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Abstract

In a group of predominantly light smokers (N=10), EEG was recorded before

and after cigarette smoking both during rest, and while engaged by two cognitive!

perceptual tasks i) the video game Tetris, and ü) a computerized reverse mirror drawing

task. Increases in beta2 power occured 0-2 minutes after smoking, which were

significant in half the subjeets. Significant decreases in peak alpha power and an increase

of 0.7 Hz in peak alpha frequency existed 1-2 minutes after smoking. Alpha frequency

and power were examined again 11 minutes post-smoking and were found to still he

altered, aIthough this did not reach signficance. Frontal midline theta (FMT), recorded

during cognitive Ioad, increased 0.6 Hz after smoking. Delta power, also recorded

during cognitive load, decreased in ail subjects after smoking. Auditory evoked

potentials (AEP), presented in an uoddball" paradi~ and visual evoked potentials

(VEP), elicited by a reversing·checkerboard stimulus, were collected. Increases in

amplitude, and smaII, but significant, decreases in latency were found in the VEP and the

auditory P300 after smoking. Taken together, results suggest that, in light smokers, a

general increase in arousaI and an enhancement ofcognitive processing is obtained from

smoking.
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Résumé

Dans un groupe composé majoritairement de fumeurs modérés, (N=10), l'activité

EEG a été enregistrée avant et après avoir fumé une cigarette au repos et durant deux

tâches cognitives et sensorielles: d'abord, le jeu vidéo t'Tetris" et ensuite, une tâche

informatisée de dessin en miroir inversé. Une augmentation significative de la puissance

spectrale de la bande passante beta2 a été observée entre 0 et 2 minutes après avoir fumé

chez environ la moitie des sujets. Une diminuation significative de la puissance spectrale

du pic alpha et une augmentation de 0.7 Hz de sa fréquence ont été observées au cours

des deux premières nûnutes après avoir fumé. L'examen de la ligne médiale frontale thêta

(FMT) enregistrée durant la tâche cognitive a mis en évidence une augmentation de

fréquence de 0.6 Hz, après avoir fumé. Une baisse significative de la puissance spectrale

"delta" a aussi été observée chez tous les sujets également au cours de la tâche cognitive.

Les potentiels auditifs évoqués (AEP) utiIsés dans une modéIe "oddball" et les potentiels

visuels évoqués (VEP) par un stimulus d'échiquier se renversant, out aussi été obtenus.

Des augmentations significatives d'amplitude et des diminutions, minimes mais

significantives de la latence du VEP et du P300 auditifs ont été observés après avoir fumé.

Dans l'ensemble, ces résultats suggèrent que, chez les fumeurs modérés, le fait de fumer

provoque une augmentation générale du niveau d'éveil et une amélioration des facultés

cogntives.
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( Section 1: General Overview of Smoking Related EEG Changes

The effects of smoking on brain electrical activity, cognitive processing, and

behavior appear to be bi-phasic in nature. When the dose ofnicotine obtained by the

smoker is functionally low, in relation to the smoker's tolerance leve~ arousing effects are

produced (Knott, 1986; Golding, 1988). Altematively, functionally higher doses result in

sedation. Evidence ofthese changes, and the conceptuai models which have been

suggested by these data, come from numerous studies. In order to provide a foundation

by which both the motives and the findings of this study can be meaningfully understood,

severa! ilIustrative investigations will now be reviewed.

/./ Smoking. Aral/saI. and EEG Acceleration

There is wide agreement that under non-aroused conditions, smoking produces a

stimulant effect in the central nervous system (CNS) as reflected in a shift ofpower of the

eiectroencephalogram (EEG) from lower to higher frequencies (pritchard, 1991; Pritchard

( et al., 1995; Knott, 1988; Gilbert et al., 1989). These EEG changes have a rapid onset

and cao be seen as early as the fourth puff on a cigarette (Knott, 1988). Reciprically,

during smoking deprivation the EEG is characterized by an increase in the sIower

frequencies, a change which has been associated with increased drowsiness (Itil et al.,

1971). The effect of smoking on cortical arousal seems to depend on the dose and rate of

administration, time since last smoking, environmental stress, and where an individual is

located aIong the extroversion! introversion dimension (Golding, 1988; Knott, 1989;

Conrio., 1980; Hori et al., 1994). When smoking, or exposure to equivalent doses of

nicotine, occurs in a low-arousal environment, an increase in arousal generally oceurs. In

moderately arousing conditions, the effects ofsmoking on the EEG are more

heterogeneous and tend to show increasing dependence upon individuai factors. In

contrast to low arousal situations, when smoking oceurs under more stressful conditions

less ofan increase in arousaI is produced in response to stressful stimuli, suggesting that

smoking acts to proteet the smoker from increased stress (Golding et al., 1982); in terms

( of the EEG, instead of decreased alpha power (arousal), a relative increase in the amount

ofalpha power (relaxation) is found when smoking occurs in stressful situations. For
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example, during viewing ofa stressful movie, smoking related decreases in both EEG

activation and lateralisation (Gilbert et ai., 1989) were found. Decreases in activation

during exposure to noxious auditory stimuli (Golding et ai., 1982) have aIso been reported

after smoking. Additionally, during a recording session including such stressful events as

the drawing ofblood and a math task, alpha amplitude was shown to increase after

smoking (Golding, 1988). Since smoking aids in coping with stressfuI environments, these

latter findings are instructive, as they provide a practical model within which smoking aids

the smoker by producing relaxation or acousaI according to the situation. Smoking

therefore produces changes that are similar to those reported in investigations ofvarious

phannacological agents (e.g., caffeine) which also alter the EEG differently, depending

upon various environmental conditions (Dimpfel et al., 1993).

1.2 Beta and Al1xietv Reduction

Studies which have examined the effects of smoking on the EEG have often

reported an increase in beta power that is similar to that found with anxiolytics such as the

benzodiazapines (Hori et al., 1994; Philips, 1971; Hasenfratz et ai., 1993; Golding, 1988).

Pritchard (1991) found increased beta2 power (using a definition ofbeta2 which spanned

from 18 to 28 Hz) to be largest at the vertex (Cz) and most evident in deeply inhaling

smokers. In a subsequent study, Pritchard et al. (1995) examined the time course of this

etfeet and found that this beta2 increase leveled offby about 7 minutes post smoking. In

this latter study, evidence which further suggests a relationship between increases in beta2

and a state ofanxiety reliefwas obtained during a relatively stressful event: the taking ofa

blood sample, which occurred between puffs 4 and 5 ofthe cigarette, was accompanied by

a concurrent decrease in beta2 power and an increase in muscle tension.

Failure ofvarious other investigators to find an increase in beta power may be

attributed to the lack ofa recording eleetrode at the Cz site (Norton et al., 1992}, ~r an

examination restricted to betal, which generally extends from roughly 13 to 20 Hz (Knott,

1989). However, small but significant increases can be noted even without recording at
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the Czl site. For example, Hasenfratz et al. (1990), using oilly Pz.. found increases in beta

power in subjects smoking two cigarettes. Since two cigarettes were smoked in

succession, subjects demonstrated a wide range of nicotine absorption and could be

grouped into low nicotine (LN) and high nicotine (HN) absorbers.2 Results indicated that

the smoking-induced increases in heart rate and dominant alpha frequency were greater

and lasted longer in the RN than in the LN group. The finding that increases in both the

magnitude and duration ofbeta power, as well as increases in the dominant alpha

frequency, were significantly correlated with nicotine absorption, bas also been found by

others (pritchard, 1991). In contrast, Golding (1988) found that bath smoking related

increases in heart rate and beta2 power were related more to CO levels prior to smokin&

than to the amount of nicotine that was obtained from the cigarette.

1.3 Lateralisation andActivation of ClGolNo-GO" Systems

In accordance with previous reports, Norton et al. (1991) found that smoking

aItered ERP's in a bi-phasic manner that was related to dose; the amplitudes of the P300

and contingent negative variation which were increased, compared to baseline, after low

doses of nicotine, were decreased with higher doses. Norton et ai. extended these findings

by relating them to the weIl known "Go" and "No-Go" model (Norton et al., 1992).

While the Go system is relatively active during arousaI, natural (trait) and

pharmacologically induced (state) anxiety, and stress, the No-Go system is relatively

active during periods ofdecreased arousal and cLinicai depression. Sïnce Iower doses of

nicotine had previously led to increases in amplitude ofERP's in subjects with low stress

levels, the activation of the neural Go system was implicated. Altematively, at higher

doses, or when Iow doses were given to subjects under conditions of stress, the effect was

reduced, in line with the activation of the No-Go system. As would be expected by this

model, Norton found that subjective reports ofstress in the pre-smoking period were

correlated with the amount of nicotine obtained by subjects. The "stressed17 subjeets

1 F/_ Cz, ~ and Oz refer to electrodes located al the frontaL centraL parietaL and occipital regions and
along the mid-sagittal plane.

2 Nicotine levels were based upon respiratory CO, a putative indirect measure ofplasma nicotine levels_ dS

weU as an estirnate of plasma nicotine via blood gas analysis.
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attempted to reduce the Go activity by obtaining bigher doses ofnicotine during the

subsequent smoking periode

Norton provided additional evidence for tbis model by investigating the effects of

smoking on lateralisation ofEEG power. Prior evidence for lateralisation of the GoINa­

Go system indicated a division between left and right hemispheres respectively (Gilbert et

al., 1989). Using T3, C3, and T4, C4leads, referenced to P3 and P4 respectively, the

study found a bi-phasic and dose related lateralisation ofEEG spectral power. Nme

minutes after smoking, subjects who had obtained lower nicotine levels were characterized

by left hemisphere activation, as evidenced by decreases in alpha and delta power and

increases in beta power. This change occurred both during eyes open (EO) and eyes

closed (EC) conditions and was accompanied by increases in subjective arousal. The shift

towards left hemisphere activation was correlated (r=.86) with increasing nicotine until

approxirnately the 1. 1 mg. leveL at which point a shift in lateralisation and subjective

reports ofdecreased arousaI began to occur.

In addition to lateralisation, changes in absolute power were examined. Smoking

related decreases in the spectral power of the alpha band were compatible with the

changes seen in ERP's and lateralisation since aU these changes were in directions that

have been associated with increased arousaI. It is worth noting that, in contrast to the

majority ofprevious studies, these data indicated that subjects who obtained a low amount

ofnicotine produced increases in delta and theta power, just after finishing the cigarette,

while higher doses produced decreases. An analysis between power in the lower bands and

the amount ofnicotine subjects obtained from smoking indicated an inverse relationship,

with correlation coefficients demonstrating a mean value of -.73.

The evidence suggests that smokers who desire arousal will attenuate their

slnokïng before higher nicotine levels are reached, while those seeking to relieve stress will

continue to smoke until the higher levels are reached and a decrease in arousal is obtained.

Further, as described in Nonon's conclusion, the dynamics oflateralisation and power

offer insights into the smoking behavior itself The shifts in hemispheric activation cao be

related to the behavioral effects of smoking. Nicotine obtained through cigarette smoking

initially aetivates the Go system, resulting in the continued maintenance ofrepetitive tasks
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("puffing"). Towards the end of the cigarette, the steadily increasing nicotine dose will

eventuaIly inhibit the GO system, reducing stress levels and discontinuing the urge for

more puffing. This implies that smoking itselfcan be self-motivating, because smoking

produces an initial increase in the Go system which it then reduces after a sufficient dose

ofnicotine has been obtained.

/.4 Smoking and Enhallcement ofCognitive & Percep/llai Processing

While the majority ofEEG studies have focused on a change in the smoker's

general state ofarousal, ERP studies attempt to provide insight ioto the changes in

infonnation processing that accompany smoking. Before entering into a review ofthe

ERP literature, one characteristic of the EEG that is related to infonnation processing

(rather than arousal state) should be discussed.

An increase in peak alpha frequency has often been reported in EEG studies

concerned with smoking related changes in information processing. The concept that

processing speed is related to the peak frequency ofa rhythm is based upon studies such

as that of Varela et al. (1981), who demonstrated that the frequency ofa subject's alpha

rhythm was relevant to the processing of incoming stimuli. The faster the peak frequency

of the alpha rhythm, the more likely that two visual stimuli occurring in rapid succession

were perceived as two separate events. Additional evidence that peak frequency is

important in information processing cornes from studies involving psychostimulants, which

have produced both quicker reaction limes and increases in alpha frequency (Dimpfel et

al., 1993).

Increases in peak alpha frequency of 0.5 Hz (Hasenfratz et al., 1990; Knott,

1988) and 0.6 Hz (Kadoya et al., 1994a; Goldi~g, 1988a) have been round in smokers

during real compared to sham smoking, and with nicotine gum (Cohen et al., 1994).

WhiIe an increase in the mean frequency ofthe alpha band is one of the most reliable

changes related to smoking, it May not occur in smokers who fail to obtain a large enough

dose (Kadoya et al., 1994b; Hasenfratz et al., 1993b). The increase in peak alpha is not

merely due to a reversaI of the general EEG slowing that is often present during the

baseline conditions in studies which impose pre-experimental periods ofsmoking
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deprivation. For example, Foulds (1994) found that when 2 subcutaneous injections of

nicotine (0.6 mg spaced 40 min apart, since 0.8 dose occasionally induced vomiting) were

given to non-smokers, an increase in dominant alpha frequency of2 Hz was observed as

eompared to a placebo.

