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Abstract

The oscillation of neuronal circuits reflected in the EEG gamma frequency may be

fundamental to the perceptual process referred to as binding (the integration of various thoughts

and perceptions into a coherent picture). The aim of our study was to expand our knowledge of

the developmental course ofEEG gamma in the auditory modality.

We investigated EEG 40 Hz gamma band responses (35.2 to 43.0 Hz) using an auditory

novelty oddball paradigm alone and with a visual-number-series distracter task in 208

participants as a function of age (7 years to adult) at 9 sites across the sagital and lateral axes (F3,

Fz, F4, C3, Cz, C4, P3, Pz, P4). Gamma responses were operationally defined as change in

power or a change in phase synchrony level from baseline within two time windows. The evoked

gamma response was defmed as a significant change from baseline occurring between to 150

ms after stimulus onset; the induced gamma response was measured from 250 to 750 ms after

stimulus onset.

A significant evoked gamma band response was found when measuring changes in both

power and phase synchrony. The increase in both measures was maximal at frontal regions.

Decreases in both measures were found when participants were distracted by a secondary task.

For neither measure were developmental effects noted. However, evoked gamma power was

significantly enhanced with the presentation of a novel stimulus, especially at the right frontal

site (F4); frontal evoked gamma phase synchrony also showed enhancement for novel stimuli but

only for our two oldest age groups (16-18 year olds and adults).

Induced gamma band responses also varied with task-dependent cognitive stimulus

properties. In the induced gamma power response in all age groups, target stimuli generated the
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highest power values at the parietal region, while the novel stimuli were always below baseline.

Target stimuli increased induced synchrony in all regions for all participants, but the novel

stimulus selectively affected participants dependent on their age and gender. Adult participants,

for example, exhibited a reduction in gamma power, but an increase in synchrony to the novel

stimulus within the same region. Induced gamma synchrony was more sensitive to the gender of

the participant than was induced gamma power. While induced gamma power produced little

effects of age, gamma synchrony did have age effects.

These results confirm that the perceptual process which regulates gamma power is

distinct from that which governs the synchronization for neuronal firing, and both gamma power

and synchrony are important factors to be considered for the "binding" hypothesis. However,

there is surprisingly little effect of age on the absolute levels of or distribution ofEEG gamma in

the age range investigated.
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CHAPTER 1: GENERAL INTRODUCTION

The study of gamma oscillations has been gaining popularity in the neuropsychological

research community. The reason for its popularity is two-fold. First, enhanced technology

makes it easier to collect and analyse high frequency oscillations. Second, there is mounting

evidence that gamma may be a reflection of the fundamental perception of meaningful

communication and information processing in the brain, a process experts in the field like to

refer to as perceptual binding (Basar-Eroglu, Strueber, Schurmann, Stadler, & Basar, 1996;

Debener, Herrmann, Kranczioch, Gembris, & Engel, 2003; Fell, Fernandez, Klaver, Elger, &

Fries, 2003; Gruber, Muller, & Keil, 2002; Haig, 2002; Herrmann, 2000; Lee, Williams,

Breakspear, & Gordon, 2003; Meador, Ray, Echauz, Loring, & Vachtsevanos, 2002; Muller &

Gruber, 2001; Muller, Junghoffer, Elbert, & Rochstroh, 1997; Slewa-Younan et al., 2002;

Tallon-Baudry & Bertrand, 1999). Binding refers to how the brain is able to integrate various

thoughts and perceptions into a coherent picture of one's physical or mental environment and on

a more basic neurological level, how vast arrays of spatially distributed parallel processes

occurring in the brain at a given time are related to a single object (Haig, Gordon, De Pascalis et

al., 2000; Slewa-Younan et al., 2002). Most of the work on gamma has been collected in the

visual modality. For example, a number of studies report that when an ambiguous object is

visually perceived as a coherent gestalt as opposed to being unrecognized, there is an increase in

gamma following the stimulus (Bertrand, Tallon-Baudry, & Pemier, 1996; Tallon-Baudry,

Bertrand, & Pemier, 1999; Tallon-Baudry, Bertrand, Peronnet, & Pemier, 1998). One of the

goals of our study is to add to the gamma literature by conducting experiments on perception

within the auditory modality.
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Gamma activity is defined as sinusoidal neuronal oscillations within the range of 30 to

100 Hz or greater. The history of gamma research can be classified into five distinct phases

according to Basar-Eroglu and Karakas (Basar-Eroglu et al., 1996; Karakas & Basar, 1998).

Basar-Eroglu et al. indicates that the study of gamma began as early as 1942, when Adrian

reported that hedgehogs stimulated v^th odours produced a train of sinusoidal oscillations within

the 30-60 Hz range. They characterized the second phase ofgamma research by the work of

Freeman in 1975, who found that 40 Hz activity played a key role in perceptual models of the

rabbit's olfactory bulb. They also note that v^thin the same time fi-ame, gamma activity was also

documented in the human brain by evoked potentials. Basar-Eroglu et al. credits start of the

third phase to Galambos, who in 1981 investigated human perception and the sensory and

cognitive correlates of gamma, and describes the beginning of the fourth phase as occurring

when, in 1989, Gray and Singer looked at gamma at a cellular level and theorized that

synchronous firing of single neurons may be able to solve the binding problem. Karakas and

Basar (1998) believe we are now in the fifth phase, whereby a multitude of experimental

paradigms and methods are combined in the hopes of explaining the role of gamma in

developmental multi-modal human perception. It is in this vein that we examined gamma

through a developmental perspective by examining the gamma responses of both adults and

children.

So called top-down or bottom-up approaches can be used when studying gamma. A

significant problematic issue with a bottom-up approach (i.e., recording fi-om a single or a few

neurons) is that it would prove difficult to record fi-om enough neurons to adequately

characterize the complex interactions between them (Herrmann, 2000). For example, when
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studying gamma in a neural network or cell assembly, neurons within the network or assembly

are not necessarily located in the same geographic location, and to adequately describe the

relationships and interactions between neurons would require possibly recording from a large

number of widely separated neurons. The alternative is a top-down approach which reflects a

gross measure of the whole system. Because of the high temporal resolution needed to isolate

activity in the gamma frequency, top-down approaches to the study of gamma are limited to

magnetoencephalography (MEG) and electroencephalography (EEG). EEC provides a particular

advantage when used in the study of developmental gamma in children. While both techniques

are relatively non-invasive, EEG imposes fewer restrictions on the subject's movement, thus

lengthening the window of time they are amenable to testing, and reducing their fatigue and

frustration (Gumenyuk, Korzyukov, Alho, Escera, & Naatanen, 2003). One possible downside to

using a top-down technique is that without sufficient spatial resolution only very global

conclusions can be drawn, and general hypotheses made, about the underlying mechanisms

(Herrmann, 2000).

Taken as a whole, the present study was designed to expand the body of knowledge on

the subject of gamma by investigating its developmental course in the auditory modality using

EEG data, hi the remainder ofthe introduction to the study, the rationale for choosing this line

of investigation will be discussed, as well a brief explanation of the types of gamma investigated

and methods of processing used will be provided. Following the introduction are four chapters

which break the study down by the different gamma responses investigated. These four chapters

are then followed by a general discussion.
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Types ofGamma

Galambos postulated that gamma activity could be classified into four types, namely

spontaneous, evoked, induced, and emitted (Galambos, 1992). When recording EEG or MEG,

the data will always contain some gamma activity that is uncorrelated with the stimuli, which can

be thought of as background or spontaneous gamma. Evoked gamma is phase-locked to the

onset of a stimulus, meaning that every time the stimulus is presented, the evoked response

appears at the same latency. The third type is induced gamma, which like evoked gamma, is

elicited by the presentation of a stimulus. However, these responses appear at varying latencies

and are said to be either not phase-locked, or only loosely phase-locked to the onset ofthe

stimulus. The last type ofgamma proposed by Galambos is emitted gamma, which refers to a

response to the omission of an expected stimulus. Emitted gamma arises when a stimulus is

omitted from an otherwise isochronous series of events (Snyder & Large, 2002).

This study is concerned with three of the four types of gamma, that is, background,

evoked, and induced. Whereas there is nothing in the definition of the different types ofgamma

related to the time of response, our operational definition of each type of ganrnia will include a

general time frame which is consistent with previous research.

Background gamma will be defined as pre-stimulus activity occurring 300 to 100 ms

prior to stimulus onset. This activity will serve as a baseline for other gamma responses. It

should be noted that although we used background gamma as a baseline measure, it was

collected while participants were actively engaged in the tasks. This is different from a measure

of spontaneous gamma which is recorded while participants are passive subjects.
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Evoked gamma is thought to be an immediate and direct response elicited by the

stimulus. In fact, the most robust finding in auditory gamma research is an early evoked gamma

response occurring within the first 150 ms after stimulus onset (Fell, Femandez et al., 2003; Fell,

Hinrichs, & Roschke, 1997; Gurtubay et al., 2001; Haig, 2002; Haig, De Pascalis, & Gordon,

1999; Haig, Gordon, De Pascalis et al., 2000; Haig, Gordon, Wright, Meares, & Bahramali,

2000; Slewa-Younan et al., 2002; Tallon-Baudry & Bertrand, 1999; Tiitinen, May, & Naatanen,

1997; Yordanova, Banaschewski, Kolev, Woemer, & Rothenberger, 2001; Yordanova, Kolev, &

Demiralp, 1997; Yordanova et al., 2000; Yordanova et al., 2002). Therefore for the purpose of

this study, evoked gamma was defined as any gamma response that differs from baseline gamma

occurring within to 150 ms after stimulus onset.

As previously stated, induced gamma is also elicited by the stimulus, but the appearance

of this response is not necessarily time-locked to the presentation of a stimulus and is therefore

rather elusive. Many researchers have claimed, in studying auditory stimuli, an induced gamma

response occurs after the evoked gamma response, and may be linked to the time course of the

P3 ERP component (event related potential, derived from EEG data) (Fell, Femandez et al.,

2003; Gurtubay et al., 2001; Haig, Gordon, Wright et al., 2000; Karakas & Basar, 1998; Tiitinen

et al., 1997). We will define the induced gamma response as any gamma activity within 250 to

750 ms after stimulus onset that differs from baseline gamma.
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Processing Gamma

Since it is generally accepted that the gamma band response can vary with time and

frequency, conventional methods of averaging are inadequate. Consequently, researchers have

accumulated a variety of unconventional methods for extracting gamma from EEG and MEG

data. Techniques used to process gamma include applying various kinds of digital filters to the

EEG signal in either the time or frequency domain (De Pascalis & Ray, 1998; Fell et al., 1997;

Karakas & Basar, 1998), various forms of time-frequency analysis, such as Wavelet Transforms

(Gruber et al., 2002; Quian Quiroga, Sakowitz, Basar, & Schurmann, 2001; Senkowski &

Herrmann, 2002; Yordanova et al., 2002), or moving window Fast-Fourier transforms (FFTs)

(Ford, Mathalon, Whitfield, Faustman, & Roth, 2002; Haig et al., 1999; Lee, Williams, Haig,

Goldberg, & Gordon, 2001). Because the induced gamma response does not necessarily occur at

the same time for every trial, if one were to average over all stimulus presentations for EEG or

MEG data, it would be impossible to distinguish the induced gamma response from background

gamma/noise. The techniques listed above allow processing of single trial data. Furthermore,

while all methods will allow an examination ofboth latency and power in a gamma band

response, only wavelets and FFTs will allow for the examination ofgamma phase coherence or

synchrony. Synchrony refers to the extent that EEG signals from several electrode sites are not

only oscillating within the gamma frequency but are also oscillating in-tempo or in-cycle with

each other. Gamma phase synchrony will be discussed in greater detail in chapter 4.

A problematic issue with wavelets as compared to FFT's, pointed out by Haig in his PhD

thesis (Haig, 2002), is that wavelets only permit broad band characterization ofgamma activity.

Typically in a wavelet transform, higher frequencies mean poorer frequency resolution unless
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there is a corresponding increase in the sampling rate of the signal. A discrete wavelet

transform will dissect and reconstruct a signal into frequency bands starting at the Nyquist

frequency (half the sampling rate) and filter the signal by dividing it in half, and then in half

again, and so on (Brain-Products, 2002). For example, if a signal has a sampling rate of 500 Hz,

the first frequency band reconstructed by a wavelet transform will range from 250 to 125 Hz, the

second will be 125 to 62.5, and so on. Unfortunately, in analysis of higher frequencies (such as

ganmia), the wavelet has good time resolution but a poor frequency resolution (62.5 to 3 1 .25

Hz).

The most typical criticism ofFFT is that it has poor time resolution (Quian Quiroga et al.,

2001). The frequency resolution (that is, the accuracy with which statements can be made about

the signal contents at specific frequencies) in FFT is directly dependent on the length of the EEG

segment included in the FFT analysis (frequency resolution = sampling rate * 1/T; where T =

segment length in data points). In order to obtain the accuracy of a frequency resolution of 1 Hz,

EEG segments must be one second long. Thus, while the frequency resolution is great, the time

resolution is inadequate, since gamma responses can commence and disappear within a hundred

milliseconds (Babiloni et al., 2003; Herrmann & Knight, 2001; Herrmann & Mecklinger, 2001;

Kaiser, Lutzenberger, Ackermann, & Birbaumer, 2002; Keil, Stolarova, Heim, Gruber, &

Mueller, 2003). Increasing the time resolution by reducing the epoch length would result in a

loss of frequency resolution. For example, if an EEG signal was sampled at 500 Hz, and we

wish to analyse a 200 ms time period using FFT, our frequency resolution would be 500/100, or

5 Hz. This means any conclusion drawn from the FFT, no longer represents a single fi^quency,

but rather a frequency band; nonetheless, our time resolution did increase from 1000 ms to 200
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ms. One other major assumption of FFT is that the signal being analysed is stationary over the

period of time being analyzed. A signal (such as gamma) in which the frequency components

vary over time is referred to as non-stationary. The wavelet transform will allow for changing

gamma values at each sample point in the signal, but FFT will give one value per frequency bin

over the whole time period. Fortunately a solution was derived, whereby a short time-window is

progressively moved over each sample point to obtain an average power value (per bin) for that

sample point. This in essence produces that same time resolution as a wavelet transform, but

with the possibility of better frequency resolution. Therefore, in our study we used the FFT

method to analyse gamma power and synchrony.

Outline/Rationale

As children age, it is well known that their cognitive and perceptual abilities are

increased due brain maturation. Structural maturation of individual brain regions and their

connecting pathways, in the form of increased neuronal myelination (white matter development)

and dendritic and synaptic production, are required for the successful development of cognitive,

motor, and sensory functions. This maturation improves neural impulse propagation throughout

the brain, which allows for information to be integrated across the many spatially segregated

brain regions involved in these functions (Paus et al., 1999). Central to the development of

cognitive abilities, including reasoning, working memory, and inhibitory control, is the growth

and maturation of the frontal lobes from infancy to adulthood. Ifgamma is indeed reflective of

a perceptual processing mechanism designed to integrate various sensory perceptions into

coherent meaningful information, then given the known structural development of the brain we
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would expect to find maturational differences in gamma activity. There are numerous studies

which report age-related changes in other oscillatory EEG frequency bands below the gamma

range. Yordanova and Kolev (in press) review a few which show that developmental maturation

is associated with reduction of the spontaneous EEG activity in the slower (delta, theta)

frequency bands is accompanied by an increase in the faster (alpha, beta) frequency bands.

However, within the gamma literature, there is a surprising lack of published data on children.

