91(0.995) -3.14 (2.629)
P3a P3b
CB cw CB cw
251(0.006) 253 (0.006) 378 (0.007) 358 (0.009)
246 (0.005) 250 (0.007) 368 (0.008) 357 (0.009)
265 (0.005) 255 (0.007) 353 (0.008) 354 (0.009)
8.46 (1.491)  5.60 (0.771) 14.34 (3.65)  12.52 (2.28)
6.14 (1.026)  5.24 (0.828) 11.73 (2.18)  10.69 (1.91)
6.13 (1.038)  5.08 (0.710) 8.53(1.851)  9.49 (1.67)
P3b N4 LPC
ICB Icw Icw Icw
378 (0.007) 419 (0.007) 518 (0.009) 652 (0.015)
375(0.008) 418 (0.007) 559 (0.011) 643 (0.017)
379 (0.007) 419 (0.011) - -
21.65(3.52)  20.35(3.74) 4.63(3.848)  8.63(2.480)
16.48 (2.81)  19.29 (2.05) 2.56(3.009)  5.54 (3.704)
19.27 (3.85)  16.33 (2.53) - -

Latencies are in milliseconds and amplitudes in micro-volts.

C: Congruent, IC: Incongruent, B: Bar, W: Word.



Appendix-1. (Continued) Mean ERP latencies and amplitudes with standard error.

Fz
Latency Ccz
Pz

Fz
Amplitude | Cz
Pz

LPN
cw ICB Icw
905 (0.008) 880 (0.014) 864 (0.012)
906 (0.006) 718 (0.033) 874 (0.017)
- - 870 (0.013)
2.76(0.926) 1.82(2.317) -0.57(4.530)
1.51(1.114) 0.81(3.001) -4.87(3.719)
- - -6.84 (3.082)

Latencies are in milliseconds and amplitudes in micro-volts.

C: Congruent, IC: Incongruent, B: Bar, W: Word.
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Appendix-3. Consent Form

ARASTIRMA AMACLI CALISMA iCiN AYDINLATILMIS ONAM FORMU

Degerli Katilimci,

Goniillii olarak katilmayi kabul ettiginiz bu ¢alisma “Stroop Etkisi ile Ortaya Cikan
Olay-iliskili ~ Potansiyellerin  Renk-Celiskisi ile Ortaya Cikan Olay-iliskili
Potansiyellerle Karsilastirmali incelenmesi” adini tagimaktadir. Bu ¢alismanin
amaci, insanda renk ve kelime algilarinin beyinde olusturdugu elektriksel
faaliyetleri incelemek ve beklenenden farkli bir renkle karsilagildiginda beynin
verecegi elektriksel tepkiyi kaydetmektir. Bir baska deyisle, algi olarak

adlandirdigimiz biligsel faaliyeti fizyolojik bir temele oturtmayi hedeflemekteyiz.

Olay-iliskili Potansiyel terimi, gorsel ya da isitsel bir uyaran dizisinde bir aksama
oldugu zaman kisinin bu aksamayi fark etmesi sonucu beyninde ortaya ¢ikan
elektriksel faaliyete verilen teknik bir terimdir. Bu dl¢iimiin, yontem olarak, ¢ok
daha yaygin olarak bilinen ve kalbin elektriksel faaliyetlerini kaydetmeyi
hedefleyen elektrokardiyografiden higbir farki yoktur ve EEG (elektroensefalografi)
temeline dayanmaktadir. Bu tiir calismalarda sagh deride ilgili bolgelere yiizeyel

elektrodlar yerlestirilir ve bir EEG cihaziyla kayit alinir.

Bu calismada izlenecek yontem asagidaki asamalardan olusur:

» Kayitlar Hacettepe Universitesi Tip Fakiiltesi Biyofizik Anabilim Dal’nin EEG-1
laboratuvarinda yapilacaktir.

= Katilimcinin sagh derisi lizerine bir jel araciligiyla li¢ adet elektrot yerlestirilir.
Ayrica alina ve iki kulak memesine de birer elektrot yerlestirilir ve elektrotlar bir
EEG cihazina baglanir.

= Katiimci sesten ve isiktan yalitilmis bir izole odaya alinir ve bir bilgisayar

ekranindan 1 m uzakhiga oturtulur.
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Ekranda belirli araliklarla bir renk-kelimesi (6rnegin, kirmizi) gosterilir ve
katiimcidan bu kelimeyi degil, renk-kelimesinin yazildigi fontun rengini iginden
soylemesi istenir.