1.5 ViSitai Evoked Polenlial fVEP)

Woodson et. al. (1982) investigated the effects both ofcigarette smoking and of

smoking deprivation (2 hour) on visual evoked potentials obtained under quiescent

conditions. Peak-to-peak amplitudes, for the VEP peaks that oecurred between 100 to

200 msec. in response to a difiùse flash stimulus, were significantly enhanced by smoking,

while only flash intensity altered peak latencies. Sînce these peaks are thought to be

related to the non-specifie, diffuse activation of pathways related to the perception ofa

stimulus, increased amplitudes suggested a general increase in acousaI. However, citing

both his own results and those of previous studies, which found that an increase in generaJ

acousaI was not itself sufficient to produce increases in amplitude, Woodson argues that

the amplitude augmentation refleeted an attention specific enhancement ofvisual

processes.

Hall et al. (1973) found decreases in amplitude of flash elieited VEP components,

in the 100 to 125 msec post-stimulus period, after 12 and 36 hours ofdeprivation. In the

four intensities that were presented, decreases were significant only in response to the 2

dimmest flashes, suggesting that smoking related changes may he more important in the

processing of stimuli which occue neac sensory thresholds. These decreases were reversed

(and extended beyond pre-deprivation baseline Ievels) by smoking. While both these

studies imposed a period of pre-experimental deprivation ofat least 2 hours, when

smokers were deprived for ooly 1 hour, no significant changes occurred in either absolute

measures oflatency or amplitude ofVEPs recorded shortly after smoking (Golding,

1988). However, even with longer periods ofabstinence, sorne studies have failed to find

smoking related changes in the amplitude and latency ofany VEP component (Knott,

1985).

6
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1.6 P300

In the evaluation ofa stimulus, the brain must sufficiently process the physical

attributes of the stimulus in order to enable the subsequent determination ofthe

significance of the stimulus within a given contexte The term 'exogenous component'

refers to regions ofthe ERP (usuaIly in the earlier post-stimulus period, e.g., 0-120 msec.)

that are affected by the changing physical parameters of the stimulus, while 'endogenous

components t vary in accordance with the processing of meaningful information which a

stimulus provides in relation to a given task (Donchin, 1981). The P300 is a late

component charaeterized by a positive shift which usually occurs between 300 and 400

milliseconds post-stimulus and is related to endogenous attributes of the stimulus (Sutton

et al., 1965). The amplitude of the P300 increases as a function ofthe relevance of the

stimulus and its latency is related to the time required for the subject to process incoming

infonnation. Thus, shorter P300 latencies are normally accompanied by quicker reaetion

times.

The literature concerning the effects of smoking on P300 is mixed, with reports of

increases, decreases, and no change in amplitude (Hasenfratz et al., 1989). These

conflicting reports may, in part, be explained by findings that low doses increase the

amplitude ofthe P300 while high doses produce the opposite effect (Norton et al., 1992).

This finding is consistent with a model in which lower nicotine levels produce arousing

effects while larger amounts lead to decreased arousaI. In terms of smoking related

increases in cognitive efficiency, Norton et al. (1991), and others (Hasenfratz et al., 1989)

did not find any smoking related ditferences in P300 latency. Additionally, Michel (1989)

found no change in P300 amplitude or latency to visual stimuli after administration of

nicotine chewing gum (4 mg.). However, Edwards et al. (1985) found smoking related

decreases in P300 latency and improved performance on a visual discrimination task. This

latter study may have obtained it unique results because its discrimination task required

more effort than the more simple tasks used in other studies. This explanation is

supported by behavioral studies that often fail to show improvements in cognitive

performance or reaetion times when the tasks are not diflicult enough to produce a
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sufficiently broad range ofperfonnance, such that the beneficial effects ofsmoking can be

detected (Knott, 1985; Edwards, 1985; Hasenfratz, 1989; Lorist, 1994) .

1.7 Contingent Negative Variation (eNV)

The CNV is a central response that may be elicited in paradigms in which the

subjeets are exposed to a waming stimulus (51), which indicates that a subsequent

imperative stimulus (52) is about to occur to which subjeets are required to respond. The

CNV appears as a negative slùft in the EEG that occurs during the SI-52 intervai and is

thought to represent the expeetant or "readiness" state of the organism. Ashton et al.

(1980) round that small intravenous doses ofnicotine increased the amplitude ofthe event

related CNV potentiaI, a result usually interpreted as an increase in CNS readiness. On

the other hand, larger doses decreased CNV amplitude, a change consistent with the bi­

phasic dose effects ofnicotine on the EEG.

Knott extended these findings and proffered that smoking offers "protection

against disruptive stressors", by looking at the CNV in subjects during both normal

conditions and during concurrent exposure to distracting stimuli (Knott, 1985). Results

indicated that subjects demonstrated reductions in the amplitude of the CNV during the

distraction conditio~ which were reversed by smoking.

1.8 Dl.Ira/ion of Central EUécts

While the central effects of smoking cIearly occur:; aImost immediately, the

duration ofthese changes is less straightforward. Sorne evidence suggests that changes in

alpha and delta power retum to baseline levels by 10 minutes post smoking (Norton et al.,

1992). Others have reported both a slightly shorter time course of 7 minutes (pritchard et

al., 1995), as well as considerably longer time courses on the order of20 minutes (philips,

1971; James et al., 1995).

One study by Hasenfratz et al. (1990) explored the time course ofboth central and

peripheral etTeets ofsmoking. After 10 hours ofovemight deprivation, subjects smoked

the first cigarette of the day during a morning recording session. Levels ofexhaled CO and

plasma nicotine absorption, as weIl as EEG and peripheral arousal measures, were

8
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obtained over a 90 minute period. While smoking related EEG changes in alpha frequency

and beta power were still evident at 10 and 20 minutes respeetively, peripheral effeets

lasted somewhat longer with heart rate changes enduring even 40 minutes later and

respiratory measures still being affected after 90 minutes. Although tbis component of the

study must be interpreted with caution, because subjects were required to smoke two

cigarettes in rapid succession, the relatively long duration of this effect is noteworthy. In

a second segment of the study, subjects smoked three cigarettes at 30-minute intervais and

physiological recordings were made both 10 minutes prior to smoking and 10 minutes

after smoking had ended. Smoking one cigarette, after each ofthe three 3D-minute

intervals, produced qualitatively similar but generally smaller effects. While ail central

measures had returned to pre-smoking levels by the 20 minute mark, the peripherai

changes had a tendency to add cumulatively over subsequent smoking periods, showing

slower retums to baseline values, as had previously been found for cardiovascular

measures (Benowitz et al., 1982).
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Section 2: Experimental Considerations

The literature reviewed aids in providing a better understanding ofhow smoking

modulates the EEG2but there are severai concems that shouid be addressed. Both a lack

ofdiversity of the methods utilizecL as weIl as the consistent bias towards choosing heavy

smokers as subjects2may have contributed to the pieture ofsmoking which is presently

accepted. The present study was undertaken in an effort to provide a broader

understanding of the smoking related changes in the EEG by serving as a complement to

the reports described above. Therefore, this thesis diverged from previous studies in

severai important respects which will now be described.

1) Pharmacological Issues.

2.1 Subject Population

Many studies examining smoking related changes in the EEG utilized subjects who

were heavy smokers often ranging from 10 (Knott2 1985) or 16 cigarettes a day (Goldin&

1988), up to a pack a day (pritchard, 1991; Pritchard et al., 1995), or even three packs a

day (Heming et al., 1983; Hall et al., 1973). The present study favored an alternative

approach which followed two lines of reasoning. First2in arder to obtain an understanding

ofcentral nervous system changes which oceur across the full spectrum ofthe smoking

population, more studies on lighter smokers are needed. For example, do individuals who

smoke only three or four cigarettes a wee~ or who ooly smoke during weekends2

demonstrate smoking related changes that are similar to those found in heavy smokers?

People who smoke fewer than five cigarettes, at least four days per wee~ have been

termed "chippers" (pomerleau et aL, 1993). While tbere is an increasing amount of

Iiterature conceming Iighter smokers, the effects ofsmoking on EEG have not been

examined in this population. SecondlY2 from a pharmacological perspective, while heavy

smokers may need to smoke two cigarettes consecutively for satiation., Iighter smokers are

more likely to be affeeted after one cigarette (Arcavi et al., 1994). Since this study only

required subjects to smoke one cigarette2any EEG changes related to smoking might have

been more evident in individuais who were less likely to have bullt up tolerance.
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2.2 Smoking Procedure

The literature contains a considerable number of instances in which controUed

smoking procedures were used, such as smoking four puffs at 30 second or 1 minute

intervals (pritchard et al., 1995; Knott, 1989; Knott, 1985), while estimating nicotine

absorption by concurrently measuring plasma levels or exhaled CO2. The reliance on this

type offonnalized exposure to nicotine offers the security ofa standardized procedur.e at

the expense of failing to represent the patterns ofsmoking which nonnaIly occur during

typical smoking. While studies concerned with the pharmacokinetics or

phannacodynamics of smoking must rely on rigorous experimental procedures of this

type, the question ofhow the EEG is aItered by smoking May be hindered by standardized

methods because these ignore issues of individual tolerance. Ironically, the same authors

who have used standardized puffprocedures have suggested that a lack ofsignificant

findings may have been due to the unnaturaI exposure to tobacco smoke that was imposed

by the experiment (Knott, 1985). Following this line ofreasoning, regulation ofintake

might cause heavy smokers to obtain insufficient amounts of nicotine while Iighter

smokers experience overexposure, producing arousing or no effect in the fust case and

depressant effects in the latter. Further, not only the amount ofsmoke exp0 sure, but also

the rate of intake, has been shown to contribute to the type of result that is obtained.

Sorne smokers like to increase the rate of smoking towards the end or at the very

beginning ofcigarette, take deeper breaths and exhale more rapidly, or sometimes take

shallow breaths and retain the smoke longer (Haire-Joshu et al., 1991). When smokers are

made ta diverge from their nonnaI pattern ofsmoking, they seem to compensate to obtain

the desired effect of the cigarette which they typically experience, although whether this.
compensatory mechanism is due to tar or nicotine based eues is still under debate

(Hasenfratz et al., 1993a). As sorne investigators have already elected to do by enabling

the smoker to smoke L'1 a natura! manner (pritchard, 1991; Hasenfratz et al., 1993; Norton

et aI., 1992), factors such as tolerance can be overcome by the smoker who is supposedly

quite adept at regulating intake to achieve a desired optimum state, according to the

currently accepted model.
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2.3 Deprivation Reqllirements

In many ofthe previous EEG and ERP studies, relatively long periods oftobacco

deprivation have been utilized. The question arises as to whether such findings can be

generalized to more natural smoking conditions. While some studies have found

significant smoking related effects using only a 2 hour pre-experimentai deprivation period

(Norton et al., 1992), as little as 1 hour of pre-experimental smoking and caffeine

abstinence was sufficient for the detection ofdifferences in EEG during the post-smoking

interval (Golding, 1988). Hasenfratz (1993b) found that even this duration may be

excessive by having subjeets smoke cigarettes at 3D-minute intervals. Using this short

intervaI, it was found that alpha power and frequency, and beta and theta power had aIl

retumed to baseline levels by 20 minutes post-smoking. Further, over these consecutive

smoking periods, tachyphylaxis was found for peripheral but not central measures. In

conclusion, excessive periods of pre-experimental withdr~waI may make the interpretation

of the data difficult due to the interaction between the effeets of smoking and the reversaI

ofwithdrawal symptoms.

II) Electrophysiological Issues.

2.4 A Re-Examillatioll of Slow Waves

A simple model which associates the smoking related enhancement ofcognitive

processing with a shifting of the EEG ioto higher frequency ranges, is attractive.

However, it ignores an extensive literature wruch reports that, while increases in the

power ofdelta and theta bands are found during periods ofdrowsiness and sleep, these

increases have similarly been found over a large assortment ofchallenging cognitive tasks.

For example, augmentation ofdelta power has been found during both reading and mental

arithmetic tasks (Schaeter, 1977; Femandez, 1993).

Since graduated increases in delta power have been found with increasing task

demand, sorne have speculated that there might be a relationship between delta and

attention (for references and discussion see Appendix 1). Ifdelta and theta are increased

by cognitive demand, and smoking enhances the attentional mechanisms that have been
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associated with these bands, it seems likely that the power in these slower frequency bands

wouJd be increased by smoking. Increases in theta have been reported during conditions of

mental Joad (compared to a subjects baseline), but not during resting conditions, following

the oral administration ofcaffeine (Dimpfel et al., 1993). AdditionaIly, increases in delta

power have been found during both rest and mental load, after caffeine (pritchard et al.,

1995; Clubleyet al., 1979). However, rather than ïncreases, decreases are reported in the

power ofsIower frequency bands after smoking frequencies (pritchard, 1991; Gilbert et

ai., 1989).