The primary purpose of our study was to explore and chart developmental change in EEG

gamma. :

In addition, there are unresolved debates in the gamma literature which we attempted to

address. Specifically, in the auditory modality, there is a debate about whether the early evoked

gamma response is sensory in nature, or whether it is modulated by attention. Similarly, there is

a question as to whether the cognitive features of a stimulus, such as ^'targetness" (a task-related

feature) or "novelty" plays a role in determining the early evoked gamma response.

We analysed a large EEG database, collected from 208 children and adults. Our goal was

to chart the developmental EEG gamma changes that occur from the ages of 7 to adulthood

during two modified versions of the auditory oddball task. The data were originally collected by

Dr. Patricia Davies for a larger normative developmental study at Colorado State University.

The oddball task is one of the most widely used paradigms in EEG research. The reason

for its popularity is most likely the simplicity of its design as well as the ease of changing

stimulus features without dramatically altering the task. The basic concept is to have the subject

differentiate between two distinct stimuli while enhancing the salience ofone over the other by

labelling it the "target."
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Participants had been asked to complete two modified versions of the auditory oddball

task, namely, the Auditory Novelty Oddball (single-task condition) and the Auditory Novelty

Oddball with the addition of a distracter task (dual-task condition). For the single-task,

participants fixed their eyes on a blue fixation cross in the centre of a computer screen. They

were simultaneously presented with a series of pure and sliding tones, and were instructed to

respond to a target tone by pressing a response button either on a mouse or gamepad. As in a

standard auditory oddball task, the target tone was a pure tone (1500 Hz) and the non-target or

standard tone was also a pure tone (600 Hz). This paradigm added a new element to the standard

oddball, which was the inclusion of non-repeating sliding novel tones. Not only were our

participants expected to discern the difference between targets and non-targets, they were also

expected to ignore the presence of the distracting novelty tones. In the dual-task condition,

participants were presented once again with the Auditory Novelty Oddball; however, they were

also shown a running list ofnumbers instead of the fixation cross. They were required to respond

with their non-preferred hand if three odd numbers were presented in a row, while

simultaneously responding to the target tone using their preferred hand.

The dual-task condition allowed us evaluate the results of divided attention, while the

inclusion of the three stimulus categories (non-targets, targets, and novels) allowed us to clarify

the effects of cognitive stimulus features such as 'Hargetness" on the different types of gamma

responses, and also to look at the effects of a distracting stimulus which has increased saliency

(like the target stimulus), but is not task-related (like the non-target stimulus).
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CHAPTER 2: THE EVOKED GAMMA RESPONSE - GAMMA POWER

The History ofEvoked Gamma

Evoked gamma is defined as gamma activity phase-locked to the onset of a stimulus,

meaning that every time the stimulus is presented, the evoked response appears at the same

latency. In EEG, the amplitude of the evoked response is rarely visible in a single epoch.

However, by averaging a number of epochs together, other electrical activity unrelated to the

stimulus will cancel out, while the evoked response will become increasingly visible since its

activation is phase-locked to the stimulus (Vinther, 2002).

Hannu Tiitinen and colleagues have carried out some of the groundbreaking research on

gamma oscillations and auditory perception. As early as 1993, Tiitinen began his research by

having subjects listen to two separate series of tones presented to each ear. During a given

testing session he directed subjects to attend to one ear while ignoring the other ear, and to

respond when a deviant (target) tone was detected. In a second task, subjects listened to the

same stimuli while they read a book. The data were analyzed using a digital filter that enveloped

oscillations around 40 Hz. He discovered a gamma response, which peaked at 25 ms from

stimulus onset and lasted for 100 ms. This response was enhanced in attended stimuli, especially

in the frontal and central sites, as compared to stimuli in the unattended ear and to ignored

stimuli (when the subject was reading). He later conducted another experiment where for five

hours subjects read a book while auditory stimuli consisting of standard and deviant tones were

presented to the left ear. Once again a 40 Hz response was detected at an early latency, peaking

at 30 ms. He also found that during the course of this task, the peak significantly attenuated in

amplitude, especially in the frontal electrodes. Again, at a later date, using the same paradigm

(subjects reading while stimuli played) but carried out for a shorter duration, Tiitinen replicated
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his results of an early (30 ms) 40 Hz peak with the added information that the response did not

differentiate between targets and standard stimuli. From these experiments he drew the

conclusion that early 40 Hz activity (which is now referred to as the early evoked gamma

response) is related to sustained and selective attention, but is insensitive to changes in cognitive

stimulus features like 'targetness" (Tiitinen et al., 1997).

Support and contradiction to Tiitinen' s claim came from Karakas and Basar (Karakas &

Basar, 1998) in a paper claiming that the early evoked gamma response is unrelated to attention,

but rather, is sensory in nature. They conducted a series of experiments using auditory stimuli,

but with different paradigms which varied in the degree of complexity and their attentional

requirement. In one task subjects listened to a single repeated target (a 2000 Hz tone) and

counted its occurrence. Then subjects performed an irrelevant task while targets and non-targets

(a 1000 Hz tone) were presented. After that, an easy oddball task was given where subjects were

asked to differentiate between targets and non-targets by counting the targets. Finally, a difficult

oddball task was given where the frequency difference between targets (2000 Hz) and non-

targets (now 1900 Hz) was shortened. As in Tiitinen studies, there was an early increase in

gamma around to 1 50 ms that did not vary with stimulus type, and gamma at fronto-central

sites was higher than at other sites. However, the response did not vary with experimental

condition, meaning that whether or not the subjects attended the stimuli the same response was

always obtained. They concluded that early phase-locked gamma represents what all the

paradigms basically involve, sensory processes. It could not be related to attention, because it

did not change when attentional allocation changed.

Jurgen Fell and colleagues also published a paper on gamma and the auditory oddball

showing an increase in early evoked gamma activity that did not differentiate between targets
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and non-targets (Fell et al., 1997). To date, a number of studies report similar findings (i.e., the

evoked gamma response is insensitive to cognitive stimulus features) (Gurtubay et al., 2001; Lee

et al., 2001; Yordanova et al., 2001), but unfortunately, there are others which directly contradict

this conclusion. In children 9-12 years old, Yordanova found opposing evidence showing that

frontal gamma in an auditory oddball task was larger in targets than in non-targets (Yordanova et

al., 2000; Yordanova et al., 2002). While examining gamma in a novelty oddball task, Stefan

Debener also found evidence that evoked gamma is sensitive to cognitive stimulus features. He

showed that, while there was no significant difference between novel stimuli and non-targets,

target stimuli had significantly higher early evoked gamma than non-targets (Debener et al.,

2003). Debener attributed this difference to top-down attentional processing since target

processing demands top-down attentional selection and the response to a novel stimulus can be

characterized as bottom-up information processing that is controlled by sensory input. Albert

Haig and colleagues found that the peak latency of the evoked gamma response significantly

correlated with response time (Haig et al., 1999), subjects with longer response times having

longer evoked gamma latencies.

Given such inconsistent results, the only conclusion that can be drawn is that for auditory

stimuli there is a robust early evoked gamma response within the first 150 ms after stimulus

onset, which is frontal in nature and centers at approximately 40 Hz; however, its modulation by

attention or cognitive stimulus features is still inconclusive.

Even with the growing interest in gamma, and the large body of literature on evoked

gamma, there is very little published data on the evoked gamma response in children. Juliana

Yordanova and colleagues are the only researchers who have studied the gamma response in

children to an auditory oddball; thus, these studies warrant closer investigation. Yordanova and
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collegues initially conducted a preliminary study of 14 boys, ages 9 to 12 (Yordanova et al.,

2000). Target and non-target tones were randomly presented to the right or left ear; subjects

were instructed to respond to targets in only one ear while ignoring stimuli in the other ear (a

replication of Tiitinen's earlier studies). For a measure of spontaneous gamma, the children kept

their eyes closed for 20 seconds. Significantly larger spontaneous gamma activity was found at

frontal regions when compared with central and posterior regions. The results also established

the existence of an evoked gamma response around 120 ms, which was maximal at frontal-

central cites and minimal at parietal locations. Yordanova found that gamma power/magnitude

was influenced by cognitive stimulus features; targets elicited larger gamma power than non-

targets. Attention was not a factor as the responses did not vary of the basis of whether the

stimuli were attended or ignored. Yordanova noted that when compared to the general findings

in the gamma literature for adults, the early evoked gamma response in children seemed a little

delayed; however, statistical confirmation was never undertaken.

Yordanova later replicated her previous study, but this time employed 1 14 children, ages

9 to 16 (Yordanova et al., 2002). Evoked gamma power did not vary with age. As in the

previous study, gamma was larger at anterior sites. In this study, they also found a modulation of

gamma by cognitive stimulus features, which had an interaction with age. In 9 - 12 year olds,

targets were found to elicit larger gamma band power responses relative to non-targets.

Adolescents (14-16 year olds), however, showed no differentiation between gamma power

responses to targets and non-targets. One major difference between this study and Yordanova'

s

previous study was the discovery that attention did indeed affect the evoked gamma response.

At the right frontal location (F4), the gamma band power response in all subjects was larger to

unattended target stimuli compared with attended target stimuli.
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In the course of collecting normative data on children from the two previously discussed

studies, Yordanova and colleagues also collected data on a cohort of children with attention

deficit-hyperactivity disorder (Yordanova et al., 2001). The most intriguing finding in this study

was the lack of differentiation in gamma responses between children with Attention Deficit

Hyperactivity Disorder (ADHD) and a control group. There was no significant difference

between groups for early evoked gamma power responses. Gamma band responses in control

and ADHD children were not influenced by the direction of attention (the attended channel). In

both groups, targets elicited larger gamma power responses than non targets.

Yordonava's chosen paradigm in her three studies was a replication of earlier works by

Tiitinen. As with Tiitinen's studies, her studies also established the existence of an evoked

gamma response, which centered at approximately 40 Hz, and had a frontal maximum. In

Tiitinen's study, however, this response occurred at approximately 25 ms after stimulus

presentation; in Yordanova' s studies the response occurred 120 ms after stimulus onset. This

would indicate that the latency of the response is slightly delayed in children as compared to

adults. In accordance with Tiitinen's findings, this response was enhanced in attended stimuli.

Yordanova' s findings were less consistent across studies; in her earlier study of younger

children, attention did not play a role. However, with increased number of subjects, and an

increased age range, results indicate a larger response to unattended stimuli, a complete reversal

of Tiitinen's results. One possible explanation could be related to the effects of habituation as

was detailed in one of Tiitinen's experiments. Given the nature of children's attention span, as

the oddball task progresses to completion it is possible that the children habituated to the

attended ear stimuli, however it may have required constant vigilance to ignore stimuli in

unattended ear due to a developing frontal cortex which regulates executive fimctions such as
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inhibition (Segalowitz & Davies, 2004). Another major difference between Tiitinen's results in

aduhs and Yordanova's findings in children is the effect of cognitive stimulus features on the

gamma response. According to Tiitinen, the early evoked gamma response is insensitive to

cognitive stimulus features. In younger children, Yordanova found that targets elicited a larger

gamma power response than non-targets. However, adolescents responded more like Tiitinen's

adults, in that there was no gamma power difference between targets and non-targets.

The Current Investigation: Evoked Gamma Power

The main objective of this section of our larger study was to clarify the factors which

play a part in determining the power of the early evoked gamma response. From empirical

research, it is clear that the most robust finding in auditory gamma research is an early evoked

gamma response within the first 150 ms after stimulus onset. Therefore, we defined the early

evoked gamma response as any gamma response that differs from baseline gamma occurring

wdthin to 150 ms after stimulus onset. Baseline or background gamma was defined as activity

occurring 300 to 1 00 ms prior to stimulus onset.

As indicated in the previous review of the literature on evoked gamma, there exist

debates concerning the role of attention, cognitive stimulus features, and developmental

maturation. This study attempted to resolve these by using a large cohort of both adults and

children, to investigate how the early evoked gamma response changes with age. Participants

were asked to perform an auditory novelty oddball task, where they were to respond to a target

stimulus and ignore both standard stimuli, and distracting novelty sounds. The task demands

were then increased by asking them to perform another task in addition to the auditory novelty
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oddball. This paradigm structure allowed for the investigation of cognitive task features such as,

"targetness", and the effects of divided attention.

In total, there were five variables which were hypothesised to play a role in determining

the early evoked gamma response. These included the age of the participant (divided into 5 age

ranges); the gender of the participant, the category of the stimulus (target, non-target, and novel),

the experimental task (single verses dual-task conditions); and topographical brain region.

Hypotheses

Very little research has been done on developmental issues in gamma responses, with the

exception of Yordanova and colleagues (Yordanova et al., 2001; Yordanova et al., 1997;

Yordanova et al., 2000; Yordanova et al., 2002). For this reason, this study is rather exploratory

in nature. Instead of concrete hypotheses, a series of research goals were predefined with

regards to developmental maturation.

Our first goal was to determine whether an early evoked gamma response occurs in the

frequency bin centred at 40 Hz in the auditory novelty oddball task both in a single and dual-task

conditionl. It was hypothesised that each stimulus category would result in an equal increase in

gamma power (compared to baseline) v^thin 150 ms after stimulus onset. We further predicted

that the increase in power would have a frontal maximum. Our second goal was to examine the

effects of divided attention on the early evoked gamma response. It was hypothesised that

divided attention would lead to a reduction in gamma power. Finally, in charting the effects of

developmental matxiration, our goal was to gain an index of developmental maturation by

subdividing our participants into five age groups and examining whether the early evoked

gamma response changed with age either in general or with respect to the effects described

above.
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Materials and Methods

Participants

Two hundred and eight children, adolescents, and adults (ranging in age from 7 to 25

years), were recruited from the local community at the Human Development Lab at Colorado

State University as part of a larger normative study. The majority of the children were contacted

through presentations before youth organizations and school classes during which prospective

participants or their parents were invited to write down their name and telephone number if they

wished to volunteer. Project staff called to provide additional information about the study and

schedule their visits to the lab. Written consent was obtained from the adult participants and

from the parents of the children. All children signed assent forms prior to participating in the

study.

Participants were excluded from the final data set if they had a neurological disorder or a

learning disability based on parent reports for the children and self-report for the adult

participants, if they were unable to complete the task, or due to problems in the recording of their

EEG. Table 2.1 provides a breakdown of included participants by age and gender.

Testing Procedure

All participants completed two sessions, a session of behavioural testing including

neuropsychological measures, and a session ofEEG data collection. Some participants

preformed both sessions in a single day; however, children 9 years and under always completed

the sessions on separate days. The order of the sessions was counterbalanced across participants.

The behavioural testing session took between 1-1.5 hours, while the EEG session was

approximately 2 hours long and included 5 separate tasks.
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The paradigms of interest to the proposed study include an Auditory Novelty Oddball

task and an Auditory Novelty Oddball task with a distracter task. Although the EEG tasks were

counterbalanced across participants, the single-task always directly preceded the dual-task

condition.

For the single-task condition, participants fixed their eyes on a blue fixation cross in the

centre of a black background presented on a DOS-based QuickTrace® computer, hi addition, a

series of pure and sliding tones (pure tones ascending or descending in pitch for 100 ms) were

binaurally presented through ear inserts. Participants were instructed to respond to a target tone

by pressing a response button either on a mouse or game pad using their preferred hand. There

was a total of 269 tones, ofwhich 15% were targets (1500 Hz pure tone); 70% were standards

(600 Hz pure tone); and 15% were novel tones (non-repeating sliding tones). The target tone

was the first tone presented to the participant and ifno response was elicited they were verbally

cued until they responded to the correct tone. The tones were programmed at 80dB, but sound

pressure level of the ear inserts was measured at approximately 50dB. The duration of each tone

was 250 ms with a varying inter-stimulus interval (ISI) between 1.3 and 1.8 s. Total testing time

was approximately 8 minutes.