Bir seans igin ayni kelime belirli araliklarla 100 kez gosterilecek ve her birinde
farkh bir renk-kelimesinin kullanildigi dort ya da bes seans yapilacaktir. Her bir
seans yaklasik 2 dakika siirecektir. Kayitlara bagslamadan 6nce deney stratejisine
alismasi igin katilimciya bir prova seansi yaptirilacaktir.

Prova seansi ve elektrot yerlestirilmesi siireci dahil, dlgiimlerin bitimine kadar

gececek tiim siire yaklasik 45 dakika dolaylarinda olacaktir.

Katilmayi goniillii olarak kabul ettiginiz bu calismada:

Higbir zararli radyasyona maruz kalmayacaksiniz.

Size agiz yoluyla ya da damardan herhangi bir kimyasal madde verilmeyecektir.
Viicudunuzdan elektrik akimi gegirilmeyecektir.

Olgiim elektrotlarini monte etmek igin kullanilacak olan jel deride hehangi bir
tahrise ya da alerjiye neden olmaz, deride kalinti birakmaz ve kolayca

temizlenebilir niteliktedir.

Calismanin size getirecegi zorluklar:

Kayitlarin dis etkilerden arindirilmasi igin olgiimler ses ve isiktan yalitilmis
karanlik bir odada (izole oda) alinacaktir.

Her bir seans siiresince (yaklasik 2 dakika) kelimelerin {izerinde bulunan kiigiik
daireden goziniizii ayirmayacak (odaklanacak), renge konsantre olacak ve
dikkatinizi ses, 151k vb gibi baska seylere yoneltmeyeceksiniz.

Her bir seans siiresince sizden hareket etmemeniz (6zellikle boyun bolgesi),
ekranla kendiniz arasindaki mesafeyi korumaniz ve goziniizii kirpmamaniz
istenecektir. G6z kirpmaktan kag¢inma ve bir noktaya odaklanma go6z

sulanmasina neden olabilir.

Size verilen tiim bu bilgilerin 1s18inda, eger calismamiza goniillii olarak katilmaya

karar verirseniz,

= Size herhangi bir licret 6denmeyecektir.
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Sizden herhangi bir licret talep edilmeyecektir.

Sizinle ilgili tiim bilgiler gizli tutulacaktir.

Arastirma sonuglari bilimsel ve egitim amagh olarak yayinlandiginda kisisel
bilgileriniz 6zenle korunacaktir.

Kayitlar sirasinda yukarida belirtilen zorluklardan herhangi biriyle
karsilastiginizda (karanliktan bunalma, kas agrilari, g6z sulanmasi vb) seansi
sonlandirabilir ve dinlenme siiresi talep edebilirsiniz.

Kayitlara baslamadan o6nce ya da kayitlarin herhangi bir asamasinda
arastirmadan tiimiiyle c¢ekilebilirsiniz. Bu size maddi bir yiikiimliliik

getirmeyecektir.
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HACETTEPE UNIVERSITESI TIP FAKULTESi AYDINLATILMIS ONAM FORMU

1. Sorumlu arastirmaci tarafindan ¢alismanin konusu ve arastirmanin yurutilmesi
ile ilgili ayrintili agiklama yapildi. Calismanin saghgim agisindan higbir risk
tasimadigl konusunda bana glivence verildi. Yine de, ¢alismadan kaynaklanan
herhangi bir saglik sorunu ortaya cikmasi durumunda her tirli tibbi bakimin
yapilacagi ve bu durumun bana parasal bir yik getirmeyecegi bildirildi.

2. Sahsimla ilgili kisisel bilgilerin gizli kalacagi ve 6zenle korunacagi konusunda bana
glivence verildi.

3. Calismaya gonulli olarak katiliyorum. Calismanin basariyla yiritilmesi igin
sorumlu arastirmaci tarafindan bana iletilen ilkelere uyacagimi taahhit
ediyorum.

4. Calismaya katilmamla ilgili parasal bir talepte bulunmuyorum.

5. Cahsma igin yapilan harcamalarla ilgili herhangi bir parasal sorumluluk altina
girmiyorum.

6. Calismanin herhangi bir asamasinda arastirmadan cekilebilirim, bunun bana
hicbir parasal sorumluluk getirmeyecegini biliyorum.

7. Acil bir durumda ya da daha fazla bilgiye gerekseme duydugumda sorumlu
arastirmaciya nasil ulasabilecegimi biliyorum.

TARIH:

Gonulla Katilmel

Ad ve Soyad

Adres

Telefon

e-mail

Imza

Sorumlu Aragtirmaci / Yardimct Arastirmaci

Ad ve Soyad

Adres

Telefon

e-mail

Imza
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