Studies which have reported smoking related decreases in delta and theta power,

as well as changes in peak frequency, have ignored several potentiaIly important

considerations. From a cognitive and electrophysiological point ofview, the post-smoking

increase in the peak frequency oftheta that was found during the eyes closed condition

may have refleeted theta related to drowsiness rather than mental load (Michel et al.,

1989). As in the case of caffeine, theta might be differentially affected by smoking during

conditions of rest and mental load. This has already been found to be the case for the alpha

band. For.example, Golding (1982) found that alpha power increased rather than

decreased after smoking when it was measured under conditions ofmental load rather

than while a subjeet was merely resting. Additionally, smoking has also affected the

power of the alpha rhythm differently between EO (eyes open) and EC (eyes closed)

conditions, which are minimally different states (Golding, 1988).

Further, while the delta and alpha bands often manifest clear spectral maxima that

have enabled researchers to make a relatively accurate analysis oftheir respective peak

frequencies and amplitudes, the power in the theta range is often more elusive and forms a

"spectral valley" between the peaks ofthese other two frequency bands. In the

spontaneous human EEG, distinct spectral peaks in the theta band are not easily detected

and may often be masked by sIower alpha components impinging into the theta range

(Basar-Eroglu et al., 1992). This cao be seen in the top halfofFigure 1, in which clear

peaks in the alpha and delta range exist, while intrusion of power from the alpha band ioto

the slower theta range accounts for activity that would often be reported as theta.
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Figure 1: fhe top panel shows the power spectra that were computed using 1 second of
EEG collected from the frontal (pz») central (Cz») and parietal (pz) leads. The EEG was
recorded during a resting) eyes-open condition. The sIower activity in the alpha (A) band)
which might be measured as theta (T) activity) is apparent in all three leads. Consequently)
if the alpha band power moves into a higher frequency range) as it does after smoking, the
mean frequency of the theta band would be charaeterized by a corresponding shift. In
the lower panel) under conditions of cognitive load) there is an emergence ofa clear peak
of frontal midline theta which enables proper measurement ofa dominant rhythm ofthe
band or the "peak frequency." Both recordings are from the same subject.
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The lower panel, on the other hand, shows the power spectrum ofthe same subject

engaged in playing the computer game Tetris~· A clear peak, which may be accurately

measured for power and peak frequency, appears clearly at Fz, and to a lesser extent, at

Cz. Previous reports ofa smoking related increase in peak theta frequency during an EC

condition could therefore be due to a change in the power distribution ofthe neighboring

alpha band rather than a true shift in the frequency of the theta rhY1hm. This consideration

is relevant because even though theta power may be evident in the power spectrum ofooly

a portion of the population, investigators have reported changes in the amplitude (Heming

et al., 1983; Pickworth et al., 1986; Knott, 1988; Knott, 1989) and peak frequency

(Michel et al., 1989) of theta after smoking while including ail their subjects in the

computation of this result.

In responding to these issues, the present study has differed from previous studies

in several regards. In order to investigate changes in theta that are relevant to mental

activity, and to more accurately measure the peak frequency ofthe theta band, frontal

midline theta (FMT) rather than traditional theta was investigated. An analysis ofchanges

in the peak frequency ofFMT is more appropriate than an examination of the changes

which oeeur in traditional thet~ because FMT produees a large discrete peak in the power

spectrum which enables a more aceurate estimate of the peak frequeney. While FMT

presents a clear peak that offers irnproved measurement, severa! important differences that

distinguish FMT trom traditionai .theta must be considered in a study which aims to

provide a meaningful analysis ofthis phenomenon. AIthough a detaiIed discussion ofboth

theta and FMT appears in Appendix 2, a quiek review ofthe characteristics ofFMT is

provided here.

FMT usually manifests itself in one to seven second rhythmic bursts whieh tend to

be isolated to the upper range (6-7 Hz) of the theta band, and which have a relatively large

amplitude with a maximum distribution over the frontal sites. Traditional theta usually

oceurs as a low voltage rhythm having a distribution in the slower theta frequencies (4-5

Hz) and occurring diffusely throughout the cortex. FMT occurs ooly in approximately

halfof the population during cognitive tasks (Schnider et al., 1995; Mizuki et al., 1980;

Yamarnoto et al., 1990). Within the population of "FMT producers", close to one-third
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show FMT continuously, while the remaining two-thirds usually produce FMT ooly during

one-fifth of the recording period (Takii, 1986). In these latter cases., FMT appears semi­

pericdically at intervals of roughly 40 seconds, and lasts for ooly one to five seconds,

where one second is often the minimum duration for an occurrence ta be registered

(Mizuki et al.., 1980). Due to these characteristics, it should be apparent that in an
~

investigation ofsmoking related changes in FMT, oolya subset ofthe subjects will be used

in the analysis and, for each subject, ooly a portion of the EEG, that recorded from the

frontal sites, will be utilized in a comparison ofFMT before and after smoking.

Studies that previously examined smoking related changes oftraditional theta

would not have been able to cirer an adequate pieture ofFMT changes due to the special

characteristies of this rhythm. Aside from the faet that a large amount of the data must be

excluded w~en lcoking at FMT, since the time course of the FMT varies from 1 to 7

seconds., studies using signal analysis techniques which analyzed data segments spanning

periods of4 (Dimpfel et al., 1993), 5 (Knott., 1988; Domino et al.., 1996), or 8 (Norton et

al.., 1992) seconds must have violated assumptions ofthe stationarity of the signal. When

the window ofanalyzed data persists longer than the time over which the signal existed,

the submitted data may contain lapses in amplitude or shifts ofphase. By analyzing an

EEG record using data windows ofone second duration the probability that the signal is

stationary across the data window is increased. However., when high frequeney resolution

is desired., relatively longer segments oftime are required by the Fast Fourrier Transform

(FFT). In order to counter this problem., techniques such as wavelet analysis and auto

regressive spectral analysis have emerged. This thesis utilized an alternative technique

known as u zero padding", which is a method that enables the FFT to give a more specifie

estimate ofpeak frequency while only 1 second ofaetual data is required. A more detailed

description of this method cao he found in Appendix 3.

2.5 Alpha Freqllency andAmplitude

Changes in alpha power have often been related to changes in the arousal state of

the subject., while alpha frequency has been shown ta be correlated with the speed of

infonnation processing (Varela et al,. 1981). Further., while alpha band power displays a
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bi-phasic increaseldecrease with increasing nicotine doses,. changes in the dominant alpha

frequency are more reliably elicited at higher nicotine levels and have been reported to

increase in relation to increasing nicotine dose (Hasenfratz et al.,. 1993b). Sïnce smoking

seems to produce separate effects on EEG attributes related to infonnation processing

(alpha frequency) and arousaI (alpha power),. the time course ofeach was considered

separately. In the analysis, alpha parameters were measured according to the

charaeteristics of the dominant spectral peak of the alpha band, as has been done by others

(philips, 1971).

2.6 Bela and Narrow BandAnalysis

The often reported smoking related increase in beta power has only been examined

using a relatively wide frequency band (Hasenfratz et al., 1989; Pickworth et al.,. 1986;

Knott, 1990; Roth et al, 1992; Pritchard et al, 1992). Sorne studies have defined the beta

band as encompassing a range as large as 14-30 Hz. Others have divided this range into

beta1 and beta2 which may be defined, for example, from 12-18 and 18-28 Hz

respectively. Oruya few studies have looked for changes in the peak frequency within the

higher bands (Pickworth et al., 1986; Michel et al., 1989) and these investigated ooly the

betal (13-20 Hz.) range. Further, the increase in beta power May have a shorter time

course than the duration of the recording periods analyzed by sorne investigators

(Hasenfratz et al., 1989). In order to investigate narrow band changes related to smoking

which may oceur, the frequeneies between 15 and 28 Hz (which will be tenned as the

"beta2" band) was examined in this study in 1 Hz frequency increments.

2.7 EEG Record Length

Studies concemed with smoking related EEG changes have sometimes relied on 2

minute EEG records in order to obtain an estimate ofthe power spectrum (Hasenfratz et

aL,. 1993b), while others have shown that a 1 minute sample ofEEG is adequate to detect

statistically significant changes due to smoking (Cohen et al., 1994; Golding, 1988). In

accordance with these previous studies, at least 1 minute ofEEG was obtained during

both conditions of mental load and of reste
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2.8 Summary Notes

The faet that smoking cao be characterized by a bi-phasic response, which alters

the effects ofsmoking based upon such factors as tolerance and dosage, has important

implications for the design ofthis thesis. The available evidence suggests clear advantages

May be obtained 1) pharmacologicaUy, by using lighter smokers, and by using natura!

rather than fonnalized smoking procedures, 2) cognitively, by incorporating low intensity

stimuli that place greater demands on perceptual resources, and 3) physiologically, by

examining the EEG power spectrum with narrow band analysis as weIl as sigrÏal

processing methods that are more appropriate for the biological rhythms being measured.
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Introduction

Previous studies investigating the EEG changes related to smoking have normally

relied on subjects who smoke between three-quarters and three packs per day (Heming et

al., 1983; Golding, 1988; Hall et al., 1973, Knon, 1996). The subjects used in the present

study varied in their smoking behavior but tended to be lighter smokers (four/day) than

those who have been chosen in previous studies. Sïnce lighter smokers may have

developed less tolerance to the effeets ofsmoking and are more likely to be affected by

one cigarette (Arcavi et al., 1994), it was predieted that the single cigarette smoked during

tbis study would produce greater smoking related changes than those reported by previous

studies. Further, because lighter smokers comprise a substantial proportion of the total

smoking population at any given time, it seemed important to investigate the effects of

smoking in these subjeets in order to obtain a better understanding of the full speetrum of

the smoking population. The present study thus aimed to help provide a general picture of

smoking by using the full 10-20 system ta explore the effeets of smoking during rest,

under different mental loads, and during bath auditory and visual stimulation.

Another purpose of tbis study was to investigate the effect of smoking on the

frontal midline theta (FMT) rhythm. FMT is an EEG rhythm of relatively large amplitude

wbich may oceur within the general theta frequency band (4-8 Hz.), but tends to occupy

the bigher frequencies of this range (6-7 Hz.) and demonstrate a maximum distribution

over the frontal midline region. As discussed by Takii (1986), FMT is thought to be

related to foeused attention and has been shown to be elicited by tasks such as reverse

mirror drawing (Takii, 1986) and mental calculation (Mizuki et al., 1980), as weIl as other

tasks which involve moderate demands on attention or cognition (Schober et al., 1995;

Yamamoto et al., 1990). Although the modulation of theta aetivity due to smoking has

previously been explored, tbis experiment specifically investigated FMT for two reasoos.

Firstly, even under mental load, traditional theta aetivity is often relatively hard ta detect in

the eyes open power spectrum ofthe EEG, making an accurate measurement ofthe peak

frequency ofthis rhythm difficult. FMT, on the other hand, produces a clear peak which

is distinct from background spectral power and is easily measured. Secondly, although

reports have already shown a significant shift in the peak frequency oftheta rhythm during

20



(

(

(

the eyes closed condition (Michel et al., 1989), the EEG may be affected differently by

smoking during conditions of rest and during mental Ioad. For example, Golding (1982)

has already demonstrated that alpha power shows an increase rather than decrease after

smoking, when examined under conditions of stress rather than under resting conditions.

Accordingly, the theta that appears during EC, which is often representative of

drowsiness, May be distinct from the theta that appears un~.er mentalload (Schaeter,

1977).

This study a1so investigated the changes which occur in both frequency and power

ofthe alpha band after smoking. While the alpha band displays a bi-phasic

increaseldecrease in power with increasing nicotine amounts, the increase in the peak

frequency of alpha band is larger and more reliably elicited at higher nicotine levels

(pritchard, 1991; Hasenfratz et al., 1990; Hasenfratz et al., 1993). Because smoking

seems to produce separate effects on EEG attributes related to information processing

(alpha frequency) and arousaI (alpha amplitude), each parameter was examined at two

intervals subsequent to smoking.

A further objective was to investigate smoking-induced increases in beta power

which have been associated with smoking's anxiolytic properties. Recent studies

(pritchard, 1991; Pritchard et al., 1995) have extended the picture ofincreased bet~ by

examioing the topographie and dose-related nature of the beta2 response. Increases in

beta2 power around the Cz site were found to be larger in heavy compared to light

smokers. In the present study, the time course ofthis change is examined. Additionally,

while previous studies have coarsely examined beta2 power by combining eight or sixteen

separate frequencies ioto a single broad band(e.g., 13-20 Hz), the present study will

examine the higher frequency range for narrow band (1 Hz) changes in spectral power.