For the dual-task condition, participants were presented once again with the Auditory

Novelty Oddball; however, a Dell Laptop PC, running Windows 98 was placed in fi-ont of the

QuickTrace monitor and instead of viewing a fixation cross, participants were shown a series of

numbers (1 through 9). Participants were required to respond with their non-preferred hand if

three odd numbers were presented in a row, while simultaneously responding to the target tone

using their preferred hand. The numbers were 1 cm high, blue on a grey background, with a

visual angle of 0.75 degrees. The duration of each number was 200 ms with a fixed
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interstimulus interval of 990 ms. Children 9 years and under were given a quick practice of the

number task only. Total testing time was once again approximately 8 minutes.

Electrophysiological Recording

The electroencephalogram (EEG) was continuously recorded with tin electrodes

embedded in a Quik-cap® (Neuroscan) using a portable QuickTrace® system (Neuroscan) from

twenty-nine scalp sites according to the 10-20 system: Fz, FCz, Cz, Pz, Oz, Fpl, Fp2, AF3, AF4,

F3, F4, F7, F8, FCl, FC2, FC5, FC6, C3, C4, T7, T8, CPl, CP2, P3, P4, P7, P8, P03, P04, with

AFz as ground. Refer to Figure 2.1 for a diagrammatic representation. EEG was recorded with

the left earlobe as reference and the right earlobe as an active site. Data were sampled at a rate

of 500 points per second with a bandpass of .23-1 00 Hz. Signals were amplified with a hardware

gain of 1000. Two bipolar electrooculograms (EOG) were recorded from tin electrodes placed

on the left and right outer canthus of the eye for horizontal movements and on the left

supraorbital and infraorbital region for vertical movements. Impedances for the EEG and EOG

channels were maintained below 5 kOhms. The first thirty-two participants did not have the FCz

site and only one EOG channel, due a change in the montage at the beginning of the data

collection.

Determining Gamma Power

All data were initially processed using the Analyzer software developed by Bram

Vision. The first step was to re-reference all EEG data to balanced ears. The data were then

filtered with a high-pass filter of 30 Hz, a low-pass filter of 100 Hz, and a notch filter of 60 Hz to

extract recordings v^thin the gamma range and to eliminate interference by the electricity

network when recording. The notch filter had a bandwidth of 5 Hz, symmetric around 60 Hz (+/-

2.5 Hz). The filters are phase shift-free Butterworth filters, v^th slopes of 24 dB/octave and a
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time constant of 0.005. It should be noted that fihering in this manner removed any artifacts of

bhnks and eye movement from the EEG.

Due to an initial incompatibility between the recording of responses using a standard

mouse and the QuickTrace® system (the problem was subsequently corrected by switching to a

response box), participants 1 through 60 did not have their responses recorded in the EEG

continuous files. For those participants the initial data processing was slightly different from the

later participants, although the end results were the same. See Figure 2.2 for a diagrammatic

representation of the two different processing procedures. For participants 1 through 60, after

the filtering was done, the continuous data were segmented into epochs, from 364 ms prior to

stimulus onset to 8 1 4 ms after, for a total epoch length of 1 1 78 ms (for reasons to be explained

later). At this time the data were then exported from Analyzer® to MatLab® for fiirther analysis.

In MatLab , the segmented data were merged with information on the stimulus type and

response accuracy and then segmented again by stimulus type (targets, non-targets, and novels).

All incorrect trials were discarded, as were epochs containing EEG amplitudes greater than + 75

or -75 |iV. The data were then processed using a Fast Fourier Transform (FFT).

For participants #61 and above, after filtering (in Analyzer®), the responses contained in

the EEG file were used to recode the stimulus markers into correct and incorrect trials. Then the

data were segmented into targets, non-targets, and novels, for correct trials only. Once again the

epoch length was set at 1 178 ms, starting 364 ms prior to stimulus onset to 814 ms after. Any

epochs containing EEG amplitudes of +/- 75 \iV were removed by an automated artifact rejection

procedure; the data were then exported to MatLab for FFT analysis.

For each single-trial epoch, from each recording site, a FFT was computed at each sample

point using a 64 sample with a Hanning window, starting with the centre of the window at 300
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ms prior to stimulus onset (-364 to -236 ms) and ending at 750 ms after stimulus onset (686 to

814 ms; hence, the epoch range set for segmentation of -364 to 814 ms). Since the sampling rate

was 500 Hz and the window length was set at 64 samples, the width of each frequency bin

computed by the FFT was 500/64 or 7.8125. At each sampling point, gamma power was

computed for each frequency bin. Since traditionally gamma amplitude responses have been

found at approximately 40 Hz, the frequency bin that we are interested is the 6* bin which

ranges from 35.2 to 43.0 Hz range (centred at 39. 1).

Statistical Analysis

Independent variables of interest, when predicting gamma activity in the study include

age category, gender, stimulus category, the anterior/posterior dimension, laterality, and

experimental task. Age Category sub-divided all participants into five age categories: the first

age category included children from 7 to 9 years of age, the second were pre-teens from 10 to 12,

the third were pubescents from 13 to 15, the fourth were adolescents from 16 to 18, and the final

age category were adults who were over the age of 1 8.

In general, the evoked gamma power response was examined in a 3 (Anterior/Posterior) x

3 (Laterality) x 3 (Stimulus Category) x 2 (Gender) x 5 (Age Category) mixed ANOVA, with

repeated measures on the first 3 factors, which measured a change in gamma power (uV^) with

respect to baseline gamma (as a difference from a zero point). The dependent variable, gamma

power within the evoked gamma window (0 to 150 ms after stimulus presentation) was

determined by averaged area-under-the-curve measurements after being referenced to a baseline

of pre-stimulus gamma (300 to 100 ms prior to stimulus onset). Values are reported in

microvolts squared and represent the cumulative total value for all 64 sample points within the

128 ms window, thus the average area-under-the-curve measurement will be the average power
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of an FFT window within the evoked gamma timeframe. Effects were judged as significant with

an alpha level below 0.05.

The within-subject variables, Anterior/Posterior and Laterality, reference specific brain

regions. The Anterior/Posterior dimension variable was incorporated into the analysis to

measure a change in the evoked gamma response between frontal (sites: F3, Fz, F4), central

(sites: C3, Cz, C4) and parietal (sites: P3, Pz, P4) regions. The Laterality variable was

incorporated into the analysis to measure a change in the evoked gamma response between the

left hemisphere (sites: F3, C3, P3), the midline region (sites: Fz, Cz, Pz), and the right

hemisphere (sites: F4, C4, P4). Together they provide a topographical map ofthe response.

Refer to Figure 2.3 for a diagrammatic representation of the scalp electrodes involved in the

regional analyses.

With respect to evaluating the effect of having a distracter task, the additional variable

task was used to compare the differences between the single-task and the dual-task. The data for

each condition were processed separately, and then a combined analysis was done which

included data for both tasks and all of the variables already detailed, but with the addition ofthe

task variable. For this final analysis only main effects and interactions containing the task

variable were important. Table 2.2 provides a description of all relevant within- and between-

subject independent variables. As previously stated, results from studies of the evoked gamma

response in children have been inconsistent with the results from studies with adults; thus in

order that any developmental effects not be clouded or overshadowed by the results for the

adults, after an overall general analysis, the data from adults and children were divided into two

separate analysis. This also allowed for a comparison between the results of this study and the

majorities of studies published on auditory evoked gamma.
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Results

Evoked Gamma Powerfor the Single-Task Condition

Genera! Analysis. The first evoked gamma power analysis of the single-task data

included all participants in the data set, and divided brain regions along an anterior/posterior

dimension, as well as a laterality dimension. The anterior/posterior effect was highly reliable, F

(2, 191) = 18.08,/? < .001 (see Figure 2.4).

As indicated in Figure 2.4, the majority of the evoked gamma response was localized to

the frontal region. When the intercept was examined in a separate analysis of the frontal region

only, results indicated a significant overall increase in gamma power, F(i, 191) =18.67,/? < .001,

M= 23.40, SE = 5.42. The frontal region also showed a main effect of category, F (2, 191)
= 3.15,

/? = .05, (see Figure 2.5), such that the novel stimuli produced the largest increase followed by

targets, and fmally non-targets. This category effect was confirmed to be primarily due to the

inclusion of the novel category, running the same analysis v^thout the novel category, produced

no significant effect of stimulus category.

Age-Based Analysis. As v^th the entire subject pool, the adult sub-population registered

a larger evoked gamma response at frontal sites {M= 33.76, SE = 10.24), compared to either

central (M= 5.79, SE = 6.64) or parietal sites (M= -9.42, SE = 7.67), F(2, 27) = 10.57,/? < .001

.

Another main effect found was for stimulus category, F (2, 27)
= 3.61,/? = .038, indicating that

non-targets (M= 14.21, SE = 7.10) and targets {M= -11.59, SE = 13.03) produced less of an

increase in gamma power when compared to novel stimuli {M= 27.51, SE = 10.76).

To be able to compare the effect of stimulus category on a standard oddball with the main

effect of stimulus category found on the novelty oddball, the previous analysis was carried out
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with targets and non-targets only. When the novel stimuli were removed, the main effect of

category was no longer significant, F( 1,27) = 3.26,/? = .083.

Unlike the adults, category was not a significant variable for the children. However, they

showed a similar pattern of anterior posterior differences, F (2, i64)
= 10.97,/? < .001, such that

frontal sites (M= 19.77, SE = 5.87) were higher in gamma power than both central {M=\ .57, SE

= 4.57) and parietal sites (M= -6.00, SE = 4.77). There was also a three-way interaction between

category, anterior/posterior, and laterality, F (g, i64) = 2.62, p = .025, (see Figure 2.6). This three-

way interaction may be due to a large increase in gamma at the right fi-ontal site for novel

stimuli. A post-hoc analysis confirmed that the interaction remained significant, F(8. 157)
= 2.74,

p = .020, even when outliers (participants with scores which differed more than three standard

deviations above or below the mean) were removed from the calculation ofthe right fi-ontal

novel response. Thus, confirming that finding of the right frontal hemisphere registering the

largest increase in evoked gamma to a novel stimulus is not due to deviant responding.

Evoked Gamma Powerfor the Dual-Task Condition

Dual-Task General Analysis. The first evoked gamma power analysis on the dual-task

data was carried out on all participants. There were no significant main effects of either the

between-subject variables or within-subject variables. There were, however, two three-way

interactions. The first was between age category, gender, and the anterior/posterior dimension, F

(8.191) = 2.17,/? = .042 (see Figure 2.7). However, no discemable developmental pattern was

evident fi-om a visual inspection, thus this interaction was not investigated fiirther. The second

three-way interaction was between gender, the anterior/posterior dimension, and laterality, F

(4,191) = 3.01,p = .027 (see Figure 2.8). Since both of the interactions in the dual-task general
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analysis involved gender, sub-populations of male and females were analyzed separately. For

male participants there were no significant main effects or interactions. For female participants

there was a two-way interaction between the anterior/posterior dimension and laterality, F (4,1 ig)

= 2.88,/?= 0.035. Of interest was the left/right reversal of mean evoked gamma in the frontal

compared to the parietal region, as can be seen by reviewing the female data in Figure 2.8. For

the frontal region the power of the gamma response increased from left to right, where as the

parietal gamma response increased from right to left.

Dual-Task Age-Based Analysis. An analysis of the evoked time-window for the dual-task

adult group did not generate any significant findings.

When the dual-task data for the children were analysed there were no significant main

effects. However, there was a significant interaction of anterior/posterior by gender by laterality,

F (4, 164) = 3.68,/?= 0.013; the effects mirror the findings discussed in the general analysis of the

dual-task data.

Task Comparison

Once the data on the single-task and the dual-task were analyzed separately, all data were

combined into one analysis in order to determine the effect of task on the evoked gamma power

response. The resulting ANOVA was a 2 (Task) x 3 (Anterior/Posterior) x 3 (Laterality) x 3

(Stimulus Category) x 2 (Gender) x 5 (Age Category) mixed design, with repeated measures on

the first 4 factors. When all participants were included, a two-way interaction between task and

the anterior/posterior dimension emerged, F (2,191)
= 7.l6,p = .003. As can be seen in Figure 2.9,

in the single-task there is a large difference between frontal site and parietal sites; the addition of

another task serves to diminish that difference as in the dual-task condition.
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Discussion

In the present study developmental EEG gamma activity was investigated in two

modified versions of the standard auditory oddball task. In the Auditory Novelty Oddball, in

addition to target and non-target auditory stimuli, task-irrelevant unique novel stimuli were

presented. The inclusion of the novel stimuli allowed for the investigation of both goal-directed

attention (target processing) and stimulus-driven attention (novelty processing). In the dual-task

Auditory Novelty Oddball, the attentional system was further challenged by the addition of a

secondary distracter task, which allowed for an investigation into the effects of divided attention.

The main objective of this section of our larger study was to clarify the factors which

play a part in determining the power of the early evoked gamma response, defined as any gamma

response, that differs from pre-stimulus baseline gamma occurring within to 150 ms after

stimulus onset. As predicted, a significantly enhanced evoked gamma band response (GBR) was

observed and localized to the frontal region. Within this region, the GBR was differentiated by

stimulus category, such that novel stimuli produced the largest increase followed by targets and

finally non-targets. The effect of stimulus category on the GBR, however, can be attributed

primarily to the inclusion of the novel stimulus. The addition of a secondary distracter task

served only to eliminate the frontal GBR, and any other significant main effects.

To date, most of the research on auditory gamma has focused primarily on adults. Data

from studies which looked at the evoked gamma response in children, were not entirely

consistent with data from studies on adults. In order that any developmental effects in children

not be overshadowed by the inclusion of adult data, after we conducted a general analysis, adult

and child data were analysed separately. This also allowed for a comparison between the results
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of this study and the majority of studies published on auditory evoked gamma. When we

investigated our adult population our results were identical to the general analysis. Our adult

population showed an increase in gamma during the evoked timeframe, which was maximal at

frontal electrode sites. Once again, stimulus category affected the GBR, but this was due to the

inclusion of the novel stimulus category, which generated the largest GBR. When examining the

children's data, an interesting interaction was observed. As with the overall analysis, the

children showed an increase in evoked gamma for all stimulus categories. However not only did

the novel stimulus produce the largest GBR, but this increase over and above targets and non-

targets could now be attributed primarily to an increase in the right frontal hemisphere.

The results of our investigation are by and large consistent with what is generally found

in the literature. Most researchers who study auditory gamma (Debener et al., 2003; Fell,

Fernandez et al., 2003; Haig et al., 1999; Tiitmen et al., 1997; Yordanova et al., 2002) would

agree that there is an evoked frontal GBR to auditory stimuli within 150 ms of stimulus onset.

As to the role of attention, in accordance with Tiitinen's position, the early evoked

response was observed to be sensitive to focused attention. In Tiitinen's studies, attended stimuli

increased the GBR compared to unattended or ignored stimuli. When stimuli were repeated, thus

reducing their novelty, the GBR was also reduced, especially in the frontal lobe. In our study

when attention was diverted away from the primary task by the addition of a secondary task,

frontal GBR was also reduced. This is in direct contradiction to Karakas and Basar (1998), who

claimed that the response did not vary with experimental condition, meaning that whether or not

the subjects attended the stimuli, the same response was always obtained.

On the topic of cognitive stimulus features, our results were again generally consistent

with Tiitinen (1997), Karakas (1998), and Fell (1997), showing that early evoked gamma activity



'Mit.



41

did not differentiate between targets and non-targets. This result conflicts with Yordanova's

evidence, which showed that in children, frontal gamma in an auditory oddball task was larger

for targets than for non-targets (Yordanova et al., 2000; Yordanova et al., 2002). Nevertheless,

while goal-directed task features (comparing targets vs. non-targets) did not influence the GBR,

increasing the saliency of the stimulus did increase the GBR (novels vs. targets and non-targets).

One confound of this finding is that the physical properties of the novel tones were different

from those of the target and non-target tones. The target and non-target stimuli were pure tones,

while the novel stimuli were sliding tones. Therefore, the increase in the evoked GBR may be

due to the increasing complexity ofthe physical properties of the tone rather than just the novelty

factor. However, Stefan Debener used a novelty oddball task where the novelty tones were

environmental sounds and the target and standard stimuli were pure tones. In his study there was

no significant difference between novel stimuli and non-targets, while target stimuli had

significantly higher early evoked gamma. Based on these results, one could argue against the

notion that increasing the complexity of the stimulus would account for the increased in the

evoked GBR. Debener also attributed his observed increase in gamma to targets as evidence of

top-down attentional processing since target processing demands top-down attentional selection

and the response to a novel stimulus can be characterized as bottom-up information processing,

which is controlled by sensory input. Our results challenge this conclusion, since the novel

stimuli produce the largest GBR. Moreover, our results were consistent for both adults and

children, thus the difference between Debener' s observations and ours could not be due to a

difference in age.

Our observations did not reveal any significant effects of developmental maturation; the

evoked GBR remained consistent across the age groups included in this study. This was in
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harmony with the only other research group to study children. Yordanova's research team also

concluded that evoked gamma power did not vary with age (Yordanova et al., 2002). One

interesting though perplexing parallel between the results of our study and Yordoanova's

findmgs is the evoked GBR at the right frontal location (F4). In her study, the gamma band

power response, in children of all ages, was larger to unattended stimuli compared with attended

stimuli. In our study, the GBR to novel stimuli was comparable to target and non-target stimuli

over the left hemisphere and midline regions of the frontal sites, but it was significantly greater

across at the right frontal site. In both Yordoanova's study and ours the task was to ignore a

certain set of stimuli, yet these stimuli registered the largest GBRs, but only in the right frontal

region. One possible conclusion is to interpret Yordoanova' unattended stimuli as "novel" or un-

learned stimuli, which is could then be seen as cognitively similar to our novel stimuli.

According to Goldberg and Costa (Goldberg & Costa, 1981), the right hemisphere has a greater

neuronal capacity to deal with informational complexity, has a greater ability to process many

modes of representation within a single cognitive task, and is characterized by greater areas of

associative cortex. As such, novel tasks are initially processed with higher right than left

hemisphere control. When novel tasks become more routine there is a right-to-left shift of the

relative hemispheral control over the cognitive skills necessary for the task. Ifthe processing of

both our novel stimuli, and Yordoanova's unattended (thus unlearned) stimuli, are considered a

learning process, that would explain the greater right frontal GBR that was observed.

In sunmiary, the aim of this section of the larger study was to add to the body of

knowledge on the subject of evoked gamma power in hopes of elucidating the role of attention,

cognitive stimulus features, and developmental maturation. To this end we have shown that

attention and cognitive stimulus features are both integral in determining the evoked GBR, and
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further, that there is no change in the nature ofthe response due to developmental maturation

from childhood to early adulthood.
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CHAPTER 3: THE INDUCED GAMMA RESPONSE - GAMMA POWER

The first chapter of this thesis covered the evoked gamma response. An increase in

evoked gamma power was observed in the frontal brain region within the first 150 ms of an

auditory stimulus presentation. This response was shown to be sensitive to novelty stimuli, and

did not vary with developmental maturation. In the current chapter, we investigate the induced

gamma power response.

The History ofInduced Gamma

Induced gamma is defined as gamma activity loosely or not at all phase-locked to the

onset of a stimulus. The term "loosely" is used because, unlike the evoked gamma response,

which is phase-locked to the onset of the stimulus, the induced response appears at varying

latencies and is thus said to be either not phase-locked, or only "loosely" phase-locked, to the

stimuli. One consequence of this is that when a number ofERP epochs are averaged together

using conventional methods, the induced gamma response will be obscured. Figure 3.1 provides

a visual representation of the difference between the evoked gamma response and the induced

gamma response. In addition, it also illustrates what happens to the induced response when

traditional averaging techniques are used. Our solution to this problem will be discussed in the

methodology section of this chapter.

Early investigations ofgamma responses to auditory stimuli focused primarily on the

evoked gamma response with little mention of the induced gamma response. The first report of

an induced gamma response was by Bertrand, Tallon-Baudry, and Pemier (1996). They used a

passive listening paradigm (tone-burst stimuli) that elicited a large non-phase locked "induced"
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component consisting of a reduction or "desynchronization" (0-150 ms) followed by an increase

(150-300 ms) of ganmia-band activity compared to the pre-stimulus baseline.

In the auditory oddball paradigm (the primary focus of this study), the role of the subject

is more active in that he/she must differentiate between two distinct stimuli, one being a rare

**target" and the other a frequent "non-target/standard." Several researchers have noted a

reduction of cortical induced gamma in the time range corresponding to the P3 component in the

auditory oddball task (Fell et al., 1997; Fell, Klaver et al., 2003; Herrmann & Knight, 2001).

Fell found a decrease of induced gamma activity from stimulus onset to the time period of the P3

window for both targets and non-targets. However, at the P3 time period (260-380ms), induced

activity recovered to baseline levels for the non-targets but remained significantly reduced for

the target trials (Fell et al., 1997). Fell theorized that this decrease in gamma may be caused by a

decrease in excitability of neurons that support gamma production due to cortical "dampening"

or threshold regulation associated with slow wave components like the P3. However, as with

evoked gamma, there is considerable controversy. There are those who claim that there is no late

discemable induced gamma response in the auditory oddball (Debener et al., 2003; Karakas &

Basar, 1998; Tiitinen et al., 1997), while others report an increase in gamma during the time

period of the P3 (Gurtubay et al., 2001; Haig, Gordon, De Pascalis et al., 2000; Lee et al., 2001).

Haig discovered a peak in gamma activity around 350 ms most prominently at the Pz site

in correctly identified targets (Haig et al., 1999). In another study ofgamma activity in

schizophrenia, he showed that concurrent with diminished P3 amplitudes, schizophrenics also

showed smaller later induced gamma responses (200-400 ms after stimulus onset) while there

were no differences, when compared to controls, in the early evoked gamma responses for both

targets and non-targets (Haig, Gordon, De Pascalis et al., 2000). If Fell's theory is correct, and
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the P3 ERP component occurrence is dependent on cortical "dampening," which would account

for decreased gamma amplitude, then a reduced P3 response would result in higher gamma, not a

reduced gamma response.

In his 1997 study. Fell points out that other researchers report enhanced gamma activity

during movement preparation and execution, such as while making a response in target trials. In

his study Fell asked subjects to merely count the target trials, while Haig asked subjects to

respond with a button press. However, Gurtubay also found a significant increase in amplitude

of later gamma responses (approx. 350 ms) for targets as compared to non-targets, and he had his

subjects count targets (Gurtubay et al., 2001). Thus, movement preparation and execution alone

are unlikely to account for the differing findings.

To complicate things further, Lee and colleagues conducted a study ofgamma and phasic

arousal and found a differentiation in the induced gamma response within a stimulus group (Lee

et al., 2001). They used skin conductance responses to separate trials in an auditory oddball into

novel trials and "routinization" trials. They reasoned that stimuli that were novel to the subject

were also arousing, and furthermore, that arousal would be reflected in high skin conductance

responses. Subsequently, as the stimuli became more routine the arousal level of the subject

decreased, leading to lower skin conductance responses. They determined that the first 4 target

trials reflected novelty processing because skin conductance responses were high. The other 36

of the 40 target trials reflected routinization processing as skin conductance responses decreased

with increased habituation to the stimuli. Interestingly, novelty processing produced higher

amplitude late gamma (200-600 ms) responses, even though all trials were targets and a response

was always required.
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Given the results reported above, it can be concluded that many, though not all,

researchers attest to the existence of a later induced gamma response when studying auditory

stimuli. Further, they agree, for the most part, that this response is modulated by cognitive

stimulus features. However, there is no clear consensus as to the direction of the response with

regards to specific task features such as "targetness."

It should be noted that all the above studies consisted of adult populations only. Juliana

Yordanova and colleagues, who have studied the gamma response in children to an auditory

oddball, did not report any induced gamma findings.

The Current Investigation: Induced Gamma Power

The main objective of the following analyses is to examine the factors that may play a

part in determining the power of the induced gamma response. An induced gamma response

occurs after the evoked gamma response, and may be linked to the time course of the P3 ERP

component (Fell, Fernandez et al., 2003; Gurtubay et al., 2001; Haig, Gordon, De Pascalis et al.,

2000; Karakas & Basar, 1998; Tiitinen et al., 1997). We defined the induced gamma response as

any ganmia activity occurring between 250 to 750 ms after stimulus onset that differs

significantly from a baseline level (300 to 100 ms prior to stimulus onset).

As indicated in the previous review of the literature on the induced gamma response and

the auditory oddball, there exist debates concerning the role of attention, cognitive stimulus

features, the direction ofthe response (whether positive or negative), and, in fact, the very

existence of the response itself. In addition, there are no known published data on the induced

response in children.
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Hypotheses

Because there is little known about the developmental course of the induced gamma

response and what is known about the response in adults is constantly under debate, our analyses

were as much exploratory as theory driven. That being said, we anticipated some effects of age,

stimulus category and region of activation.

Materials and Methods

For details on participants, testing and statistical procedures, please refer to chapter 2.

Results

Induced Gamma Powerfor the Single-Task Condition

General Analysis. The first induced gamma power analysis of the single-task data

included all participants in the data set. There was a significant main effect of the

anterior/posterior dimension, F (2,191)
= 6.78,/? = .001, (see Figure 3.2), demonstrating an

increase in induced gamma power over the parietal scalp region and a drop in induced gamma

power over the frontal and central scalp regions. There was also a main effect of stimulus

category, F (2.191)
= 5.42,p = .005, (see Figure 3.3), such that non-target and target stimuli

produced an overall increase in induced gamma power, whereas novel stimuli elicited a drop in

induced gamma below baseline. These two main effects were superseded by an interaction

between stimulus category and the anterior/posterior dimension, F (4.191 )
= 4.42,/? = .006, (see

Figure 3.4). Ror the frontal and central regions, non-target stimuli produced a slight increase in

gamma power, targets produced a slight decrease, and novels produced a large decrease, as

compared to baseline. However, at the parietal region, targets instead ofproducing a slight
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decrease actually generate a large increase in gamma such that the overall amount exceeds that

produced by non-targets.

In general, prior studies of auditory oddball effects on the gamma band response exclude

the novel stimulus category; thus, to compare the finding of a main effect of category with what

is typically reported in the literature, an analysis was carried out using only targets and non-

targets. This analysis also confirmed an interaction between the anterior/posterior dimension and

stimulus category, F (2,191)
= 3.93,/? = .030, while both targets and non-targets displayed an

increased induced gamma response from frontal to posterior regions, the increase was greater for

targets than non-targets.

In the initial general analysis, two additional three-way interactions were present, a three-

way interaction of category by anterior/posterior by laterality, F (4,191)= 2.62,/? = .034, and

another three-way interaction of anterior/posterior x laterality x gender, F (8,191)
= 3.39,/? = .027.

In an attempt to clarify these interactions, separate post-hoc ANOVAs were carried out at each

anterior/posterior region (frontal, central, and parietal). When only frontal electrode sites were

included in the analysis, there was a two-way interaction between gender and laterality, F (2, 191)

= 4.08,/? = .025. Females showed a higher induced gamma power response than males in the

left hemisphere, equal response at the midline region, but a lower response than males in the

right hemisphere. Since, neither the central nor parietal regions showed an interaction between

laterality and gender, the frontal results would account for the three-way interaction of

anterior/posterior x laterality x gender. However, when the data for the children and adults were

examined separately, no interaction of anterior/posterior by laterality by gender was apparent;

thus, the above interaction might be a spurious result ofcombining adult and child data. Both

central and parietal regions showed a main effect of stimulus category (respectively, Fcentrai (2, i9i)
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= 5.44,/? = .005; Fparietai (2. 191) = 7.41,/? < .001); however, only the parietal region exhibited an

interaction of category by laterality, F (4. 191) = 4.20,/? = .007, (see Figure 3.5), thus accounting

for the three-way interaction of category by anterior/posterior by laterality. The two-way

interaction at the parietal sites reveals that the right hemisphere was sensitive to cognitive

stimulus features, differentiating between repetitive standard stimuli and those which have

increased saliency due to rarity and novelty. For non-targets, that is stimuli that are considered

standard repetitive stimuli, there appears to be no difference between hemispheres and the

midline region. For targets and novel stimuli, however, the right hemisphere magnifies the effect

of the stimulus such that targets generate a greater positive response, and novel stimuli generates

a greater negative response.

Age-Based Analysis. When the adult population was examined in a separate analysis

there were no significant main effects or interactions. The child data mirrored the findings in the

general analysis in that they showed main effects of category, F (2, i64) = 7.23,/? = .001, and the

anterior/posterior dimension, F (2, 1 64)
= 5. 15,/? = . 010, as well as a two-way interaction between

category and anterior/posterior, F (4, 154)
= 6.42,/? = .001, and a three-way interaction between

category, anterior/posterior, and laterality, F (8, i64)
= 3.00,/? = .020. Neither age category nor

gender proved to be have an effect on induced gamma.

Induced Gamma Powerfor the Dual-Task Conditon

Dual-task General Analysis. For the dual-task condition, when all participants were

included in the analysis, the anterior/posterior dimension was significant, F (2. 191) = 8.76,/? <

.001 ,( see Figure 3.6). As in the single task condition, a decrease in gamma power was observed

over frontal and central scalp sites, while an increase in gamma was observed at the parietal sites.



,n''

•:i



51

An interaction of category x anterior/posterior, F (4, 191)
= 2.88,/? = .043, ( see Figure 3.7) display

the same increase in gamma power to targets at parietal sites that was seen in the single task

condition. A three-way interaction of anterior/posterior x laterality x gender, F (4, 191)
= 723, p =

.031, was also present. To clarify this interaction each region within the anterior/posterior

dimension was run as a separate analysis. At the frontal region a main effect of gender F (2, 191)
=

4.09,/? = .024, was found, such that male participants (M= -28.28, SE = -8.04) experienced a

greater decrease in induced gamma from baseline than female participants (M= -7.42, SE =

6.25). Neither the central nor parietal regions produced an interaction of gender by laterality;

however, the central region did show a three-way interaction ofage by stimulus category by

gender, F (8, 191)= 2.92,/? = .006 (see Figure 3.8). As there were no discemable developmental

trends, this interaction was not investigated further.

Dual-Task Age-Based Analysis. For the adult population there were again no significant

main effects or interactions. For the child population, the anterior/posterior dimension

maintained significance, F (2, i64) = 7.03,/? = .003, as did the three-way interaction between

gender, anterior/posterior, and laterality, F (g, 1 64) = 4.12,/? = .01 1. The only substantial change

from the dual-task general analysis was that there was no interaction of category by

anterior/posterior; however, the stimulus category variable did approached significance, F (2, i64)

= 2.98,/? = .056.