Lastly, in the aim ofobtaining a more thorough understanding ofthe changes

produced by smoking, in addition to obtaining EEG under conditions of rest and mental

load, both visual evoked potentiaI (VEP) and auditory evoked potentiaI (AEP) tasks were

incorporated into the experimental design. Since Hall et aI.(1973) and others (philips,

1971) have offered evidence that smoking produces relatively greater etfects in the

processing of peri-threshold stimuli, studies using easily perceived stimuli would be less
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likely to detect more subtle effects ofsmoking. Ifsmoking is capable ofproducing

decreases in latencies of the VEP, these would be more likely to occur using a dimmer

stimulus which does not enable the visual system to process the incoming information with

maximum efficiency. For this reason, a relatively dim, reversing checkerboard stimulus,

rather than a flash stimulus, was incorporated into the experimental design.
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Methods

Subjects
Volunteers included ten right handed subjects (7 female, 3 male) with a mean age

of 26 (range 22-36), who smoked at least three cigarettes per week (three subjects had

smoked 15/day, seven subjects smoked < 3/day). The three heavier smokers were included

in this study because two subjects ooly smoked to that extent on weekends, while the

remaining subject had just started smoking again (3-4 cigarettes a day) after several

months ofabstinence. These subjects were still relatively light smokers compared to those

used in many other studies which have, for example, relied on subjeets who smoked at

least 15 cigarettes as day for a minimum of 5 years (Knott et al. 1996). AlI subjeets were

volunteers who agreed to participate without pay in n:tum for printouts oftopographic

maps of their EEG. Subjeets were asked ta abstain from alcohol for 12 hours prior to

participation in the study and from tea, eoffee, and cigarettes during the prior two hours.

When subjeets arrived at the laboratory they were asked if they had abstained accordingly.

Two subjects had forgotten about the coffee requirement and were rescheduled.

Studies have shown that smoking early in the morning produces performance

defieits in smokers who normally begin to smoke later in the day (Roth et al., 1992).

Therefore, subjects were either scheduled in the morning (Il a.m.-12 a.m.) or in the early

evening (5-7 p.rn.) according to their normal smoking patterns. An effort was originally

made ta obtain morning smokers, since FMT had been reported to oceur more reliably

between 10 am and noon (Takii, 1986).3 However, subjects were often unavailable for

testing during this periode In arder to compensate for the inability of subjeets to be

scheduled in the morning, and ta increase the likelihood that FMT would appear during

the recording session, extra time was made available in order to practice the tasks before

3In an extensive study entailing bath a screening phase and a test phase~ Takii (1986) used a seriaI
addition task to e..wnine diurnal fluctuations in the appearance ofFMf. A screening procedure accepted
18 of40 subjects (about 50%). who demonstrated FMT on 3 separate days when engaged by the task. The
experiment ensured that these subjects were scheduled 50 that at least 4 subjects were tested at eaeh of the
9 intervals wrueh spanned from 8 am to midnight. at 2 houc increments. A divergence was found between
appearance ofFMT, whieh was found to occur most frequently from 10 to 12 a.m., and the greatest
performance scores on the~ whieh occurred near midnight.
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the EEG recording: exposure ta a task during praetice sessions bas aIso been shawn to

sigrüficantly increase both the chance and the duration ofFMT occurrence (Takii, 1986).

Experimental Conditions

The experiment consisted of 14 separate conditions, and inc1uded seven conditions

which occurred prior to smoking and which were repeated afterwards (Table 1). Aside

from eyes open (EO) and eyes closed (EC) conditions, which were recorded sequentially

without a break, the pre-smoking conditions were separated by two minute breaks during

which subjeets relaxed with the lights on. The post-smoking conditions were each

separated by a break of30 seconds.

-INSERT TABLE 1HERE-

Smoking Procedure
Subjects were instrueted to smoke a cigarette in a comfortable manner, with ooly

one restriction. Subjects were required to inhale what they believed to be the equivalent

ofat least five large inhalations before reaching the end of the cigarette. Subjeets were

able to choose their test cigarette from between DuMaurier (1.3 mg. nicotine, 15 mg. tar,

16 mg. CO2) or Player's Lights (1.1 mg. nicotine, 12 mg. tar, 13 mg. CO2), two very

popular brands in Montreal. Immediately after the last put( the cigarette was

extinguished in a cup ofwater, and recording of the post-smoking EO data was started.

EEG Acquisition Dl/ring Rest and Cognitive Task

EEG was recorded on a Lexicor Neurosearch~-24 EEG acquisition system.

Nmeteen Ag/AgCI electrodes were attached to the subjeets' scalps according to the

standard locations defined by the International 10-20 System, and impedances ofunder 10

Kohms were obtained. Linked ears were used as a reference, and a site on the center of

the forehead acted as ground. EEG data were recorded with a sampling rate of256

sampleslsec, using a highpass filter set at 0.5 Hz, a notch filter of60 Hz, and a lowpass
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filter set at 64 Hz to avoid a1iasing. Auditory and visual ERP data were collected at 512

samples/sec, using both a lowpass filter setting of 128 Hz, and a notch fiIter. ERPs were

collected at a higher sampling rate to increase the accuracy ofestimating the aetual

latencies of the elicited components.

After the electrodes were attached, subjeets were asked to watch their online EEG

data which was presented on a computer monitor during a five minute "training" session.

During this session, subjeets were shown how muscle and eye movements could influence

the EEG, and instrueted to praetice minimizing unwanted muscle tension and eye

movement. This training drastically improved the overall quality of the EEG in most

subjects and should be considered as a standard procedure in any future experimental

design entailing similar tasks. This training was a1so important because, during the mental

load conditions, subjects were able to quickly improve the quality oftheir EEG upon

warnings from the experimenter regarding too much eye movement or muscle tension.

FoUowing the training session, two minutes ofbaseline EEG were recorded during

both eyes EO and EC conditions. After baseline recordings were obtained, the lights were

turned off and mentalload data was recorded. In the tirst mentalload condition subjects

played the computer game Tetris, in which geometric forros are manipulated in order to fit

into an emerging pattern. The Tetris task was under control ofa 486 DX2 mM PC which

presented the game on a display tenninal that was situated approximately two feet in front

ofthe comfortably seated subject and was shielded by an anti-glareJanti-radiation

grounded shield. Three steps were taken to reduce the amount of eye movement a subject

might produce while engaged in the task. The Tetris game was arranged to occupy

roughly the center one-third ofthe total screen area. Additionally, subjeets were

encouraged to sit back far enough from the monitor that they couId see the entire relevant

section without having to move their eyes. Lastly, subjects were aUowed ta practice for

about five minutes and were instructed to choose a moderately chaUenging level ofplay

(Table 1). During this practice time, subjects received additional feedback from the

investigators in arder ta help them learn how to play Tetris wlüle not contaminating the

EEG record with excessive eye movement. Subsequent ta these steps, the subjects played

for 1.5 minutes while EEG was recorded.
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( The lights were then turned on and subjects worked on a computerized version of

the reverse mirror drawing (RMD) task (Schnider et al., 1995), which was presented on a

Macintosh SE.4 The RMD task entails tracing a line within the boundary that is defined

by the outline ofa four pointed star. The motion of the cursor on the screen is inversely

related to the direction in which the subject moves the computer mouse along the

horizontal axis, but is directly related to the motion ofthe mouse in the vertical directions.

The difficulty of the RMD ensured that no subjeet completed the task prior to the end of

the 1.5 minute interval during which EEG was coUected.

The EEG data recorded during Tetris and RMD were reviewed for overall quality

and eye movement. While most subjeets could consistently decrease the eye aetivity

induced by the Tetris task to acceptable levels, two subjects displayed large levels ofeye

movement. In these cases the RMD, rather than the Tetris task, was used to elicit FMT

after the smoking intenral since less eye movement was produced by this task.

ERP Recordillgs

Visual evoked potentials (VEP's) were obtained during a black and white

checkerboard reversai task. Checkerboard stimulation was under control of the Lexicor

and consisted of six horizontal and four vertical rectangles (each 4.5 cm. vertical x 4 cm.

horizontal), which were presented on a monitor located 22 inches from the subject's

forehead. The monitor was adjusted so that it subtended an angle that was roughly

equivalent to each subject's visual horizon and was centered within their visual field. The

lights were tumed offand, after 30 seconds, the subject was instructed to look at a

fixation point and count the number of reversais, while 180 reversaIs occurred at a rate of

one/second (Baseline #1). The lights were turned on for two minutes during which the

subjects rested and reported their count. A second set ofVEP's was then colleeted

(Baseline #2).

4This computer task was \vritten by Dr. Armin Schnider for testing motor activity in Parkinson's disease.
The e:\:perimenter \\ishes to thank Dr. Schnider for kindly providing it for the e~..periment free ofcharge
and for translating bath the task and the 20 page instruction manual from Gennan into English!
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Auditory stimulation was under the control ofa Macintosh II running PsyScope~

software (Cohen et aL, 1993). An oddball paradigm was presented with "common" and

"rare" tones of 1000 Hz and 500 Hz (30 msec. duration., and a 10 msec. rise/falI time),

respectively, occurring in a 4: 1 ratio and a pseudo-random order. Tones were presented

with an rSI ofone second. Auditory stimuli were presented using TelephonieslM

earphones, which were shown to have little etrect on the recordings of

eleetrophysiological data during recordings in pilot subjeets.

Two separate pre-smoking baselines were recorded for both the visual evoked

potential (VEP) and the auditory evoked potential (AEP) in order to assess the reliability

of the amplitude and latency ofthe individual ERP components. An infonnal analysis of

the checkerboard VEP indicated that it produced a stable estimate ofthe visual system's

response. Both the amplitude and latency of the VEP components showed minor

variability between the two baselines, relative to the post-smoking differences. In

contrast, the two auditory baselines showed considerable amplitude variation, while

latency of the peaks was more stable. Due to these different amounts of baseline stability,

the post-smoking VEP data was compared to an average of the values obtained from the

two baseline conditions, while the AEP data was ooly compared to the data of the first

baseline as has been done traditionaIly.

~'SignaI" to "noise" ratio of the averaged ERP data tends to increase as a square

root function of the number ofraw ERPs that are submitted to the average. A relatively

stable averaged VEP emerges after about 70 presentations ofa checkerboard stimulus.

Therefore, even though 180 VEPS were used in order to ensure that an adequate number

of VEPs were obtained during the baseline, the 140 VEPs colleeted in the post-smoking

condition were more than adequate. Beeause the time course of smoking related EEG

changes has been found to be on the order of 10 minutes by sorne investigators (Norton et

al., 1992), the number of VEPs was reduced in arder to increase the Iikelihood that the

effeets ofsmoking would he present during the collection of the AEP data, since this was

recorded after the VEP.
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Data Analysis

Traditionally, EEG investigations which evaluate the peak frequency ofa

particular EEG band use relatively long samples ofcontinuous data, e.g., five seconds per

sample. As the amount ofcontinuous data submitted to the FFT increases, the frequency

resolution of the resulting spectral estimate also ïncreases. In practice, submitting five

seconds ofEEG to spectral anaIysis can be inappropriate, because an assumption is made

that the signal is charaeterized by a high degree ofstationarity and aIso tbat the signal is

free from phase shifts and other abrupt transitions. This assumption may not be valid for

sorne EEG data; for example, the alpha rhythm may show jumps in phase when a subject

blinks or attends to an externally or intemally generated stimulus. Since this study

examined not only the alpha rhyt~ but also FM Thet~ which is known to be a less stable

rhythm, each one second sample ofaccepted EEG was "zero padded" with the equivalent

ofseven seconds ofzeros (7 X 256). Zero padding enables the FFT (2048 point) to

provide a spectral estimate with high frequency resolution, while segments ofooly one

second ofactual data are submitted to the algorithm.

Because FMT may exist for only a small portion of the total recording time, the

data collected during the Tetris and RMD tasks were analyzed spectrally, using a 256

point FFT which yielded a spectral estimate having 1 Hz resolution for each 1 second (1

epoch) ofdat~ before being subsequently submitted to high frequency analysis. In order

for an epoch to be included in the narrow band analysis FMT it had to be charaeterized by

a c1ear spectral peak in the 4 to 7 Hz range which was distributed maximally over the

frontal regions. Dnly epochs that reached this criteria were submitted to high resolution

FFT analysis.

The analysis routines provided with the Lexicor EEG collection system were used

in aU FFT analyses of the EEG that ~ere Iimited ta 1 Hz resolution as weU as for the
,

evaluation ofERP data. Matlab v4.2 was used to perform a narrow band analysis (.125

Hz) with the following definitions ofband: delta, 1.0-4.0 Hz, thet~ 4.125-7.5 Hz, alpha

7.625-12~ and beta2, 15-28 Hz . Rather than split the alpha range into low (alphal)

and high (alpha2) bands as has been done by others (Domino et al., 1994), an estimate of

alpha power was obtained by measuring the power of the peak frequency in the alpha
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band. This definition was chosen over the prior method because, in the latter, a shift in the

peak alpha frequency from the alpha1 to the alpha2 range produces decrease in power of

the alpha1 band: this can be misleading because whiIe a change in size of the eleetrical

field that is oscillating at the alpha rhythm has not necessarily occurred, a decrease in alpha

power appears. AItematively, by defining alpha power in tenns orthe power orthe

dominant frequency in the alpha band, the measure may become more physiologically

meaningfùl by acting as an indicator of the number ofneurons engaged in the response.

Using this latter method, changes in the peak frequency do not contribute to an estimation

ofthe power ofa band. Accordingly, power at the peak frequency rather than mean power

over a band, was used for the analysis ofthe other spectral bands as weil.