Once again to clarify the interaction between the anterior/posterior dimension, laterality,

and gender, each anterior/posterior region was run as a separate analysis. The analysis of the

frontal region in children did yield an interaction of laterality x gender, F (2. i64) = 4.09,/? = .024,

(see Figure 3.9). It also garnered an interaction of category x gender, F(2, 191)= 3.86,/? = .026,

(see Figure 3.10). Both interactions showed that females were for the most part equal in their
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gamma power response to males; where they were higher than their male counterparts were for

target stimuli, and the response within the right hemisphere. Neither the central nor parietal

regions produced an interaction of gender by laterality; however, the central region did maintain

the previously discussed three-way interaction of age by stimulus category by gender, F (6, i64)
=

3.50,p = .004.

Task Comparison Analysis

Once the data on the single-task and the dual-task were analyzed separately, all data were

combined into one analysis in order to determine the effect of task on the induced gamma power

response. The resulting ANOVA was a 2 (Task) x 3 (Anterior/Posterior) x 3 (Laterality) x 3

(Stimulus Category) x 2 (Gender) x 5 (Age Category) mixed design, with repeated measures on

the first 4 factors. There was only one interaction in which task played a factor, and that was a

four-way interaction between task, anterior/posterior, laterality, and gender, F(4, 191)
= 5.1 1,/? =

.005; unfortunately the implications of this interaction could not be ascertained. In general, by

visual inspection of Figures 3.4 and 3.7, adding a distracter task did not change the relative

outcomes of stimulus category on regional induced gamma responses; rather it produced an

overall decrease in the power of the response.

Discussion

In the present study developmental EEG gamma activity was investigated in two

modified versions of the standard auditory oddball task. In the first task, the Auditory Novelty

Oddball, in addition to target and non-target auditory stimuli, task-irrelevant unique "novel"

stimuli were presented. The inclusion of the novel stimuli to the conventional oddball task

allows for the investigation of both goal-directed attention (target processing) and stimulus-
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driven attention (novelty processing). In the second task, the dual-task Auditory Novelty

Oddball, the attentional system was further challenged by the addition of a secondary distracter

task, and allowed for an investigation into the effects of divided attention.

The main objective of this subsection of our larger study was to clarify the factors which

play a part in determining the power ofthe induced gamma response, defined as any gamma

response, which differs fi-om pre-stimulus baseline gamma, occurring between 250 to 750 ms

after stimulus onset. Our focus included establishing the occurrence of an induced power

response, determining the role of attention and cognitive stimulus features (e.g. "targetness") on

the response, as well as charting developmental and gender effects.

Our results verified the existence of an induced gamma power response; however support

for this evidence is primarily due to our child population. Our adults did not generate any

significant findings in either the single-task or dual-task condition when they were examined as a

separate subpopulation. That being stated, in a general analysis of all participants, we were able

to determine that task-dependent cognitive stimulus properties are crucial in determining the

induced gamma band response (iGBR). In both the single and dual-task condition, regional

iGBRs were manipulated by stimulus category type. For fi-ontal and central regions, the amount

of gamma present was greatest for non-target, then targets, and finally novel stimuli. However,

the posterior parietal region exhibited the largest iGBR to targets. It should be noted that the

above findings do not fiilly describe the iGBRs relative to the baseline measure. Novel stimuli,

in all regions, always generated a iGBR that was significantly below baseline. Target stimuli

always generated a positive iGBR in the parietal region, and a negative response in the fi"ontal

and central regions; this was independent ofwhether our participants were primarily focused on

the task at hand or performing the divided attention task.
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Without the distraction of a secondary task, an interesting hemispheric distinction was

found. Our resuhs showed that the effect of target and novel stimuli is magnified over the right

parietal region. Targets generated a greater positive response at right parietal sites as compared

to the left parietal and midline regions. Novels generated a greater negative response in the right

parietal region as compared to the left parietal and midline regions. Both target and novel

stimuli have increased salience, targets because of the nature of the task (participants are on

constant lookout), and novels because they are unexpected and weird, and designed to draw

attention. From our results, we can conclude that the right parietal sites are especially sensitive

to differentiating the source of saliency, more so than the left parietal or midline sites. Saliency

in the form of novelty caused a decrease in gamma power while increased saliency due to goal-

directed processing (processing of target stimuli) produced an increase in power.

In general, dividing a participant's attention by adding a distracter task did not change the

relative effects of stimulus category on regional GBRs, rather it produced an overall decrease in

the power of the GBRs. The inclusion of a secondary distracter task however, did prove usefiil

in unmasking gender differences in children. Gender differences were localized to the frontal

region. More specifically at the right frontal region, and in response to target stimuli, boys had

dramatically lower levels ofgamma power than girls. It is well established that executive

functions, such as dual-task performance, selective attention, and task switching, associated with

the prefrontal cortex are relatively late to mature, implying that the frontal lobe themselves

continues to develop well into adolescence (Segalowitz & Davies, 2004). Thus, in our divided

attention condition when we stress the functional capacity of the frontal lobes, the gender

differences we find might be the result maturational differences in perceptual processing usually

associated with boys and girls.
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The main objective of this subsection of our larger study was to clarify the factors which

play a part in determining the power of the induced ganmia response, hi addition we attempted

to aid in the resolution of debates within the previous literature concerning the existence of the

induce gamma response to auditory stimuli, role of attention and cognitive stimulus features on

this response, the direction of the response (whether positive or negative), and the effect of

developmental maturation. To that end, our data were paradoxically able to remain consistent

with most of the seemingly contradictory published research on induced gamma. We were in

fact unable to establish the presence on an induced gamma response in our adult population.

This is consistent with studies by Tiitinen and colleagues (1997), Karakas and Basar (1998), and

Debener (2003). However, it should be noted that our adult subpopulation pool consisted of only

27 subjects, as opposed to our children subpopulation which numbered 164. In our general

population (combination of adults and children), we did establish the existence of an induced

gamma power response. However, the direction of that response was determined by the

cognitive properties of the stimulus (such as novelty, and "targetness"). In the previous literature

several researchers have noted a reduction of cortical induced gamma in the time range

corresponding to the P3 component in the auditory oddball task (Fell, Fernandez et al., 2003; Fell

et al., 1997; Herrmann & Knight, 2001). We also noted a decrease, however it was not a general

decrease and was only evident for frontal and central sites. At parietal sites we noted an increase

in gamma power for targets and a slight increase for non-targets, but a decrease for novel stimuli.

This is consistent with works by Haig (1999) and Gurtubay et. al.(2001) in which they report

increases in late gamma activity (around 350 ms) at parietal sites to targets. A major difference

between our results and reports in the literature concerns the effect of novelty. Lee and

colleagues (2001) reported that novelty processing produced higher amplitude late gamma (200-
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600 ms) responses. Our finding directly contradict this statement; in all brain regions throughout

both task conditions we found that novelty processing produces a decrease in induced gamma

power. The most likely explanation for this difference in results is related to the definition of a

"novel" stimulus. For Lee, a novel stimulus was one that was novel to the subject in that it

produced high GSR readings but it was not physically different from the standard stimulus (same

stimulus type, same auditory frequency). In our study, novelty was defined by both rarity and

the physical properties of the stimulus. Our novel tones were both non-repeating and changed in

frequency as opposed to our standard and target tone which were repetitions of a specific pure

tone.
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CHAPTER 4: THE EVOKED GAMMA RESPONSE - GAMMA SYNCHRONY

Chapters 2 and 3 of the current report detail our investigation ofgamma responses to

auditory stimuli, focusing on changes in the magnitude of the early and late gamma responses

(i.e., the overall increase or decrease in the power ofgamma being produced a specific cortical

brain region within a specific timeframe). The power of these responses was shown to vary with

the cognitive properties of a stimulus and regions of activation. The possibility also exists that

perceptual processing not only uses the rate of neuronal firing, regional activation, and number

of active neurons, but may also use the pattern of firing. For example, in animal studies, honey

bees who are trained to recognize odours can no longer do so if the synchrony of the firing

neurons is disrupted, although the firing rate of each active neuron remains constant (Haig,

Gordon, Wright et al., 2000).

Therefore, in addition to investigating gamma oscillations using changes in power, we

also examined changes in the synchrony of gamma oscillations. Our goal was to ascertain

whether changes in gamma power and changes in gamma synchrony reflect different perceptual

processing. Ifwe looked at the gamma power response and the phase synchrony response within

the same timeframes and find that power changes are not in accord with synchrony changes, then

we may be able to infer that they do indeed reflect different processing mechanisms.

Phase synchrony can be understood as neuronal groups that are oscillating in the same

frequency range and are also phase-locked at a particular time. Figure 4.1 provides a

diagrammatic representation of the difference between hypothetical EEG waves with high phase

synchrony and with low phase synchrony. Phase-synchronised neural assemblies fire action

potentials in a highly time-locked manner. When those potentials are propagated to a common

target neuron, they elevate the membrane potential above firing thresholds. This would not
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occur for incoming action potentials that are not time locked. In this manner, lower-order

sensory areas can affect higher-order areas or vice versa (Fell, Klaver et al., 2003). If this is the

case, it would strongly reinforce the claim that gamma phase synchrony is indeed the solution to

the "binding" problem.

Haig proposed a method for assessing phase synchrony (Haig, 2002). According to Haig,

the analysis of phase angle measurements is difficult because these measures are non-Euclidean.

He proposed a method for computing circular variance, a measure ofhow close a set of angular

measurements are. The smaller the variance, the closer the angles are to one another. The

calculation of gamma phase synchrony originates with a phase value ascertained by a Fast

Fourier Transformation (FFT). The phase value is an angular measurement, which can be

compared to phase values of other electrodes within the same region. Therefore, if a group of

electrode sites has a small variance within the examined gamma range, it means that the

oscillations in that region are tightly phase-locked or synchronous. In his analysis, Haig defined

phase synchrony as one minus the angular variance. Thus, ifphase synchrony is high, it is

because the angular variance was low.

In the current chapter, our objective is to revisit the early evoked gamma response to an

auditory stimulus, but to look for changes in phase synchrony as the dependent measure rather

than just changes in gamma power.

The History ofEvoked Gamma Synchrony

As with the previously discussed works on gamma amplitude, research on gamma phase

synchrony has focussed on early and late time windows. Gamma responses within the early time
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window (approximately at the time of stimulus onset) have been dubbed "Evoked Gamma

Responses" (review chapter 2 for a more detailed explanation of the evoked gamma response).

Most of the work on gamma synchrony has been done in the visual modality, but there

are a few researchers investigating synchronous cortical ganuna using the auditory oddball. Haig

and colleagues published a paper where they report investigating regions of synchronicity in the

auditory oddball paradigm (Haig, Gordon, Wright et al., 2000). Slewa-Younan and colleagues

also published a paper on gamma synchrony and the auditory oddball, collecting data from

controls and patients with traumatic brain injury (TBI) (Slewa-Younan et al., 2002).

Within an early time window (-100 ms to 100 ms from stimulus onset), Haig (2000)

noted a significant global increase in gamma phase synchrony for both target and non-target

tones. However, when synchrony was examined along a frontal-parietal dimension, only the

centro-temporal region showed an increase (not frontal or parieto-occipital regions). It should be

noted that the centro-temporal region consisted of electrode sites closest to the auditory cortex.

When the data were then re-analysed along regions of lateral synchrony, only the left hemisphere

registered the significant increase (not right or midline).

Slewa-Younan (2002) also found an increase in early gamma synchrony for targets (non-

targets were not analysed). In patients with TBI, the early gamma synchrony response occurred

at a later time period compared to the controls. Also, in the left hemisphere and posterior region

there was a reduction in total gamma synchrony compared to controls. These findings of Slewa-

Younan and colleagues may be particularly provocative because of the consistent early gamma

deficits noted in the left hemisphere, an area associated with auditory language processing.

Slewa-Younan speculated that the observed deficit in the left hemisphere may be linked to a key

impairment observed in TBI patients, that is, a deficit in speed of information processing. If
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gamma phase synchrony is integral to the "binding" process in perception, it will affect how

quickly the brain is able to process information. Consequently, observed deficits in early gamma

synchrony over the auditory cortex may be linked to an impaired ability to quickly and

efficiently process auditory stimuli in TBI patients.

One other group to add to the literature on the early synchronization response is Juliana

Yordanova and colleagues. As noted in earlier chapters, they are the only research group to

publish findings concerning the gamma response in children to an auditory oddball. They

initially conducted a preliminary study of 14 boys, ages 9 to 12 (Yordanova et al., 2000). Target

and non-target tones were randomly presented to the right or left ear. Subjects were instructed to

respond to targets in only one ear while ignoring stimuli in the other ear. The researchers

reported increased gamma synchrony within the early evoked gamma time period (120ms) at

central and frontal sites. Yordanova found that synchrony were influenced by stimulus features;

targets were more synchronous than non-targets. Attention did not play a factor as the responses

did not vary depending on if the stimuli were attended or ignored. Yordanova later replicated

her previous study, but this time employed 1 14 children, ages 9 to 16 (Yordanova et al., 2002).

Like in the previous study, phase synchrony was better at central sites. A major difference

between her two studies was the discovery that attention did indeed affect the evoked gamma

response. At the left parietal location (electrode P3), there was a significant interaction of

attention with age. In 9-12 year olds, phase synchrony was higher to unattended relative to

attended stimuli, but for 14-16 year olds this effect was reversed, whereby attended stimuli

produced greater synchronized gamma responses than did the unattended ones. Similar to the

previous study, the researchers reported a modulation ofgamma by cognitive stimulus features.
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which had an interaction with age. In all age groups, at the left frontal location (F3), targets were

found to elicit more synchronous responses than non-targets.

In the course of collecting normative data on children from the two previously discussed

studies, Yordanova and colleagues also collected data on a cohort of children with attention

deficit-hyperactivity disorder (Yordanova et al., 2001). The most intriguing finding was that

while there was a lack of differentiation in gamma amplitude responses between children with

ADHD and a control group, children with ADHD had significantly larger early phase synchrony

responses for all stimulus conditions compared to children in the control group.

The Current Investigation: Evoked Gamma Synchrony

The main objective of this portion of our larger study was to examine the phase

synchrony of the early evoked gamma response. Evoked gamma synchrony was defined as the

synchronous activity for a specific brain region (consisting of three electrode sites), within the

evoked gamma window (0 to 150 ms after stimulus presentation), relative to the synchrony of the

same region during a baseline period (300 to 100 ms prior to stimulus onset).

Hypotheses

As before, we examined five variables which included the age of the participant (divided

into 5 age ranges), the category of the stimulus (target, non-target, and novel), cortical brain

region, gender and experimental task (single verses dual-task).

From prior research discussed above, it was hypothesised that the increase in phase

synchrony would be maximal at frontal and central regions. We did not, however, predict the

effects of stimulus category on this increase, as the literature review produced conflicting results.
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Materials and Methods

For details on participants and testing procedures, please refer to chapter 2.

Determining Gamma Synchrony

The calculation ofphase synchrony originated with the phase angle value ascertained by

the FFT. A calculation of the circular variance for the 3 phase angles with a region (3 electrode

sites) provided a measure ofhow close or synchronous the measurements were at a particular

point in time. Circular variance was defined by the following two equations:

CV=1-R2

where R is defmed by:

» \2

r'- \ cosBj. *]} suB^

1=1 ^ ^1 = 1

n — is the number of angles to be averaged; in the current investigation n

equals the number of electrodes in each brain region (3).

9 -- as defined in the current investigation, is the average phase angle of a

specific fi-equency bin, as determined by an FFT analysis, for a specific

sampling point.

The smaller the variance the closer the angles are to one another. Phase synchrony was defined

as: 1 - CV (circular variance) or R^. Therefore, if a group of electrode sites has a small variance

within the examined gamma range, it means that the oscillations in that region are highly phase-

locked or synchronous. The first step to analyzing gamma phase synchrony is determining the

cortical region of interest. For example, ifwe wished to examine the phase synchrony of target

stimuli at fi-ontal electrode sites, we woiild use the phase angle values for each site within the
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frontal region (F3, Fz, F4) to calculate the circular variance, subtract that from 1 and would thus

obtain the phase synchrony for that region at each sampling window. What we end up with is a

time course of phase synchrony for each target trial. We then average over trials and participants

to get a single time course graph representing the average phase synchrony for targets at the

frontal region. This time course is then analysed in the same manner as an event-related

potential wave. Area under the curve measurements would be used to examine the difference in

quantified synchrony between two brain regions, age groups, etc.

Statistical Analysis

Independent variables of interest, when predicting gamma phase synchrony in the study

include age category, stimulus category, experimental task, and brain region. Region included 6

categories: frontal, central, parietal, right hemisphere, midline, and left hemisphere. Please refer

to Figure 2.3 for the scalp electrodes involved in calculating the evoked gamma synchrony of

each region.

In the following series of analysis, the synchrony of the evoked gamma response is

examined in either a 3 (Anterior/Posterior) x 3 (Stimulus Category) x 2 (Gender) x 5 (age

category) mixed ANOVA, with repeated measures on the first 2 factors or another 3 (Laterality)

x 3 (Stimulus Category) x 2 (Gender) x 5 (age category) mixed ANOVA, with repeated measures

on the first 2 factors, unless otherwise stated. The within-subject variables, Anterior/Posterior

and Laterality, refer to the average phase synchrony within specific brain regions. The

Anterior/Posterior dimension variable was incorporated into the analysis to show changes in the

average phase synchrony between frontal, central, and parietal regions. The Laterality variable

was incorporated into the analysis to show changes in the average phase synchrony between the
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left hemisphere, the midline region, and the right hemisphere. Together they provide a

topographical map of the response. It should be noted that all regions were not included in a

single ANOVA, due to the non-orthogonal nature of the regions.

With respect to evaluating the effect of having a distracter task, the additional variable

task was used to compare the differences between the single-task and the dual-task. The data for

each task were processed separately, and then a combined analysis was make which included

data for both tasks and all of the variables already detailed, but with the addition of the task

variable. For this final analysis only main effects and interactions containing the task variable

were important. -

As previously stated, studies on the evoked gamma response in children have produced

some inconsistencies compared to research on adult data; thus, in order that any developmental

effects not be clouded or overshadowed by the results for the adults, after an overall general

analysis, adults and children were divided into two separate analyses. This also allowed for a

comparison between the results of this study and the majority of studies published on auditory

evoked gamma.

Results

Evoked Gamma Synchronyfor the Single-Task Condition '

General Analysis. The first analysis of the single-task data included all participants in the

data set, and divided brain regions along an anterior/posterior dimension. The anterior/posterior

dimension produced a significant main effect, F (2,191)
= 11.98,/? < .001 (refer to Figure 4.2),

showing that the frontal region displayed a large increase in gamma synchrony as compared to a

very slight increase in the central region and a slight drop below baseline at the parietal region.
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Stimulus category was not significant, F (2,191)
= 2.71,/? = .075 (see Figure 4.3), although there

was a trend towards novels producing a larger increase in synchrony than targets or non-targets.

Although neither age category nor gender were significant variables, there was a four-way

interaction between category, anterior/posterior, gender, and age category, F (16,191 >
= 2.17,/? =

.010.

To verify that the synchrony at each region differs significantly from baseline, and to

shed light on the four-way interaction found in the general analysis, each region was analyzed

separately. The synchrony at frontal sites did indeed increase above a baseline level during the

evoked gamma time window, F (i, 191)
= 15.60,/? < .001. There was also a significant category x

gender x age category interaction, F (g, 191) = 2.71,/? = .009. Neither the central region nor the

parietal region showed significant changes from baseline, nor did they retain the category by

gender by age interaction. To parcel out the three-way interaction evident when examining the

frontal region, two 3 (category) x 5 (age category) mixed ANOVAs, with repeated measures on

the first factor, were carried out using only frontal region data for male and female sub-

populations. For male participants, the stimulus category variable was significant, Fq^ 73)
= 3.09,

p = .049. Male participants responded more synchronously to novel (M= 33.23, SE = 13.13)

and target {M= 23.73, SE =13.04) stimuli compared to non-target stunuli (M= -4.73, SE = -

6.72). Stimulus category did not prove significant in our female participants. However, tests of

within-subject contrasts show that while there is no linear interaction, there is a quadratic

interaction between stimulus category and age category for female participants, F(4, 118)
= 2.66,/?

= .036 (refer to Figure 4.4). From an examination of Figure 4.4, there appears to be maturational

trends that differ by stimulus type. Non-target and novel stimuli show overall increases in the

synchrony of the evoked gamma response with age, while target stimuli lead to decreases in



N

''jTI



66

evoked synchrony with age. Unfortunately, the relationship is tenuous and unsubstantiated by

any other findings (including data for the male participants), thus it will not be explored further.

When all participants were included, and the lateral brain regions were compared (left

hemisphere, right hemisphere, and midline), the analysis showed no evidence of significant

between-subject or within-subject effects. Only the intercept was significant, F(i, 191)
= 7.38,/? =

.007, showing an overall slight within-hemisphere decrease in synchrony (M= -8.12, SE = 2.99),

in contrast to the increase interhemispheric evoked synchrony.

Age-Based Analysis. When the adults (age > 1 8) were examined for synchronous

responding within the anterior/posterior dimension, as in the general analysis, a significant effect

of anterior/posterior, F {2,21)
= SA5,p = .009, was found, indicating a large increase in synchrony

within the fi-ontal region (Af= 25.99, SE = 10.03), followed by a moderate increase within the

central region {M= 16.29, SE =7.35), and a slight decrease in the parietal region (M= -7.26, SE

= 6.48). However, unlike the general analysis, the stimulus category variable achieved

significance, such that novels produced a more synchronous evoked gamma response than

targets and non-targets, F (2.27)
= 3.83,/? = .028, (refer to Figure 4.5). To confirm that the main

effect of stimulus category was due to the inclusion of the novel stimuli, a post-hoc analysis was

carried out without the inclusion of the novel stimulus category. When targets were compared

against non-targets there was no effect of category, /^(i,27) = 0.030,/? = .865.

When adult phase synchrony data for lateral brain regions were compared, the analysis

showed no significant effects.

When the children (age < 19) were run as a separate sub-population investigating the

anterior/posterior dimension, the anterior/posterior dimension once again maintained its

significance, F (2, i64) = 8.42,/? < .001, confirming that the fi-ontal region {M= 12.99, SE = 423)



£^i



67

was more synchronous than both the central region (A/= -2.61, SE = 4.10) and the posterior

region (A/= -4.53, SE = 3.25). The previously discussed four-way interaction between stimulus

category, anterior/posterior, gender, and age category was also present, F(\2, im) = 2.41,/? = .008.

An analysis for each laterality region separately produced no significant effects.

Evoked Gamma Synchronyfor the Dual-Task Condition

Dual-Task General Analysis. The first set of analyses on the dual-task data was carried

out on all participants. Once again the first general analysis focused on the anterior/posterior

dimension; the only significant finding was a four-way interaction of anterior/posterior x

category x gender x age category, F (i6, 191)
= 1 .92,p = .025. Figure 4.6 breaks down this

interaction by age category. What is immediately noticeable is that across all ages, regions, and

both genders, the phase synchrony response for non-targets is quite similar and almost non-

existent. Thus, it is possible that any significant effects found maybe due to target and novel

stimuli.

To verify this, each stimulus category was analyzed separately. As hypothesized, when

non-targets were investigated separately there were no significant main effects or interactions.

Targets did not show any significant main effects either; however, there was a significant three-

way interaction between anterior/posterior, gender, and age category, F (g, 191)
= 2.13,/? = .035,

(refer to Figure 4.7). As there was no clear developmental trend, no further investigation was

undertaken. Surprisingly, the analysis of novel stimuli did not produce any significant main

effects or interactions.

When all participants were included in the second general analysis, investigating

laterality, the intercept was significant, F(i, 191) = 3.95,/? = .048 (M= -6.52), and there was a
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main effect of gender, F(i, 191) = 5.78,/? = .017. The overall decrease in synchrony can be

mostly attributed to male participants (M=-\4A\,SE = -5.18), since the female participants

showed a very small increase (M= 1.37, SE = 4.03).

Dual-Task Age-Based Analysis. The adult population did not generate any significant

findings relating to either the anterior/posterior dimension or the laterality topography.

When the dual-task data for the child data were analyzed within the anterior/posterior

dimension, there were no significant main effects. There was a significant interaction between

stimulus category, anterior/posterior, gender, and age category, F (12, i64)
= 2.00, /? = .034; the

effects mirror the findings discussed in the general analysis of the dual-task data.

For the investigation into the effects of laterality, the children maintained the significant

effect of gender, F(i, im) = 6.00,/? = .015, noted in the general analysis of laterality, such that

males (M= -13.29, SE = -5.60) were less synchronous than females (M= 4.02, SE = 4.32). As

well they exhibited a gender by category interaction, F (2, i64)
= 3.16,/? = .049, (see Figure 4.8).

The largest difference between the genders is seen for novel stimuli. When each stimulus

category was investigated separately, only novel stimuli produced a significant effect of gender,

^(1, 164) = 9.19,/? = .003, with females showing more synchrony than males.

Task Comparison Analysis

Once the data on the single-task and the dual-task were analyzed separately, all data were

combined into one analysis in order to determine the effect of task on the evoked gamma phase

synchrony response. The first task analysis was a 2 (Task) x 3 (Stimulus Category) x 3

(anterior/posterior) x 2 (Gender) x 5 (age category) mixed ANOVA design, with repeated

measures on the first 3 factors. This analysis produced a main effect of the anterior/posterior
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dimension, F (2,191)
= 7.828,/? < .001, which is an indication that in both tasks the frontal region

(M= 9.76, SE = 3.04) was significantly more synchronous than the central (M = 1.27, SE = 2.71)

and parietal {M= -1 .73, SE = 2.1 3) regions. However, this main effect of anterior/posterior was

moderated by an effect oftask condition, F (2,191)
= 3.98, p= 0.020 (refer to Figure 4.9). The

large increase in gamma synchrony noted at the frontal region in the single-task was significantly

diminished in the dual-task condition.

The second task analysis was a 2 (Task) x 3 (Stimulus Category) x 3 (Laterality) x 2

(Gender) x 5 (age category) mixed ANOVA design, with repeated measures on the first factors.

This analysis, which investigated the effect of task on the synchronicity of the lateral topography,

produced no main effects or interactions.

Discussion

The present chapter presents developmental EEG gamma data collected while

participants preformed two modified versions of the standard auditory oddball task. The primary

task involves an Auditory Novelty Oddball paradigm, preformed with and without the inclusion

of a secondary distracter task. The design of the paradigm is useful in investigating the role of

attention on the EEG gamma response, and the effects of divided attention.

The main objective of this subsection of our larger study was to revisit the investigation

ofthe early evoked gamma response as detailed in chapter 2, but from a new perspective, namely

looking at the phase synchrony of the previously defined topographical regions (frontal, central,

parietal, left hemisphere, midline, and right hemisphere). As stated in Chapter 2, we had

defined the early evoked gamma response as one that differs from pre-stimulus baseline, within

to 1 50 ms after stimulus onset. We hypothesized that participants presented with auditory
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stimuli regardless of any distractions would show an increase in early gamma phase synchrony at

the frequency bin centred at 40 Hz. Further still, that this increase would be maximal at frontal

and central regions. We had also hoped to chart the effects of developmental maturation.

We did find an increase in early gamma phase synchrony at the frequency bin centred at

40 Hz. However, this overall increase was only found in the single task condition and not in the

dual task condition. We also hypothesised that the increase in phase synchrony would be

maximal at frontal and central regions. We did find a significantly enhanced evoked gamma

phase response (eGPR) within the frontal region, and although a smaller enhancement was noted

in the central region it did not achieve significance. It was also clear from our analysis that this

increase in phase synchrony could not be classified as a generalized increase in gamma

synchrony over the entire cortex, that is, not all scalp regions showed increased synchrony.

There was no evidence on any increase in lateralized synchrony, that is, neither the left or right

hemispheres nor the midline region showed any significant increases or decreases in phase

synchrony.

Within the frontal region, the effect of stimulus category on the eGPR was moderated by

age. In the general analysis of all participants, and in the analysis of only children (age 7 to 18),

stimulus category did not affect eGPR. However, when adult data were analyzed separately,

stimulus category did modulate the eGPR, with the novel stimuli producing a larger increase

than the target and non-target stimuli, which did not differ. This suggests that frontal regions

may be more sensitive in some ways to the stimulus-driven attentional processing demanded by

the novel stimuli, although it is important to note there was no age interaction per se that showed

this. It was only by comparing the data of the two separate analyses (adults and children) could

the suggestion of age as a moderating variable be drawn.
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The effect of gender on the eGPR remains unclear. The frontal synchrony for our male

participants (including children and adults) was clearly moderated by stimulus category, where

novel stimuli produced the largest increase in phase synchrony. However, for female

participants, the relationship was more complicated. Our results allude to a possible quadratic

relationship between stimulus category and age. Younger girls (ages 7 to 12) show more

synchronous response to targets as opposed to non-targets and novel stimuli, while in the older

girls no distinction is apparent, and in the young women this relationship is reversed with targets

eliciting the lowest level ofphase synchrony. To further cloud the issue of gender, for the dual

task condition in the lateral regions analysis, male participants showed a large decrease in

gamma synchrony when compared to baseline levels, while female participants showed an

increase. It was clear that any relationship observed between the eGPR and gender was

complex and will require further investigation before any conclusions can be reached.

A central goal of our larger study was to examine the effects of divided attention on the

ganmia responses. Based on the analysis presented in this chapter, we were able to conclude that

the addition of a secondary task served only to eliminate the frontal evoked gamma phase

response noted in the single-task.

In relating our findings back to the literature on gamma, we can state that as with most

researchers investigating auditory gamma synchrony, our results show an increase in synchrony

within the 40 Hz gamma range for all stimulus categories examined. The maximal location of

this response supports the findings of Juliana Yordanova and colleagues (Yordanova et al. 2000,

2002), who noted an increase in phase synchrony at frontal and central electrode sites. Unlike

Albert Haig and colleagues, who found an increase primarily at the left centro-temporal region,

our analysis did not show any significant increases at the central electrode sites nor did it
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produce any laterality effects. Slewa-Younan (2002) noted that patients with traumatic brain

injury show a reduction in total gamma synchrony in the left hemisphere, which may correspond

to a deficit in speed of information processing. Since our participants did not produce any

changes in lateral synchrony, we cannot conclude that gamma synchrony related to

developmental changes in speed of processing.

In comparing our results on gamma phase synchrony with those reported earlier on

gamma power, we find that a major similarity is that both gamma power and phase showed a

significant enhanced frontal 40 Hz evoked gamma response to auditory stimuli. Stimulus

category, however, had different effects on the power and the phase responses. The novel

stimulus category elicited the largest increase in gamma power for both children and adults. This

increase in power is mirrored by an increase in phase synchrony, but only for the adults. So our

adult participants showed an increase in both power and phase, but our children only showed the

increase in power without an increase in phase. This may indicate that phase synchrony may

increase as a binding tool with age, but more importantly it is confirmation that gamma power

and synchrony do not reflect the same perceptual processing.