AIl data was submitted to an artifact rejection in which ooly data that was below a

given threshold for muscle movement and eye-blinks was accepted. The artifaet rejection

process was as follows. Since a specific channel was not used to independently to monitor

eye aetivity, one second EEG records, or "epochs", were examined by the experimenter

and rejected when the spectral representation of the record indicated that power in the low

delta range was distributed in a frontal to posterior fashior&, and was above a threshold

value. The threshold was detennined individually for each subject and was based upon the

EEG changes that were produced by the subjeet's eye movements during the "training"

period described previously. Additionally, any records that contained large amplitude,

high frequency components possibly due to muscle tension which were largest at the

frontal (FPl, FP2) or temporal (T3,T4) were aIse rejeeted from entering into further

analysis.

In regards to the VEP and AEP analysis, after ail data was submitted to the artifact

rejeetion procedure, ERPs were averaged from accepted epochs without removing linear

trends or using a pre-stimulus baseline adjustment since these options are not available in

the Lexicor software. AEP and VEP components were identified as a sequence of

positive and negative defIections, in accordance with the methods ofprevious reports

(Sutton et al., 1965; Plant et al., 1983; Spekreijse et al., 1973).

After the ERP and quantified EEG spectral results were obtained they were

submitted to statistical analysis using GB-Stat V5.40™ software. There has been
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considerable controversy concerning the appropriateness ofusing various statistical tests

in experiments where data was obtained from multiple electrode sites. In studies which

examine data from 19 or more electrodes~ and investigate severa! frequency bands at each

ofthese electrodes~ it becomes increasingly important for the large number ofcomparisons

(e.g.~1000) ta be treated in a special manner since as the number of recording points and

variables increase~ the probability of finding a sigrùficant difference at one or more

electrodes increases to near certainty. One solution to this problem involves data

reduction. In line with previous studies~ even though Many electrodes were used~ only the

electrodes where an ERP or EEG response is maximu~ are considered (!<not!, 1985;

Takii, 1986). Because the alpha rhythm and the VEP are usually most pronounced at the

01 and 02 sites~ the statistical analysis only considered the data obtained from this

occipital region. In line with this reasoning~ FMT was ooly statistically considered at the

Fz site~ where it is largest~ and the P300 was only measured at the Pz. The four sites were

chosen because the ERPs are most clearly defined there, leading to more accurate

measurement ofboth latency and amplitude.

Even with data reductio~ multiple comparisons are often still necessary. Although

specialized procedures for handling data based upon multiple channeis are currently being

debated and developed, investigators often rely on the Bonferroni method~ which is MOst

appropriate when the number of multiple comparisons are kept small in relation to the

number of subjeets tested (Kamiski et al., 1994; Oken et al., 1986). In this study, the

comparisons between the baseline and post-smoking conditions, which entailed more than

one lead, were accomplished using a repeated measures one way analysis ofvariance

(ANOVA) treating electrode location as a factor, while single lead comparisons, that were

limited to a single post-smoking change, were accomplished using a paired t-test. Post-hoc

t-tests were corrected with alpha-error adjustment using the Bonferroni method.
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Results

EEGResults

1. Be/a2

As can he seen in Figure 1, in 5 ofthe 10 subjeets, a large increase [average =

550%, range 205% to 1044%] occurred in beta2 power at the Cz site during the fust two

minutes following smoking. While these smokers seem to be either beta2 uproducers'Y or

"non-producers", a r~peated measures ANDVA indicated that the change in beta2 power

by condition (pre-smoking, 2minutes post, Il minutes post) was significant even when all

subjeets were inc1uded in the analysis [F(2,18)=5.61,p<.OI]. Post-hoc t-tests indicated that

the ooly beta2 increase during the tirst 2 minutes was significant [t(9)=10.06, p<.05].

Although the beta increase at the later interval failed to reach significance, it should be

noted that in the five beta2 producers, the response was still evident, aIthough

considerably reduced, even Il minutes after the cigarette. In the producers, a large beta2

increase was clearly evident in the first minute of the post-smoking period in 3 subjeets,

while in the other 2 it emerged between the tirst and second minute (data not shown). In

the remaining subjeets, two showed relatively sma1l increases while three showed slight

decreases in beta2 power.

-INSERT FIGURE 1 HERE-

In two of the ten subjeets (subjeet 5 and 7), the beta2 increase was comparable to

that subjeet's alpha power during the EC pre-nicotine condition, which is often the largest

rhythm in the EEG. An argument May be made that the relatively large increase in beta2

power might therefore be indicative ofa major change in state. However, the beta2

increase tended to be highly localized to the Cz site, and was attenuated by about 80% or

more at other eleetrodes (Tables 2a and 2b). This topographie distribution suggested that

the neuronal source ofthis rhythm was near the cortex under the Cz site and May have

been limited to a relatively smaIl region ofthe brain, as can be seen in Figure 2.

-INSERT TABLE 2a HERE-
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-INSERT TABLE 2b HERE-

-INSERT FIGURE 2 HERE-

It is relevant to note that the increase in power was not due to the activity of the

whole ban~ but rather was ooly 1-2 Hz wide. An examination ofthe power speetra of the

resting EEG demonstrated that the beta2 peak existed somewhat sporadically in the EEG

ofseveral subjeets prior to smoking. After smokin~ the peak frequency usually occurred

within 1 or 2 Hz from where it had appeared in the pre-smoking EEG (Table 3). The

frequencies of the beta2 peak varied from 18 to 26 Hz among individual subjects.

-INSERT TABLE 3 HERE-

Although the maximum power was evident at the Cz rather than a more occipital

site, recent articles have discussed the concem that higher frequency phenomena May be

caused by power of slower frequencies, (e.g., alpha) showing up at hannonic frequencies

due to the inability ofspectral analysis ta compensate for errors of frequency estimation

which are sometimes introduced by irregularly shaped periodic aetivity (Juergens et al.,

1995). This type of spectral artifact does not seem to be responsible for the beta2 peak

since visual examination of the raw EEG demonstrated that the beta2 rhythm could be

present in the absence of visible alpha (see Figure 3).

Lastly, an ANOV~ comparing beta2 increase in the 1-2 minute post-smoking

period by group indicated that the occasionally moderate smokers were not significantly

different from the light smokers [F(1,8)=.38, p=O.S, correeted for unequal sample size].

Because moderate subjects consistently manifested changes that failed to skew the data in

a particular direction, further comparisons based upon smoking frequency were not done.

Smoking related changes of the moderate subjeets were indicated in tables and figures.

-INSERT FIGURE 3 HERE-
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2. Alpha
The changes in alpha power which occurred during the 1-2 minute post-smoking

interval (EC) can be found in the top halfofFigure 4. A general decrease in the amplitude

ofthe peak alpha response was found. A 2 (lead) X 3 (condition) repeated measures

ANDVA indicated a significant main effect for alpha power by condition (factor C:

baseline x post 2 minute x post II minute) (F(2,36)=12.96,p<.OI], while the interaction

between condition and electrode lead did not reach significance (interaction L x C)

(F(I, 18)=.17,p=.68]. Post-hoc tests indicated that alpha power was significantly decreased

during the 1-2 minute interval at both 01 [t(9)=4.55, p<.05] and 02 [t(9)=2.87, p<.05]

leads. In the Iower halfofthe figure, it is evident that by the II minute post-smoking

interval the amplitude of the peak alpha responses at bath DI and 02 have started to

rebound as shown by an increase in some ofthe subjects, compared to their baseline

levels. Figure 5 shows that saon after smoking the peak alpha frequency was generally

increased by an average of 0.7 Hz at bath the 01 and 02 leads. ANOVA results for this

frequency increase indicated a significant main effect for condition [F(2,36)=30.37,

p<.OOI], but not for lead. Post-hoc t-tests revealed that this increase was significant for

both 01 and 021eads at the 2 minute time point,[t(9)=3.95,p<.01, for DI and (t(9)=4.54,

p <.01 for 02J. Eleven minutes after the tennination of the smoking period there was still

a trend ofa slight increase in peak frequency at both leads (average for population = 0.2

Hz) which failed to reach significance.

-INSERT FIGURE 4 HERE-

-INSERT FIGURE 5 HERE-

3. FM Theta
An FMT response appeared at Fz during pre-nicotine RMD and Tetris tasks in 6

of the 10 subjects. An analysis of the 6 subjects who had clear FMT peaks both before

and after smoking indicated that the peak frequency of the FMT, measured at the Fz site,

increased by an average of0.56 Hz [t(5)=4.53, P <.01], from 6.1 Hz ta 6.6 Hz. As table 4

shows, all subjects who manifested FMT demonstrated a post-smoking increase in peak
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frequency of FMT. In contrast to previous investigations oftraditional theta, there was

no sigrûficant decrease in amplitude in the post-smoking FMT.

-INSERT TABLE 4 HERE-

4. De/ta
The average delta power which appeared during the pre-smoking cognitive task

condition was found to be decreased by approximately 70010 during the post-smoking

cognitive task. In accordance with Knott et al. (1996), who found no interaction between

decreases in delta power and eleetrode location during a post-smoking resting condition,

we examined the decrease in delta power both by region (frontal, centraI, parietal) and by

hemisphere, and similarly round no regional differences. Therefore, the smoking related

decrease in delta power which occurred during cognitive task, seems to be similar to that

round previously during resting conditions (Table S).

-INSERT TABLE S HERE-

AEP Results
The AEPs elicited to the rare tones were averaged across subjects in order to

obtain the average P300 response. Figure 6 shows the difference between the group

averaged auditory P300 which occurred·during the baseline (AEP 1) and that which was

seen during the post-smoking (AEP llI) condition. Because the P300 response in our

subjects was maximal at the Pz site as expected (Sutton, 1965), ooly the data from tbis site

was examined in our analysis. An examination of Figure 6 suggests that while the early

regions of the auditory response (O-IS0 msec.) were similar between the baseline and

post-smoking conditions, two later components showed smoking related changes.

Although the P200 response appears larger after smoking, this peak was not submitted to

a statistical analysis because, in contrast to P300, it was often charaeterized by complex

morphology with multiple peaks. Additionally, tbis peak was often absent in one or both

conditions, and was charaeterized by an inadequate morphology to merit a more formai

analysis in consideration orthe small number ofsubjeets contained in this study. The

P300 demonstrated a weil defined peak which enabled unambiguous measurement. An
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examination ofP300 latency indicated that a mean decrease of Il msec, from 341.2 to

330.2 (Table 6) in the average latency ofthis response was significant [t(9)=2.37,p<.05].

While a slight increase in P300 amplitude appears in the post-smoking condition., this did

not reach significance. In fact, while the P300 response was larger in 6 subjects it had a

smaller amplitude in the remaining 4 subjects ("fable 6).

-INSERT FIGURE 6 HERE-

-INSERT TABLE 6 HERE-

VEP Resztlts

Figure 7 shows the difference between the group averaged VEPs during the

baseline (VEP l & II) and post-smoking (VEP ID) conditions. A slight augmentation in

the NI peak, and clear increases in the Pl and N2 peaks, can be seen after smoking. The

averaged VEPs are shown to provide a general picture ofsmoking related changes which

occurred in the individual components. However, for a more meaningful evaluation of

smoking related changes in the VEP, each subject's post-smoking averaged VEP should

be compared to that subject's baseline average. For example, when the VEP data were

statistically compared using the individual subjeet data (Appendix 4a and 4b) the NI peak

demonstrated a small but significant increase in its latency after smoking (Table 7). This

increase is not evident in Figure 7, in which it actually seems as ifa slight decrease

occurred. This disparity sometimes emerges in the averaged VEP ofa population because

smaIl, but morphologically important components in the VEP, that indicate the actual peak

ofa component, become lost in the smoothing ofdata inherent in the averaging process.

-INSERT FIGURE 7 HERE-

-INSERT TABLE 7 HERE-
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The group differences which existed between the baseline and post-smoking

averaged VEPs are presented in Table 7. While the amplitude ofPl demoostrated a

marked increase after smoking, the change in the lateocy oftlûs compooent was oot

significant. The N2 peak, on the other hand, exlubited not ooly an increased amplitude,

but also a decrease in its latency. The latency of the NI peak was slightly delayed while

the N2 component demoostrated a more rapid onset. Although not traditionally

considered, the NI and N2 changes in the VEP, when evaluated together, represent a

decrease in the total duration ofthe primary VEP response. The NI-N2 interval May be

physiologically significant since the duration ofthis component is about 100 msec, which

is the approximate duration ofthe alpha cycle.
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Discussion

Pomerleau and Pomerleau (1987) review a diverse pool ofevidence that smokers

cao reguIate nicotine intake to produce a psyehopharmacological response appropriate to

the current needs ofthe smoker, causing an increase in arousaI in relatively low arousaI

environments and a decrease ofarousal in stressful situations. In our study, during a set of

relatively low arousal experimentai conditions which occurred in the tirst two minutes

after smoking, subjects showed alpha power decreases and frequency increases which are

EEG measures that are thought to be eorrelated with arousal and perceptual processing

respeetively (Norton et al. 1991, Varela et al. 1981, Dimpfel et al., 1993, Golding, 1988a).

Additionally, ail subjects who showed an FMT response, demonstrated an increase in the

peak frequency of FMT. Additionally, evidence from evoked potential data supported the

perceptuaJ/cognitive enhancing properties of smoking. For example, both increases in

amplitude, and decreases in latency, of the primary VEP component, as weil as

significantly reduced latency of the P300, appeared after smoking. Taken together, with

the EEG data, these results provided additionai converging evidence suggesting smokers

were adept at gauging tolerance levels and obtaining the amount ofnicotine that was

required to produce increased arousal (increased VEP amplitude) and cognitive

enhancement (decreased P300 latency). The increase in the peaks of the VEP are thought

to be related to the non-specifie, diffuse activation of pathways related to the perception

ofa stimulus as diseussed by Woodson et. al. (1982). Further, P300 latency has been

associated with cognitive processing partially due to studies which have found that shorter

P300 latencies are normally accompanied by quicker reaction times (Donchin, 1981). In

contrast to the relatively uniform changes observed in the alpha band (1-2 minutes post­

smoking) and in FMT peak frequency, the heterogeneity ofsmoking related changes in

both beta2 power, as weIl as the amplitude changes of the P300, demonstrated that

considerable inter-subjeet differences also existed.

The increase in beta2 power was larger than previous reports have suggested.

While this difference may be due in part·to the incorporation oflight smokers ioto the

experimentai design, and the me~urement ofthe beta2 response in units of power (Ily2)
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In contrast to previously reported increases of2 Hz after smoking (Michel et a1.~

1989) and 3 Hz after nicotine gum (pickworth et al.~ 1986) in the peak frequency ofthe

betal band (13-20 Hz.)~ we found no consistent increase in the peak frequency after

smoking. The time course ofthe beta2 response was also in conflict with sorne previous

reports because in 5 subjects the beta2 response was still evident~ although considerably

reduced, even Il minutes after the termination ofsmoking. This suggests a longer rime

course for the beta2 effect than the 7 minute estimate obtained by Pritchard (1995) and is

more in line with the 10 to 20 minute duration reported by Hasenfratz et al. (1990).

The increase in narrow band beta2 should he investigated further~ since little can be

said in terms of its potential implications until the neurobiological effects ofthis activity

are better understood. However, the fact that such a significant change occurred after

smoking, and was still evident Il minutes later, may provide insight into the addictive

nature ofsmoking. If: during a typical day, a moderate smoker caused such an increase in

the high frequency, synchronized aetivity ofthis neuronal region 15 times (once with each

cigarette), then sorne type ofcompensatory response (e.g., downregulation of receptors)

might occur in the region to which the afferents projeet. Since Pritchard has offered

evidence that beta2 activation parallels the decreases in anxiety which accompany

smoking, such compensatory responses might result in a chronically altered baseline state

and could cause the deprived smoker to experience increased levels of anxiety. In line

with this reasoning, studies have found that periods of increased stress, rather than

withdrawal symptoms, are often the cause ofsmoking relapse (Pomerleau et al., 1991),

implying that mechanisms for coping with stress may he inadequate in the smoker.

Whether the proposed insufficiency ofcoping mechanisms was present prior to smoking,

or may have heen caused by a smoking induced downregulation ofthe beta2 system,

should he addressed by future studies.

Lastly, an interaction between smoking status (moderate or Iight smoker) and

beta2 increase did not reach significance. While Hasenfratz et al. (1990) noted a

relationship between increased beta2 response and heavy smoking based upon nicotine

intake, nicotine measures were not available in the present study. In consideration ofboth

the small subjeet number, as weIl as the fact that the moderate smokers in this study did
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not necessarily smoke more than the lighter smokers during the experimental session, this

result should not be interpreted as conflieting with previous findings.

The appearance of FMT in 6 of the 10 subjects was similar to previous studies

which have found that FMT ooly occurs in about halfofail subjects. In contrast to

investigations which have examined smoking related changes in theta (pritchard, 1991;

Heming et al., 1983; Golding, 1988), subjects in the present study did not display a

decrease in the amplitude ofFMT in the post-smoking Tetris task. In faet, during the this

interval, FMT emerged in two ofthe subjeets who had failed to show FMT previously.

This finding was consistent with reports ofFMT augmentation after exposure to

anxiolytics (Mizuki et al., 1986). Additionally, FMT in the post smoking period

demonstrated sharper spectral peak, suggesting a more restricted timing of the neuronal

generator responsible for this rhythm.

The smoking related change in the peak frequency of FMT, which occurred in the

6-7 Hz range during cognitive task, is different from previous reports such as those which

have found increases, from 4.5 to 5.5 Hz, during EC post-smoking periods (Knott, 1988;

Michel et al., 1989). Additionally the FMT data presented here differ from the non­

significant increase (in the 4.0 to 5.0 Hz range) in theta frequency which had previously

been found after 4.0 mg. nicotine gum, during an EC resting condition (pickworth et al.,

1986). While FMT was ooly measured at Fz, previous studies used an index oftheta

frequency which combined data from aIl leads or relied orny on posterior leads.

Therefore, changes in both amplitude and frequency were found for FMT that were unique

from the changes in traditional theta power reported by previous studies.

The increases in FMT peak frequency suggest that a smoking related enhancement

ofcognitive processing occurs a-iter smoking. In an excellent review (Basar-Eroglu et al.,

1992), the evidence both for and against cortical-hippocampal interplay as retlected by

theta activity has been examined. While coherence and phase relationships between

hippocampal and cortical theta have been investigated, it is still uncertain whether or not

the theta activity in the frontal regions is associated with theta activity in the hippocampus.

If frontal theta is found to be associated with that of the hippocampus, then the smoking
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related shift in FMT rhythm is indicative ofan acceleration ofa structure that is known to

be central to cognitive processin~ memory, and attention.

Studies previously examining delta power during post-smoking resting conditions

have reported decreases that were similar to those found in this study (Kadoya et al.,

1994a; Knott, 1988a; Robinson et al., 1992a; Pritchard, 1991a; Golding, 1988a), white

reports of increases are rare (Norton et al., 1992). Smoking related changes in delta

power have not been examined during mental tasks in prior studies.

ln line with EEG changes, the evoked potential data generally suggested a

smoking related enhancement ofcovariants ofcognitive processing. The high variability

between baseline 1 and II in the AEP recordings was not expeeted. Possibly this variance

was due to a fluctuating baseline arousal state, which May have been caused by the

requirement that subjeets refrain from coffee before the experimental procedure.

Additionally, subjeets May have been slightly fatigued during the AEP Il recording since

they had already spent nine minutes attending to relatively dull stimuli, and trying not to

blink, before this recording was obtained. In comparing AEP m to AEP 1, the analysis

reverted back to the traditional procedure of comparing the post-smoking data to only one

baseline condition.

While a significant decrease in the latency of the P300 was found, mixed resuIts

were obtained for amplitude, with the population being almost equally split between an

augmentation or a decrease after smoking. The fallure ofsmoking to produce changes in

P300 amplitude has been reported by others (Hasenfratz et al., 1989). Although these are

the only findings which were submitted to fonnal analysis, it is appropriate to discuss the

general features of the AEP which were present before and after smoking. The post­

smoking AEP's were often characterized by a complex morphology with multiple peaks

which made a comparison between the AEP's, that were elicited in response to the

common tones, inappropriate. In fact, increases in the complexity and number of

components ofthe post-nicotine AEP was sa striking that it should be noted as an effect

ofsmoking and possibly understood in relation to models ofERP's which suggest that

increased complexity (shown by an increase in number ofdefleetions over time) is

associated with increased cognitive capacity (Weiss, 1992; Liberson, 1994). Additionally,
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a1thougb the decrease in the latency of the P300, found at the Pz site, suggests increased

processing speed, anterior regions manifested both P200 and P3a peaks that often

indicated that a more complex set ofsmoking related changes had occurred. For example,

in sorne subjeets, anterior sites demonstrated either increases in the latencies ofpeaks

occurring in the 200 to 400 msec interval, the emergence of new peaks, or changes in the

shape and area of the previously existing peaks. While in line with reports ofsmoking

related decreases in the latency of the VEP (Edwards et al., 1985), the decreased latency

of the posterior P300 is in contrast to studies which have failed to find any smoking

related changes in the auditory P300 (Norton et a1.,1991; Hasenfratz et al., 1989). Thus,

our results should be interpreted cautiously given the conflicting literature and the

concurrent abundance of electrophysiological changes which fail to clearly support either

an increase or decrease in the speed of processing stimuli.

In contrast ta the AEP data, the VEP demonstrate good stability over the two

baseline conditions and showed clear smoking related changes, for example, ail subjects

showed a smoking related decrease in the NI-N2 interval. In combination with the

changes which occurred in the alpha and theta bands, the VEP data Iend additional
•

support ta the finding that our subjects were characterized by an overall increase in

arousai and enhancement ofcognitive/perceptual processing following smoking. These

results are in accordance with the increase in the amplitude of the early components of the

VEP which have been found with other stimulants such as caffeine (Lorist et al., 1994;

Lorist et al., 1995).

The novel measurement of the N I-N2 intervai may be interpreted as representing a

decrease in the total duration of the primary VEP response which may be relevant to the

time it takes for the visual system to respond to an incoming stimulus. This change may

also be physiologically significant since the duration of this interval is about 100 msec,

which is the approximate duration ofthe alpha cycle. Therefore, the faet that nicotine

actually increased the latency of the NI peak, suggesting smoking related decrease in

perceptual processing time, may he secondary to the observation that nicotine aets to

shorten the full NI-N2 cycle.
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The definitions used to describe the peaks ofTable 7 diverge from the

conventional nomenclature ofthej/ash elicited VEP peaks, in which the NI-PI-N2 peaks

are defined differently. Since previous reports ofsmoking related changes in the VEP

have used flash, rather than checkerboard, stimuli an attempt to relate the present findings

to the previous work requires a reconciliation ofthe distinct terminologies. Woodson et.

al. (1982) reported smoking related changes in VEP components that were charaeterized

by a similar morphology, but by an opposite polarity, and were referred to as peaks IV, V,

and VI, respectively. Others have obtained smoking related changes in VEPs that were

less similar in shape, but ofsimilar polarity, as peaks V-VI-VII (Hall et al., 1973).

Independent of the terms used to name these peaks, the amplitudes of the VEP peaks in

this time range have been generally attributed to arousallevel. These previous studies

found significant increases in the amplitudes of these VEP components, but no differences

in latency, suggesting that an increase in arousal but, not necessariIy in processing speed,

had occurred (Woodson et aL, 1982; Hall et al., 1973). In contrast, Golding (1988), who

defined the VEP peaks as we did, failed to find smoking related change in either the

amplitude or latency of the VEP components elicited by flash stimuli.

The failure by previous studies to obtain changes in VEP latency may have been

due to several factors, including a reliance on absolute rather than peak-to-peak measures

(Golding, 1988). Table 7 shows that the measurement ofrelative rather than absolute

latencies caused an increase in the statistical significance of the changes seen after

smoking. Additionally, smoking has often been shown to produce its most noticeable

effects during relatively difficult perceptual or cognitive tasks. For example, Hall et al.

(1973) found that smoking related changes in amplitude occurred ooly for the weakest

flash stimuli used, suggesting that smoking selectively enhances the perception ofweak

stimuli. Further, the VEP response to critical flicker fusion, which entails a perceptually

difficult task using stimuli which appear close to threshold levels, has been reported ta be

modified even 20 minutes after smoking (philips, 1971). Accordingly, while the flash

stimulus is relatively intense and easily processed, the lower intensity ofreversing

checkerboard stimulus may have enabled more subtle changes to appear.
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( This study provides a much needed examination ofsmoking related EEG changes

produced in a more moderate population ofsmokers than bas previously been examined.

While it may have clarified severa! reasons why previous studies did not obtain results

supporting a smoking related increase in arousal and cognitio~ new questions have appeared.

Why does smoking produce an extremely large change in the beta2 band in sorne smokers

while not in others? What is the source ofthe beta2 power which manifested itself at the Cz

site? The results strongly suggest that an appropriately designed PET or FMRI studY:J using

severa! beta '~producers" and several subjects who fail to show a large beta2 increase~ might

be an important component in formulating a model of smoking. Further, the incorporation of

10 subjects drawn from the heavy smoking populations traditionally relied upon should be

tested in a VEP condition identical ta that used in this study in arder ta discover whether the

checkerboard VEP is better at detecting smoking related changes than the flash VEP. Data

from 10 additional subjects has already been coUected and is presently being analyzed in arder

to provide additional support for the finclings reported here.