Our final point of comparison between the two types of evoked gamma response is

looking at the effects of divided attention; both frontal responses (power and phase) were

obscured by the addition of a secondary task. It may be that adding this task causes the brain to

function less cohesively because the ability to focus is disrupted. However, it is also possible

that when the participant is engaged in a single task, frontal electrodes may be registering large

neuronal synchrony because there is little interference; however, when engaged in dual-tasks, the

same frontal electrodes are reading multiple assemblies. This would increase interference
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causing neuronal synchrony levels to appear lower; thus, although the brain is functioning more

synchronously, it looks as if it is less synchronous.

Earlier in this chapter, five variables (stimulus category, brain region, task, age, and

gender) were hypothesised to play a role in determining the early evoked gamma phase

synchrony response. In previous works within the field, three of the five variables had already

been proposed as predictor variables when investigating gamma synchrony. The above summary

of our results has confirmed the validity of accepting age, stimulus category, and brain region as

predictor variables. Our other two variables of interest were gender and task (single vs. dual

attention). We were able to show that attention is an important variable when investigating

evoked gamma synchrony, such that by dividing a subject's attention an apparent decrease in

synchrony is evident. With regards to our final variable of interest, gender does play a role in

modulating the eGPR, but unfortunately it is a complex one that needs to be examined fiirther.
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CHAPTER 5: THE INDUCED GAMMA RESPONSE - GAMMA SYNCHRONY

This chapter is the final part of a series of investigations into high frequency gamma

oscillations. Chapters 2 and 3 of the current investigation looked at gamma power as reflective

of the perceptual process within the auditory modality. The perceptual processing may also

reflected in the pattern of firing, or phase synchrony, as demonstrated in chapter 4. In the current

chapter, our objective is to revisit the induced gamma response to an auditory stimulus

(described in Chapter 3), but to look for changes in neuronal synchronization as the dependent

measure rather than just changes in power.

The History ofInduced Gamma Synchrony

As with the previously discussed works on gamma amplitude, research on gamma phase

synchrony has focussed on early and late time windows. Gamma responses within the late time

window (approximately at the time of stimulus onset) have been dubbed "Induced Gamma

Responses".

Most of the work on gamma synchrony has been done in the visual modality, but there

are a few researchers investigating synchronous cortical gamma using the auditory oddball. Haig

and colleagues published a paper where they investigated regions of synchronicity in the

auditory oddball paradigm (Haig, Gordon, Wright et al., 2000). Slewa-Younan and colleagues

also published a paper on gamma synchrony and the auditory oddball, collecting data from

controls and patients with traumatic brain injury (TBI) (Slewa-Younan et al., 2002).

In the late time window (approx. 200 to 600 ms), Haig's group found a significant

increase in gamma synchrony for targets. Non-targets showed no increase. This finding was

maintained for frontal and centro-temporal regions, but not the parieto-occipital region. The left
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and right hemispheres also registered the increase but not the midline electrodes. In accordance

with Haig, Slewa-Younan also noted late gamma synchronizing response to targets. This later

response was delayed in patients with traumatic brain injury. However the delay was only found

for the left hemisphere and posterior region. In terms of the overall size of the synchrony

response, patients were comparable to controls in all regions.

The Current Investigation: Induced Gamma Synchrony

Induced gamma synchrony was defined as the synchronous activity for a specific brain

region (consisting of two or more electrode sites), within the induced gamma window (250 to

750 ms after stimulus presentation), compared to a measure of the synchrony of the same region

during a baseline period (300 to 100 ms prior to stimulus onset).

As before, the predictor variables were attention (single versus dual task condition),

cognitive stimulus features, and developmental maturation in the context of an auditory novelty

oddball task.

Hypotheses

Unfortunately, there has not been a tremendous amount of research done on

developmental issues in gamma responses, and we could find no reports detailing induced

synchrony gamma responses in children. For this reason, this study was rather exploratory in

nature. We did predict an increase in gamma synchrony for targets, as found in the studies by

Haig (Haig, Gordon, Wright et al., 2000) and Slewa-Younan (Slewa-Younan et al., 2002), and

for the non-target stimuli to show no increase. Since the novelty stimuli has the properties of

increased salience (like targets), but is not task-related (like non-targets), we were interested in

examining any perceptible response.
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We also examined, without predictions, the effects of divided attention on phase

synchrony, by investigating task differences in the responses of the brain regions to the stimulus

categories and whether the induced gamma phase synchrony response changes with age.

Materials and Methods

Detailed descriptions of participants, testing and statistical procedures are found in

chapters 2 & 4.

: Results

Induced Gamma Synchronyfor the Single-Task Condition

General Analysis. The first analysis of the single-task data included all participants in the

data set, and divided brain regions along an anterior/posterior dimension. When all participants

were included in the analysis, the anterior/posterior dimension was not significant, indicating no

synchrony differences between the frontal, central, and parietal region. Stimulus category

approached, but did not achieve significance. Although there were no significant between-

subject variable or within-subject variable, there was an overall increase in gamma synchrony,

from baseline, during the induced time window, as evidenced by a significant intercept, F(i,i9i)
=

11.29,p = . 001, (M= 6.45,5^=1.92).

When all participants were included and the lateral brain regions were compared (left

hemisphere, midline, and right hemisphere), stimulus category, F (2, 191 >
= 10.56,/? < .001 (see

Figure 5.1), laterality, F (2, 191)
= 3.52,p = .037 (see Figure 5.2), and age category, F (4, 191)

=

2.83 !,/ = .026 (see Figure 5.3), were all significant.

Reviewing Figure 5.3, it seems that as age increase there is a corresponding increase in

induced lateral (intrahemispheric) gamma synchrony, as evident by the large increase in
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synchrony found in our adolescents and adult participants, but not seen in the younger age

categories (age < 16). A cursory examination of the graph depicting induced gamma synchrony

changes for each stimulus category (Figure 5.1) shows that targets produced the largest increase

in gamma synchrony, non-targets showed almost no change from baseline, while novel stimuli

produced a slight decrease in the level of synchronous electrical activity. Post-hoc tests confirm

that non-target stimuli did not significantly differ from baseline measures, while target stimuli

yielded a significant increase in synchrony from baseline, F(i 191)
= 1 1.03,;? = .001, (M= 15.16,

SE = 4.56). Novel stimuli produced both a significant decrease from baseline, F(i, 191)
= 5.18,/?

= .024, (M= -10.67, SE = 4.69), and a main effect of laterality, F(2, 191) = 3.90,p = .022. The

right hemisphere was significantly less synchronous than the left hemisphere and midline region,

which were not significantly different from baseline. Non-target stimuli also produced an effect

of laterality, F(2, m) = 3Al,p = .033, such that the right hemisphere was less synchronous than

the left hemisphere and midline region. Figure 5.4 plots the mean for each lateral region of each

stimulus category. Although, this category by laterality interaction did not reach significance, by

examining each stimulus category separately we were able to determine that the right hemisphere

has an effect of reducing synchrony for both novel and non-target stimuli.

Age-Based Analysis. The above analyses included children, adolescents, and adults. To

date most of the research on auditory gamma has focused on adults; thus, in order to compare

similar populations, an analysis identical to the one described above was carried using only the

adults within the subject pool. When the adults were examined, as with the general analysis of

the anterior/posterior dimension, only the intercept was shown to be significant, F (1,191)
= 6.05,/?

= . 021, (M=l 1.38, 5'£ = 4.63).
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When adult phase synchrony data for lateral brain regions were compared, the analysis

showed no evidence for a main effect of category or laterality. Gender however, was significant,

^(1,37)= 4.30,/? = .049, mdicating that females (M= 25.47, SE = 7.88) during the induced

gamma time-window had more intrahemispheric synchrony than males (M= -1.37, SE = 10.27).

When the children (age < 19) were run as a separate population investigating the

anterior/posterior dimension, a main effect of stimulus category was present, F (2, i64) = 3.76,/? =

.029, (refer to Figure 5.5). In post-hoc comparisons, target stimuli were shown to significantly

increase gamma synchrony compared to novel stimuli, F(i, i64)
= 5.21,/? = .024. A four-way

interaction between stimulus category, anterior/posterior, gender, and age category, F(i2, i64)
=

2.17,/? = .017, was also significant. To clarify the four-way interaction, and to determine if each

stimulus category produced a significant deviation fi-om baseline, each category was examined in

a separate analysis. Both targets, F(i, i64)
= 8.61,p = .004 {M= 12.82, SE = 4.37) and non-

targets, F(i, 164) = 6.59,/? = .01 1 (M= 4.35, SE = 1.69), had intercepts which were significant,

indicating they generated an increased in gamma synchrony above baseline. The novel stimuli

did not on average deviate fi*om baseline levels. However, there was a three-way interaction

between gender, age, and the anterior/posterior dimension, F(e, im) = 2.76,/? = .014. Figure 5.6

depicts this interaction at each age category. Of note is that at fi-ontal sites, young males are

seemingly higher in gamma phase synchrony than young females, however, this difference

decreases and even reverses as the children age. On the other hand, at parietal sites, young

females are higher, but once again the difference decreases and then reverses.

When phase synchrony data for the children was broken down by laterality, the analysis

showed a main effect of stimulus category, F(2. i64)
= 8.86,/? < .001. As in the general analysis

of laterality, target stimuli increased gamma synchrony (M= 1 1.46, SE = 4.91), non-targets
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showed no change from baseline (M= 0.87, SE = 2.29), and novel stimuli decreased gamma

synchrony (M= -13.87, SE = 4.97). No other main effect or interaction reached significance.

The age category variable showed a trend towards the oldest age group producing the largest

overall increase in gamma synchrony, F(3, i64)
= 2.56,p = .057.

It was of interest to us that for both the anterior/posterior dimension and the laterality

dimension, the children showed an effect of stimulus category while the adults did not. As a

point of comparison, Figure 5.7 and 5.8 plot all age categories against stimulus category, for both

the anterior/posterior and laterality dimensions. Neither of these plots achieved significance,

however from visual observation is clear that all participants showed an increase to target stimuli

and a slight increase to non-target stimuli. Children from the ages of 7 to 15 show a mounting

decrease in synchrony to novel stimuli as they age, while 16 to 18 year olds and adults show an

increase in synchrony to novel stimuli.

Induced Gamma Synchronyfor the Dual-Task Condition

Dual-Task General Analysis. Once again the first general analysis, on the dual-task data,

focused on the anterior/posterior dimension. The only significant finding was a main effect of

gender, F(i, 191) = 5.81,/? = .017, signifying that female participants (M= 5.32, SE = 2.64) were

generally more synchronous on average throughout the anterior/posterior dimension compared to

male participants (M = -5 .07, SE = 3 .40).

When all participants were included in the second general analysis, investigating

laterality, again only gender was significant, F(i, 191)
= 5.68,p = .018, indicating that female

participants {M= 5.97, SE = 3.45) were generally more synchronous through regions of laterality

compared to male participants (M= -7.44, SE = 4.45).
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Dual-Task Age-Based Analysis. The adult population did not generate any significant

findings relating to the anterior/posterior dimension. However, the male-female gender pattern

shown in the general analysis was maintained {M male = -2.36, M female = 6.93).

With regards to regions of lateral synchrony, the category variable was significant in

aduh participants, F (1,27)
= 3.48,/? = .044. Target stimuli generated a large increase in gamma

synchrony (M= 17.18, 5£ = 10.17), while non-targets {M= -10.64, SE = 6.46) and novel stimuli

(M= -1 1 .84, SE = 8.53) showed decreases. Although gender was not a significant variable, the

direction was similar to the general laterality analysis. This suggested that female participants

(A/= 5.57) may be more synchronous through regions of laterality compared to male participants

(M=-9.11).

When the dual-task data for the children were analyzed for the anterior/posterior

dimension, there was the expected significant gender difference, F(i, i64) = 4.91,/? = .028, such

that male participants {M= -5.74, SE = 3.S\) were less synchronous than female participants (M

= 4.92, SE = 2.94). There was also a significant interaction between anterior/posterior, gender,

and age category, F(i, i64)
= 2.15,/? = .048, (refer to Figure 5.9). With the exception of the

frontal region, the difference in induced gamma synchrony between males and females in the

remaining two regions of the anterior/posterior dimension, decreased as age increased.

For the investigation into the effects of laterality, the children maintained the significant

effect of gender, F(i, i64)
= 434,p = .039, noted in the general analysis of laterality, such that

males (M= -7.02, SE = 4.98) were less synchronous than females (M= 6.07, SE = 3.84).
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Task Comparison Analysis

Once the data on the single-task and the dual-task were analyzed separately, all data were

combined into one analysis in order to determine the effect of task on the evoked gamma phase

synchrony response.

The first task analysis was a 2 (Task) x 3 (Stimulus Category) x 3 (Anterior/Posterior) x 2

(Gender) x 5 (Age Category) mixed ANOVA design, with repeated measures on the first 3

factors. There was an overall effect of task, F(i,i9i) = 4.94,/? = .026, demonstrating that an

addition of a secondary task to the novelty oddball significantly reduces the overall synchrony of

regions within the anterior/posterior dimension (Msingie-task = 6.39, .SEsingie-task =1.95; Mduai-task
=

0.13, 5"^
duai-task

= 2.15). The effect of the additional task on gamma synchrony also showed a

trend towards being modulated by gender, F (1,191)
= 3.77,/? = .054 (refer to Figure 5.10), given

that the female participants showed no difference in synchrony between tasks, while the male

participants seemed to be responsible for the decrease, as their synchrony was reduced for the

dual-task.

The second task analysis was a 2 (Task) x 3 (Stimulus Category) x 3 (Laterality) x 2

(Gender) x 5 (Age Category) mixed ANOVA design, with repeated measures on the first 3

factors. This analysis, which investigated the effect of task on the synchronicity of the lateral

topography, produced no main effects or interactions for the task variable, indicating no change

in synchrony by the addition of a secondary task.

Discussion

In the present chapter developmental EEG gamma data were collected while participants

preformed two modified versions of the standard auditory oddball task, the Auditory Novelty
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Oddball and the Auditory Novelty Oddball with a distracter task. The design of the paradigm is

useful in investigating the role of attention on the EEG gamma response because it taps into

goal-directed attentional processing (target processing), stimulus-driven attentional processing

(novelty processing), and the effects of divided attention.

The main objective of this subsection of our larger study was to revisit the investigation

of the induced gamma response (any gamma response that differs from pre-stimulus baseline,

occurring within 250 - 750 ms after stimulus onset), but from the perspective of phase

synchrony. The anterior/posterior dimension involved the synchrony of the gamma response

within the frontal, central, and parietal regions, while the laterality dimension involved the

synchrony within the left hemisphere, right hemisphere, and midline regions.

Within the anterior/posterior dimension, there was an overall increase in induced gamma

synchrony when participants were performing the oddball task without the inclusion of a

distracter task. This increase was approximately equal over all regions (frontal, central, parietal).

The effect of stimulus category was age dependent. For adult participants the stimulus

category variable was not significant; for children, the category of the stimulus did have an effect

on synchrony across anterior/posterior regions. A plot of synchrony across age categories,

however, demonstrated that for the adult population, task relevant stimuli (target stimuli) showed

an increase in synchrony as it did in the child population. As well in both adult and child

populations, non-target stimuli also produced an increase in synchrony, though less so than the

targets. The discrepancy in the effect of stimulus category may be attributed to the novel stimuli.

Children from the ages of 7 to 15 showed an escalating decrease in synchrony to novel stimuli as

they age, however, from 16 to adulthood that decreases switches to an increase above baseline, in

fact matching the increase for target stimuli. An important observation is that our adolescent age
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group (16 to 18 years) were more like the adult population than they were like their younger

cohort with respect to gamma.