(

(:
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Table 1: Description of Experimental Conditions

Condition
Training Session
Eyes OpenlEyes Closed
Tetris*
Reverse Mirror Drawing (RMD)
VEP 1 (Checkerboard)
VEP II (Checkerboard)
AEP 1 (P300 = 1:4 probability)
AEP II (P300 = 1:4 probability)

Duration Condition #
5.0 min

2.0/2.0 min. 1
1.5 min. 2
1.5 min. 3
3.0 min.~180 trials~1 sec. ISI 4
3.0 min.~180 trials, 1 sec. ISI 5
3.0 min., 180 triaIs,l sec. ISI 6
3.0 min., 180 trials, 1 sec. ISI 7

3 minute break and then smoke cigarette

(

Eyes Open
Eyes Closed
Tetris or RMD
VEP ID (Checkerboard)
AEP m (P300 = 1:4 probability)
Eyes Closed
Eyes Open

1.0 min. 8
1.0 min 9
1.5 min. 10
2.3 min., 140 trials,1 sec. ISI Il
3.0 min., 180 trials, 1 sec. IS1 12
1.0 min 13
1.0 min 14

Time
Post-Smoking
(0 -1 RÙn)
(1 -2 rrrin)
(2.5-4 min)
(4.5-6.8 min)
(7.3-10.3 min)
(10.8 -11.8 min)
(12.3 -13.8 min)

(0

* Before acquiring EEG under mental load, subjeets were allowed to praetice playing Tetris
and choose a level that they round to be chaIlenging. Usually this took about five minutes.

Table 1: Description ofexperimental conditions and their rimes in relation to smoking.
The inter-stimulus interval (151) was 1 second for both the VEP and AEP tasks. Addition­
al details provided in the text.
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Tables 2a and lb: Individual Data for Octa2 Topologiesl Distribution.

,...

Table 2a.
Subject FP1 FP2 F3 F4 C3 C4 P3 P4 01 02 F7 F8 T3 T4 T5 T6 FZ CZ PZ

#
1 8.28 7.07 7.73 6.56 3.25 4.33 2.15 2.12 1.72 2 6.15 3.73 2.23 5.72 1.93 2.02 4.47 24.55 3.31
7 11.5 7.5 11.2 8.33 8.01 18.1 7.89 8.38 3.46 3.32 6.97 17.2 12.3 13.8 3.98 4.63 16.9 48.23 6.88

10 3.96 3.73 6.22 5.28 7.59 5 7.02 6.37 10.8 8.56 3.7 2.15 4.4 5.62 5.79 3.72 7.74 48.7 7.32
4 2.39 2.21 5.33 4.08 5.04 4.39 3.34 3.1 2.56 2.23 1.93 1.34 1.61 0.79 2.44 1.68 6.66 55.65 8.13
5 5.92 5.53 7.02 7.76 7.67 12.1 6.51 8.39 7.16 7.37 4.17 4.32 6.93 2.75 6.88 6.21 9.67 28.19 9.98

Average 6.42 5.21 7.49 6.4 6.31 8.78 5.38 5.67 5.13 4.7 4.58 5.75 5.5 5.74 4.21 3.65 9.09 41.06 7.12

Table 2b.
Subject FP1 FP2 F3 F4 C3 C4 P3 P4 01 02 F7 Fa T3 T4 T5 T6 FZ CZ PZ

#
1 33.7 28.8 31.5 26.7 13.2 17.6 8.8 8.7 7.0 8.2 25.0 15.2 9.1 23.3 7.9 8.2 18.2 100.0 13.5
7 23.9 15.5 23.1 17.3 16.6 37.5 16.4 17.4 7.2 6.9 14.5 35.7 25.6 28.7 8.3 9.6 35.1 100.0 14.3

10 8.1 7.7 12.8 10.8 15.6 10.3 14.4 13.1 22.1 17.6 7.6 4.4 9.0 11.5 11.9 7.6 15.9 100.0 15.0
4 4.3 4.0 9.6 7.3 9.1 7.9 6.0 5.6 4.6 4.0 3.5 2.4 2.9 1.4 4.4 3.0 12.0 100.0 14.6
5 21.0 19.6 24.9 27.5 27.2 42.9 23.1 29.7 25.4 26.2 14.8 15.3 24.6 9.7 24.4 22.0 34.3 100.0 35.4

Average 18.2 15.1 20.4 17.9 16.3 23.2 13.7 14.9 13.3 12.6 13.1 14.6 14.2 14.9 11.4 10.1 23.1 100.0 18.6

Tables 2a and 2b: In table 2a, beta2 power (~V2) for ail nineteen channels in the five subjects who showed large increases in the tirst 1~2
minutes after smoking. The distribution ofbeta2 power appears to be highly localized to the Cz site. In table 2b, the data is presented
as percentages for ail nineteen channels. Percentage was calculated by dividing the power at each electrode site by the power of the Cz
site (x 100 for percentage) in the same individual. The beta2 power at the electrodes surrounding Cz is generally about 80% to 85%
less than that found at the Cz site.
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Table 3: Individual Data for Beta2 Power and Freguency at Cz.

Subject Baseline Post- Baseline Post- Post-Pre % Change
# Smoking Smoking

Frequency Frequency Power Power (ll~) Power Power
(Hz) (Hz) (].lv2) (1lv2) (1lv2)

1 22 23 6.75 24.55 17.80 363.5
7 22 24 11.15 48.23 37.08 432.4

10 20 19 7.09 48.70 41.61 687.0
4 22 22 5.33 55.65 50.32 1044.4 *
5 22 22 13.73 28.19 14.45 205.2 *
6 19 20 2.07 3.22 1.16 156.2
3 18 16 11.61 8.94 -2.67 77.0
8 21 16 5.00 1.30 -3.69 26.1 *
9 17 16 3.61 2.59 -1.03 71.6
2 15 15 5.20 6.42 1.22 123.5

( *=Moderate smokers

Table 3: Individual values for peak frequency in the beta2 band, both before and after
smoking. A paired t-test (two-tailed probability) ofthefrequency values before and after
smoking indicated that the values were not significantly different (t(9)=.808, p=O.44)
suggesting the enhancement ofa rhythm that exists during baseline rather than the
emergence ofa new rhythm. In subject 8 there is a 5 Hz difference between the baseline
and post-smoking conditions. This subjeet is one of the five subjeets who did not rnanifest
a cIear beta2 response after smoking.

(
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Table 4: Individual Data for FMT Power and Frequency at Fz.

Subject Pre- Pre- Post- Post- Difference in Peak
# Smoke Smoke Smoke Smoke Frequency

Power Frequency Power Frequency Frequency (Hz)
(~v2) (Hz) (p.v2) (Hz)

2 9.54 6.250 11.13 6.875 0.625
3 42.35 6.125 28.65 6.625 0.500
*4 13.42 6.500 12.94 6.875 0.375
6 51.61 6.250 59.26 7.000 0.750
7 129.93 6.500 142.07 6.625 0.125
9 10.82 5.000 13.16 6.000 1.000

Average 42.94 6.104 44.54 6.667 0.56
Std. 46.18 0.56 51.15 0.36 0.30

*=Moderate smokers.
Students-T for change in Power (P value at d.f.=5) =0.34

( Students-T for change in Frequency (P value at d.f.=5) = 0.003

Table 4: Changes in power and frequency of the FMT peak response in the six subjeets
who demonstrated FMT. FMT was defined as the maximum spectral peak that OCCUITed

between 4.125 and 7.50 Hz. Although the increase in FMT amplitude after smoking did
not reach significance, this change is in contrast to the significant decrease in traditional
theta reported previously.
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Table 5: Differences in Delta Power During Cognitive Task.

Scalp Region Baseline (uv2) Post-smoke(u~) 0A. of Pre-Smoke

Frontal (F3,F4,Fz) 35.90 21.23 59%
Central (C3,C4,Cz) 27.70 20.23 72 0,'0

Parietal (P3,P4,Pz 25.97 18.16 69 0,'0

Right (F3,C3,P3,01 ) 24.61 16.54 68%
Left (F4,C4,P4,02) 24.29 16.50 70%

Table 5: Generally about 70% of the pre-srnoke delta power existed after smoking. A
repeated measures ANDVA, 3 (eleetrode region) x 2 (pre-post) indicated that the
decrease in delta power due to smoking was significant (F(I,27) =41.71, p<.OO1), while
the interaction between regions and delta decrease did not reach statisticai significance.
Post-hoc comparisons ofeach region (with Bonferroni correction) indicated the pre-post

.decrease in delta power was significant (p<.O 1) for each electrode region. Additionally, a
2 (he!11Îsphere) x 2 (pre-post) ANDVA indicated that while the decrease for delta power
was significant in each hemisphere (F(I, 18)=29.15, p<.OI), the interaction between
hemispheres and delta decrease did not reach significance. Post-hoc tests indicated
significant decreases occurred in bath hemispheres (p<.01).
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( Table 6: Individus) Data for Amplitude and Latency of P300 at Pz

Subject P300 1(llV) P300 Il (llV) P300 III (llV)
#
1 3.9 5.4 4.7
2 12 7.9 8.4
3 10.7 11.9 9.6

*4 10.5 9.5 2.8
*5 7.2 6.5 6.9
6 8.6 9.2 13.3
7 11.5 8.9 13.9

*8 11 11.5 11.3
9 11.2 7.2 17.5

10 6.5 2.7 7.5

Average 9.31 8.07 9.59
t..test (d.f.=9) 0.890

( Subject P3001 P300 Il P300 III
# (msec.) (msec.) (msec.)
1 345.7 326.2 341.6
2 337.9 320.3 328.1
3 355.5 353.5 349.6

*4 345.8 349.6 328.1
*5 339.8 335.9 335.9
6 353.5 328.1 322.3
4 314.5 320.3 314.5

*8 355.5 361.3 357.4
9 355.5 359.4 314.5

10 308.6 330.1 310.3

Average 341.2 338.47 330.2
t-test (d.f.=9) . 0.041
*=Moderate smoker.

(

Table 6: Amplitude and latency data for the auditory P300 response before and after
smoking. While on average there is a small increase in the amplitude orthe P300, this is
clearly not a uniform response in aIl subjects.
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Table 7: SummaIT of Changes in VEP Before and Alter Smoking

Lead NI PI N2

ABSOLUTE LATENCY (msee) 01 3.42* 0.985 -6.285
02 4.205* -0.77 -5.77*

ABSOLUTE AMPLITUDE (J.lV) 01 -0.18 0.4 -0.31
02 0.085 0.935 -0.9

NI-Pl PI-N2 NI-N2
PEAK-TO-PEAK INTERVAL (msec) 01 -2.435* -7.27* -9.705**

02 -4.975** -5.0* -9.975**

PEAK-TO-PEAK AMPLITUDE (JlV) 01 0.58 0.71 -0.13
02 0.85 1.835* -0.985

( **p<.01 *p<.05

Table 7: Difference between baseline (average VEP 1 & VEP il) average and post­
smoking (VEP3) response to reversing checkerboard stimulus.

(.
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Narrow Band Beta2 Power at CZ

(
• Base6ne

• 1-2 ninutes post-smoking

011-12 ninutes post­
smoking

(-

Figure 1: An increase in narrow band beta power cao be seen for 7 ofthe 10 subjects in
the tirst 2 minutes after smoking. In 5 of the subjects the increase is substantial. Il
minutes later this increase is still evident and has emerged in subject 3. Subjects 4, 5 and 8
were the more moderate smokers.
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Figure 2: The top panel shows the frequency compositio~ at each lead, of2 minutes of
eyes open EEG that was recorded prior to smoking. The major spectral component of the
EEG is the alpha rhythm which is biggest in the posterior regions. The bottom panel was
derived from EEG that was recorded from the same subject during the tirst 2 minutes after
smoking and contains the average spectral power computed from 1 minute ofeyes open
and 1 minute ofeyes closed data. It is clear that the inereased beta2 power, while
demonstrating more power than the subject'5 alpha rhythm, is relatively restricted in its
topographie distribution. Note the relatively narrow peak ofthe beta2 ïncrease.
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Figure 3: In the top panel, a large amplitude rhythm ofabout 25 Hz is clearly evident and
highly localized to the Cz site, in the EEG ofthe EO condition collected 1-2 minutes after
smoking. The bottom panel shows the same subjeet during the pre-smoking EC condition.
Note that the magnitude of the beta2 rhythm in the top panel actually surpasses that of the
alpha rhythm, during eyes closed, shown in the bottom panel.
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Figure 4: Top-Compared to pre-smoking baseline levels~ almost every subject shows a
decrease in alpha power at 01 during the fust 2 minutes after smoking. By 11 minutes the
alpha shows sorne rebound which in 3 subjects exceeds the baseline Ievel. Bottom-. Data
for 02. In subjects 4 and 6 the 01 and 02 leads suggest different levels ofalpha decrease
at the Il minute timepoint. Subjects 4~ 5 and 8 were the more moderate smokers.
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Change in Peak Alpha at 2 and 11 Minutes Post Smoking.
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Figure 5: The increase in peak frequency ofthe alpha rhythm can be found in almost every
subjeet, during the 1-2 minute interval with eyes c1osed. Eleven minutes Jater, when the
amplitude ofthe peak alpha response has begun its rebound, frequency still appears to be
increased, supporting separate time-courses for amplitude and frequency.(note: missing
bars = no difference fram baseline values). Subjeets 4, 5 and 8 were the more moderate
smokers.
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Comparison ofAveraged P300's from Baseline and Post-Smoking Conditions
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Figure 6: Mean smoking related changes in the auditory P300 response at the Pz site
across 10 subjects. The baseline AEP average was calculated from baselines 1, while the
post-smoking average was collected during roughly the 7-10 minute interval which
foUowed the end orthe cigarette. Amplitude units are in IlV., with positive up.
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( Comparisan cfAver~edVEP's for Baseline and Post-SmakingCancitiCll'lS.
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Figure 7: Mean smoking related changes in the checkerboard VEP for 01 and 02 sites
across 10 subjects. The baseline VEP average of the VEP's collected during baselines 1and
fi, while the post-smoking average was collected roughly during the 4-7 minute interval
which followed the end ofthe cigarette. Amplitude units are in J.lV., with positive up.
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Appendix 1: Delta Activity and Cognition.
When delta power is present during the restillg state it is often related to brain

damage (when it is focal), eye activity (when it bas a front to back distribution),

drowsiness, or disorders such as A1zheimer's (Schellenberg et al., 1995). However,

increases in delta also seem to be an attribute ofhealthy cognitive processing (Tucker et

al., 1985; Meador et al., 1993). Unlike the delta which is produced by eye movement,

increased delta power during cognitive tasks may show an asymmetry ofpower (task

minus baseline) and may not be localized to frontal areas (Tucker et aI., 1985; Fernandez

et al., 1993). Schober et al. (1995) found graduated increases, both in amount ofabsolute

delta and theta power and in the cortical area manifesting activity in these bands) that

corresponded to the increasing demands of4 cognitive tasks. These task related increases

have been noted by others (Schacter, 1977). A considerable discussion of the

neurobiological origins and functional roles oftask induced delta activity is provided by

Femandez et al. (1993) who draw upon severaIlines ofevidence suggesting that delta

acts as a focusing mechanism, but this goes beyond the scope of this thesis.