Another interesting effect of the novel stimulus is that there was an indication that

gender, as well as age and topographical region, are influential in determining the induced

gamma response. At frontal sites, young males produce a larger gamma phase synchrony

response to novel stimuli than young females; however, this difference decreases and even

reverses as the children age, with females producing the larger response. On the other hand, at

parietal sites, yoimg females produce the larger response, but once again the difference decreases

then reverses as age increases.

The addition of a second task resulted in an overall decrease in gamma synchrony within

the anterior/posterior dimension; however, there was also a more prominent differentiating effect

of gender. When all participants were included in an analysis of dual-task data within the

anterior/posterior dimension, female participants were significantly more synchronous than male

participants. A plot ofmeans for each gender for each task indicated that the difference between

the males and females is due to a decrease in male synchrony. Female participants showed no

difference in their synchrony levels with the added task, while male participants showed a

decrease with the addition of the secondary task. Furthermore, it was modulated by age. In

general, as age increases the effects ofthe additional task are diminished in males such that their

synchrony levels increase closer to that of female participants. One possible interpretation of

this result is that younger males may be delayed in their information processing as compared to

younger females; however, throughout the crucial pubescence and adolescence period they begin

to catch up to their female counterparts.
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When intra-hemispheric induced gamma synchrony was examined within each

hemisphere and the midhne region, stimulus, age, gender, and topographical region were

important factors in determining the response. An average of all intra-hemispheric gamma

synchrony revealed that adolescents and adult participants showed greater synchrony compared

to younger participants. Similar to the anterior/posterior synchrony analysis, our adult

participants did not show any evidence that stimulus category influenced the gamma response.

However, in children, the largest increase in gamma synchrony was elicited by target stimuli;

non-target stimuli produced no change in synchrony from baseline, while synchrony decreased

for novel stimuli. Adults did show a significantly increased gamma synchrony to targets, and no

change from baseline for non-target or novel stimuli. Thus, it is probable that we lacked

sufficient power in the adult analysis which would account for the lack of a significant stimulus

category effect. Once again, our adolescent age group (16 to 18 years) were more like the adult

population than they were like their younger cohort. As age increases from 7 to 15, synchrony to

novel stimuli decreased, but from 16 to adulthood there is no change from baseline levels. This

is an indication that adults and older adolescents are either higher in intra-hemisphere neuronal

communication or there is better frontal parietal coherence. In either case, it is consistent with

evidence of increasing white matter as age increases to maturation.

One other age effect noted was a gender difference found only in the adult population.

Adult female participants showed more synchrony across all lateral regions than their male

counterparts. With increasing cognitive load (i.e., the addition of a secondary task), this gender

difference appeared to be more prevalent. When looking at induced gamma responses in the

dual-task condition, what is most noticeable is a lack of response; if fact no within-subject or

between-subject variable is significant, except a main effect of gender. Male participants of all
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ages show a reduced synchrony, while females still maintain an increase in gamma synchrony

from baseline. It may be fsiir to say that increasing cognitive load has a greater impact on male

participants than it does on female participants.

Hemispheric differentiation was also a factor in determining the induced ganuna band

response. Although, the left and midline regions displayed a slight drop in synchrony from their

baseline levels when a novel stimulus was presented, the right side showed heightened sensitivity

to the novel stimulus in that the level of synchrony within the region drastically decreased when

the stimulus was presented.

As with the anterior/posterior analysis, the addition of a second task in the laterality

analysis resulted in an overall decrease in gamma synchrony. Again, there was also a more

prominent differentiating effect of gender. When all participants were included in an analysis of

dual-task data within the laterality dimension, female participants were significantly more

synchronous than male participants. Females appear to have more intrahemispheric

communication in this task than males.

As stated earlier in this chapter, the existence of an induced gamma synchrony response

is under debate because not all researchers were able to establish this response. One possible

explanation may be linked to looking at topographical regions of synchronicity as opposed to

global synchronicity. We chose to look at regions of synchronicity along both lateral and

anterior/posterior dimensions, as opposed to global synchronicity, and thus was able to find

evidence of the induced response. While, frontal, central, and posterior regions showed an

increase in synchrony to an auditory stimulus, it was not a global increase in synchrony as noted

by a lack of a similar increase when the lateral hemispheric regions were investigated. Ifwe had
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chosen to look for a global increase in synchrony, mostly likely, we would not have been able to

establish the response

From our results it was established that gender is influential in determining the induced

synchrony response. This finding was observed primarily because we chose to investigate

synchrony along lateral and anterior/posterior dimensions rather than as a global measure.

Williams and colleagues were specifically interested in looking for sex differences in gamma

responses to auditory stimuli. They also chose to look for synchrony along gradients of both

lateralized and frontal-posterior cortical organizations, since there is evidence from

neuroimaging and neuropsychological studies that males have greater hemispheric specialization

as compared to females (Williams et al., 2005). Within the cerebral hemispheres, females

showed greater right hemisphere synchrony than males, while no differences were apparent

within the left hemisphere. Females also showed greater frontal synchrony, while males showed

a linear increase fi"om frontal to parietal regions.

Results from our study support William's conclusion that "there are consistent yet subtle

sex-related variations in neural synchronization." However, unlike Williams and colleagues, we

found no gender differences in adults within the anterior/posterior dimension when participants

completed the single task oddball. We did find that when the adults were completing a more

attention demanding task (the dual-task condition) the gender difference did appear such that

females were more synchronous than males, but it did interact with neither the anterior/posterior

dimension nor the laterality dimension. Within the anterior/posterior dimension our children did

show an interaction with region. That is at fi-ontal sites, young males are seemingly higher in

gamma phase synchrony but as the children age this difference reversed itself and females

became higher at frontal regions. At the parietal region, Williams and colleagues found that



'iri

r.M>



87

males have greater periods of synchronization. We found that at the parietal region, young

females have greater synchrony, but once again the difference decreases then reverses as the

children age. Thus, through the aging process, our children are heading in the direction that

Williams predicted, that is, females having greater synchrony at frontal regions and males at

parietal.

Williams suggest that the increased parietal synchrony in males reflects a gender-specific

bias towards the integration of sensory input necessary for effective stimulus detection. In the

attention models she references, the posterior networks are relevant to integrating sensory input

necessary for shifts of attention and the amplification of relevant signals and suppression of

noise. They also noted that these findings are consistent with evidence that parietal gamma is

enhanced when cats are tracking their prey (Nowicka & Fersten, 2001). Thus, Williams suggests

that enhanced parietal gamma in males is indicative of traits selected for vigilance and orienting

related to the male hunting role. On the other hand, heightened frontal synchrony in females

may be related to enhanced connectivity of frontal networks possibly reflecting greater social

propensity in females. In addition, the greater inter-hemispheric connectivity and greater

connectivity of frontal networks in females (Femandez-Duque & Posner, 2001), may account for

our findings that females are in general more synchronous than males.

Our objective for this final chapter in our investigations into high frequency gamma

oscillations was to find how the induced ganmia band responds to auditory stimuli by looking for

any increase or decrease in gamma synchrony and to determine whether the induced synchrony

response is qualitatively different from the induced power response (as detailed in chapter 3).

We were able to determine that, like the induced gamma power response, task-dependent

cognitive stimulus properties are crucial in determining the induced response. With respect to the
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induced gamma power response, target stimuli generated the highest power values at the parietal

region and produced a decrease in all other regions, in all participants. Novel stimuli produced a

reduction in power in all regions, most noticeably within the right hemisphere, for all

participants. For induced synchrony, compared to induced power, target stimuli increased

synchrony in all regions, not just the parietal region, and novel stimuli selectively affected

participants dependent on their age. Thus, in adult participants for example, they may exhibit a

reduction in gamma power, but an increase in synchrony to the novel stimulus within the same

region. Gender is another factor in determining both the gamma power response and the

synchrony response. However, induced gamma synchrony is more sensitive to the gender of the

participant compared to induced gamma power in which the gender effect is tenuous.

Finally, we were also interested in charting developmental effects; in the investigation

into induced ganmia power we found little effects of age, but in gamma synchrony age is a major

contributing factor. These results are confirmation that the perceptual process with regulates

gamma power (or the amount of neuronal activity) is separate from that with governs

synchronization.
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CHAPTER 6: GENERAL DISCUSSION

Gamma activity is defined as sinusoidal neuronal oscillations within the range of 30 to

100 Hz or greater. In recent years the study of gamma oscillations has been gaining mounting

popularity in the neuropsychological research community. Enhanced technology makes it easier

to collect and analyse high fi-equency oscillations; in addition, many now believe that gamma

may reflect the perception of meaningful communication and information processing in the

brain. Most of the research into the perceptual function ofgamma activity has come fi-om work

carried out in the visual modality, where it is theorized to be the answer to the "binding"

problem. Our goal was to examine the perceptual function ofgamma in the auditory modality.

We used EEG data collected from children and adults as they completed two modified versions

of the standard auditory oddball task. In the first task, the Auditory Novelty Oddball, in addition

to target and non-target auditory stimuli, task-irrelevant unique novel stimuli were presented. In

the second task, a secondary distracter task was added to the primary oddball task. The main

objective of this investigation was to look for changes within the evoked and induced gamma

responses as we varied the attentional demands of the task, the age and gender of the subject, and

the relevance of the stimulus to the task demands. We also investigated the possibility that

perceptual processing is reflected not only in the rate of neuronal firing with the gamma

frequency, but also in the pattern of firing v^thin the same frequency range. Moreover, we

hypothesised that these two aspects of neuronal functioning do not represent the same facet of

the perceptual process.

The evoked gamma response to auditory stimuli is fairly robust and is primarily found at

frontal brain regions within to 150 ms after a stimulus is presented. The primary source of
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debate within the literature concerns the nature of this response, whether it reflects automatic

sensory processing, or whether it is sensitive to selective attentional processing.

The results of our investigation into the evoked gamma response showed that in both

gamma power and gamma synchrony, this response was characterized by an increase primarily at

frontal cortical sites. This response did not reflect automatic sensory processing, because with

the addition of a secondary task, both gamma power and synchrony levels displayed significant

decreases. The evoked response was also sensitive to cognitive stimulus features; however, the

nature of the effect was dependent upon the aspect of neuronal functioning being investigated.

When investigating gamma power, novel stimuli produced the largest response in all

participants. When investigating the synchrony of the response, only adult participants showed

an increase to novel stimuli. This evidence supports our hypothesis that the two aspects of

neuronal functioning do not represent the same facet of the perceptual process.

The induced gamma response to auditory stimuli is less represented in the literature than

the evoked response. Debate exists as to the direction ofthe response (a positive or negative

change in gamma), as well as to the very existence of the response. Our results verify the

existence of an induced gamma response, and we were able to determine that task-dependent

cognitive stimulus properties are crucial in determining this response. However, we were once

again able to find evidence which supported our hypothesis that gamma power represents a

different aspect of perceptual functioning from gamma synchrony. The investigation into

induced gamma power showed that novel stimuli, as opposed to producing an increase in gamma

power as they did for the evoked gamma response, caused a decrease in all brain regions. Also

the parietal region, which was not very active during the evoked response, now showed

differential sensitivity to both goal-directed or "top-dovm" attentional processing (registering an
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increase to target stimuli) and stimulus-driven or "bottom-up*' attentional processing (large

decrease to novel stimuli). Comparing the results for gamma power for early evoked ganmia

with the results for later induced gamma, we were able to show that the evoked gamma power

response is differentially sensitive to the effects of novelty in that novel stimuli produced the

largest increase, especially within the right frontal region. The later induced gamma power

response was primarily sensitive to target processing, in that target stimuli produce the largest

increase, especially within the right parietal region. This is consistent with the frontal attentional

system's predilection for novelty processing and the parietal attention system's evaluation

processes. Also in both responses the right hemisphere was shown to have greater sensitivity to

differentiating between stimulus categories. The right hemisphere may be more sensitive to

attentional and stimulus features than the left, due perhaps to the right having greater areas of

associative cortex and a better ability to deal with informational complexity

The results of induced gamma synchrony varied with respect to whether one was

examining changes in lateral verus sagital synchrony. If synchrony was examined along an

anterior/posterior dimension, there was an overall increase. If synchrony was examined along a

lateral dimension, only the midline region showed any increase in synchrony. Unlike the power

response, task relevant stimuli (target stimuli) showed an approximately equal increase in

synchrony between the frontal, central, and parietal region, but for lateral regions only children

showed an increase to targets and primarily at midline sites. In general, dividing a participant's

attention by adding a distracter task produces decreases in both induced gamma power and

synchrony like it did for the evoked gamma response. However, the most interesting finding is

that increasing the cognitive load of the participants produced gender differences in the induced
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response. In general, male participants were lower in gamma power and were less synchronous

than females.

The most significant contributions of this research to the body of knowledge on the

subject ofgamma includes the clarification that divided attention reduces both the amount and

the synchrony of recorded cortical gamma, and the assertion that gamma power and gamma

synchrony do not represent the same perceptual process. When comparing the results for phase

synchrony and power within both the evoked and induced timeframe, what is most evident is that

age related effects are exclusively found for gamma synchrony. One interpretation of this

finding is that the age effects related to synchrony might reflect increased myelination in our

older participants, thus increasing their ability to produce synchrony within specific regions.

Lastly, while the evoked gamma response is differentially sensitivity to the effects of novelty, the

induced gamma response is primarily sensitive to target processing.

The work begun with this investigation leaves many avenues open for investigation. The

essential confound of this research concerns the physical properties of the stimuli. While our

target and non-target stimuli were pure tones, our novel stimuli were sliding tones, thus the

effects we attributed to the novelty of the stimulus could also be attributed to the physical

differences between our stimuli. Another confound could be related to our age classifications.

When "children" were subdivided fi-om "adults", we used 18 as the dividing age. However,

observations fi"om the investigation into gamma synchrony suggest that our adolescent age group

(16 to 1 8 years) were more like the adult population, than they were like their younger cohort.

More attention also needs to be given to clarifying gender differences in gamma responses given

the effects of divided attention on differential gender responding. Finally, we investigated

gamma within a narrow band 40 Hz jfrequency (35.2 to 43.0) as is standard with the literature.
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However, it may also prove informative to expand our investigation to the full width of the

gamma range, 30 to 100 Hz.
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Figure 2. 1 The scalp electrode configuration for data collection. Not shown are two

EOG channels consisting of bipolar electrodes which recorded vertical and

horizontal eye movements, the right ear electrode, and the left ear reference

electrode.
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Fig;ure 2.2 Flowchart for preliminary data preparation, showing the difference in

analysis ofthe first 60 subjects.
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Figure 2.3 Scalp electrodes involved in regional analyses.
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A. Example ofhigh phase synchrony

B. Example oflow phase synchrony

Figure 4.1 High vs. Low Phase Synchrony. Diagram A is an example ofhigh phase

synchrony, that is, not only is the rate of oscillation for each wave the same, but

they are also "phase-locked" (the timing of each crest and valley are

synchronized). Diagram B on the other hand is an example of low phase

synchrony; while the rate of oscillation for each wave is still the same, the wave

are not phase-locked, thus they are not synchronous. This figure has been adapted

fix)m a diagram by Albert Haig (2002).
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Evoked Gamma Synctwony
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Figure 4.6 Dual-task Evoked Gamma Synchrony for the Anterior/Posterior Dimension: Gender by Stimulus

Category by Age Category Interaction. Each graph details the same interaction at a different age

' category. NT = non-targets; Tar = targets; Nov = Novels.
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