Task induced increases in delta power have been found to be diminished in

cognitively impaired individuals. Schellenberg et al. (1995) compared the QEEG

responses ofnonnaI subjects and those suffering from dementia and noted that while an

increase in delta power was evident during various mental tasks, this increase was smaller

in the latter group. Interestingly, the increase was found in the frontal and posterior leads

while the central leads were relatively unchanged, suggesting that the delta activity was

not propagating, via the cortex, between the two regions. Other investigators have also

found this topographical distribution in nonnal subjects under a variety ofcognitive tasks

(Schober et al., 1995). Neuroanatomical structures that might mediate these results are

the various neuronal pathways which have previously been shown to cause posterior and

anterior regions ofthe head to manifest a greater degree ofcoherence while central­

midline areas, which do not show the associated changes in delta activity, may be

separately engaged by sub-cortical structures such as the thalamus (Thatcher et al., 1986).

Therefore, coherent delta power may serve a role in the communication between the

frontal cortex and posterior regions.
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Appendix 2: Tbeta, Frontal Midline Theta (FMD, and Posterior Tbeta

Theta

In an often cited review~ Schaeter (1977) discusses the paradoxical findings

conceming the nature of the theta rhydun. The initial report of theta waves was made by

Walter and Dovey in 1944, who noted the activity in patients with sub-cortical tumors.

During the period between 1950 and 1970, considerable research by two schools of

investigators furthered our understanding of this rhythm. One line ofinvestigation

provided ample evidence that theta was linked to a decrease in the vigilance state, while

another set ofexperiments demonstrated a strong connection between theta and cognitive,

as weIl as perceptual, processing.

Evidence linking theta to drowsiness carne trom studies showing that a low voltage

theta occurred diffusely throughout the cortex during periods ofdrowsiness~ and in the

hypnogogic state. This "theta-drowsiness" was accompanied by increased reaction rimes

and was thought to signify a decrease in awareness of the environment. Additionally,

sleep deprivation studies showed both that theta prevalence increased with the length of

deprivation and, during intervals of increased theta, subjeets were more likely to produce

incorrect responses in "detection" type tasks.

Altematively, it was also demonstrated that theta was increased during problem­

solving, perceptual processing, leaming, and memory tasks. The earliest reports of

cognitive induced theta has been attributed to research done in the early 1950's by

Arelano and Schwab, and Mundy-Castle who reported increased theta during mental

arithmetic. An increasing amount ofevidence has recently suggested that theta abundance

is related to task perfonnance, as long as the task is relatively challenging. As Schacter

notes, an interesting distinction between alpha and theta aetivity has been made by several

authors. While alpha becomes reduced in a stepwise fashion as soon as a subject is

engaged by a cognitive task, the amount oftheta that appears is related to the difficulty of

the task and increases as the amount of selective attention required by the subject is

increased. In addition ta studies examining problem solving, a link between theta and

selective attention has also been support by studies involving solely perceptual processing.

Shacter reviews tbis latter issue and provides evidence from several studies that have
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shown increases in the abundance of frontal-central theta which were related to the

complexity ofa stimulus.

FMT

In the early 1970's Ishiharan and Yoshii began to expand upon the early evidence

provided by Arellano and Schwab, and investigated a type of theta that was induced

during mental tasks such as seriai addition and intelligence tests. They reported an aetivity

that tended to occur in the higher theta range, between six and seven hertz, and was

cIearly separate from background EEG aetivity, demonstrating a magnitude ofbetween

30-69 J.1V. They tenned this aetivity frontal midline theta due to its topological

distribution.

Over the years, severa! differences between theta and FMT have been uncovered

which support a model in which these rhythms are considered as two separate phenomena.

For example, "traditional" theta may often be smaller than FMT and has been found to

occur in only one-third of subjects during rest while FMT can be elicited in about half the

population during mentalload (Mizuki et aI., 1980). While both theta and FMT may

occur in the frontal-central midIine region just anterior to the vertex, theta often occurs

diffusely throughout the cortex during resting conditions and may span from 3.5 to 7 Hz.

FMT can be elicited in subjects that normally do not show theta under resting conditions

and often includes aetivity, that is primarily in the 6-7 Hz range. Lastly, while the theta

often occurs during rest in a semi-continuous fashion, FMT may occur in bursts as short as

1 second in duratioo.

Much of the work on FMT bas been accomplished by Japanese investigators who

have cIarified many of its charaeteristics (Mizuki et al., 1989; Mizuki et al., 1992; Mizuki

et al., 1986; Hashimoto et al., 1988). While EEG is increasingly analyzed using the power

speetrum in current literature, research on the FMT has often maintained a reliance on the

measures used early on in the Japanese studies and, consequently, the data are often

quantifiecl in terms the amount oflime that the FMT was present (percent occurrence or

44abundance"). Due to the different methods ofquantifying the EEG, sorne of the

inconsistency of results concerning the relationship between theta aetivity and cognition
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are caused by what different investigators mean as Utheta increase.n The current tendency

ofEEG investigators is to rely heavily upon the power spectrum as a means ofobtaining a

quantifiable description ofelectrophysiological aetivity. The power spectnun yields an

estimate ofthe power over a set offrequencies for each eIeetrode. While theta power

measures the size ofan eIectrical field that oscillates at particular frequency, percelltage

theta concems the total amount of time in which theta was the dominant frequency ofthe

EEG. WhiIe theta power may yield a large estimate, even when only several epochs

contain theta, percentage theta does not distinguish between a 50 and 100 J.I.V signaL and

only measures the duration ofthe signal's presence. Each ofthese measures has its own

advantages. In the following review ofthe FMT Iiterature the reader is reminded that the

studies often examine percent occurrence of the FMT rather than theta power.

FMT has been elicited under a variety ofcognitive tasks such as seriaI addition or

subtraction, or tasks which often have a strong sensory-motor component such as reverse

mirror drawing, or the deteetion oftargets (Yamamoto et al., 1990). Yasushi et al.

(Mizuki et al., 1980) examined FMT during various mental tasks, such as a five minute

seriaI addition task. FMT did not appear in any of the subjeets during a five minute

baseline that occurred prior to the task. AdditionaIly, three types of subjeets were

identified. In Il ofthe 30 subjeets examined, bursts ofFMT that Iasted for more than one

second could not be found (non-FMT responders). Ofthe remaining subjects, seven

exhibited a large amount ofFMT (LFMT) on a semi-continuos basis, while 12 manifested

ooly periodic (pFMT) bursts that were 1-7 seconds in duration. The PFMT was found to

occur at approximately 40 second intervals over the five minute testing period with a

peculiar absence during 120-190 seconds after the start ofthe task. The amount ofEEG

charaeterized by PFMT accounted for about one-fifth orthe entire recording period. No

correlation was found between the amount of FMT that was induced by the arithmetic

task and either the amount of task perfonned or number oferrors. The authors reconcile

the lack ofcorrespondence between performance and performance induced FMT by

suggesting that the simplicity ofthe addition task produced too small a range of

perfonnance differences for any underlying correlation to emerge. In line with Yasushi,
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the ease of the task has been suggested by others as being responsible for their failure ta

find a correlation between FMT and task performance measures (Takii, 1986).

FMT. Persollality. and Emotiona/ State

Severa! studies have found that differences in personality and emotional state are

involved in the charaeteristics ofthe FMT in individuals. FMT was more likely to be

markedly evident in subjects who were extroverted, legs neuroric and less anxious (Mizuki

et al., 1986). Accordingly, studies have aIse shown that within the individuaI,

phannacologically induced graduated decreases in anxiety (as measured by anxiety

questionnaires), are associated with similar increases in appearance of the FMT (Mizuki et

al., 1989; Mizuki et al., 1986). FMT increases have aIso been shown following the

ingestion ofalcohol, presumably due to its anxiolytic properties. Although these studies

found that FMT was related to anxiety level rather than task perfonnance, it should be

obvious that the design ofthis study suffers from the faet that the drugs used to reduce

anxiety (e.g., alcohol) may have aIso impaired cognitive ability, thereby requiring the

subjeet to concentrate harder to achieve the same level of performance.

Further evidence which relates FMT ta emotion and the underlying physiological

traits responsible for the general emotionai state ofsubjeets was found when, FMT,

induced by a mental arithmetic task, was shown to vary as a funetion ofplatelet

monoamine oxidase (MAO) activity (Hashimoto et al., 1988). Subjects EEG and

personality/emotion trait and state profiles were obtained on 3 occasions that were

separated by 2 week intervals. At the end of the third session blood was drawn for MAO

analysis. Both FMT and extraversion showed evident decreases as platelet MAO activity

increased. In the context prior evidence, supporting a positive correlation between MAO

aetivity and anxiety, Hashimoto suggests bis results provide further evidence of

relationship between anxiety and FMT appearance.

Posterior Theta

More recently, Yamamoto et al. (1990) explored FMT using both a lexical search

task presented visual1y, and a point and click operation entailing the rapid detection ofa
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target via a computer mouse. Each task consisted of8 repetitions 15 minutes each. In

each repetitio~ EEG was recorded during the 3-5 and 12-15 minute interval and both the

power and the percentage rime ofEEG in the 3.4 to 7.8 Hz range was assessed. This

study was different from the two just described in that it utilized a measure ofFMT which

included power recorded across the entire head, rather than just at Fz, in its calculation of

FMT correlation with perfonnance. The novel analysis provided by this study, which

ignored the traditional definition ofFMT, included a posterior FMT and measured power

from 3.4 to 7.8 rather than merely 6-7 Hz activity. Some ofthe findings were based on

measurements relating to aetivity in the posterior regions, wher~ the FMT is traditionally

not examined (possibly because most investigators feel there is sorne validity to the tenn

FMT). Because posterior leads were considered and because the band utilized included

aetivity up to 7.8 Hz, the contribution of the slower components ofthe alpha rhythm,

which have been shown to increase with some types ofcognitive tasks (Schober et al.,

1995), may have contributed to the findings of this study.

Although it may not he particularly relevant ta FMT, Yarnamoto's report ofa

correlation between posterior theta and task difficulty has been supported by the findings

ofseveral other authors. Using only the left and right parietal locations (p3, P4), Rugg et

al. (1982) found that while alpha merely showed a decrease in amplitude during a verbal

task and a visuospatial task, theta (especially at P4) showed an increase in power with

increased task difficulty and performance. Additionally, Montgomery et al. (1995) found

that the strongest relationship ben.veen theta power and mental arithmetic perfonnance

occurred at the P3 and P4 sites. John et al. (1995) found a strong relationship between

coherence ofpz-P4 narrow band theta (3.8-4.2) and task difficulty. Others have also

found a similar increase in coherence (Walter et al., 1966)

SlImmary

It is important ta remind ourselves of the paradoxical nature of the theta rhythm

reviewed by Shaeter and ta attempt to distinguish between the different types ofaetivity

presently classified under the term theta since researchers are still somewhat confused as

to the Iimits of the current definitions. Yamamoto's discussion ofa type offrontal midline
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theta, which was related to the difficulty ofa cognitive task, but only in the posterior

regions of the head~ should properly raise a red flag. The data reviewed lend support to a

model in which theta abundance (% occurrence) in the frontal and central regions ofthe

head, and theta power and coherence in the posterior regions~ show a relation to the

demands on selective attention imposed by various tasks. Diffuse cortical theta, on the

other hand, seems to be increased either by cognitive task or drowsiness. Thus~ while the

percentage time occupied by FMT is increased by~ but not necessarily correlated wit~

increasing mental Joad, theta power in posterior regions seems to be related to task

difficulty. A classification oftheta might rely on the division oftheta into 3 different

classes based upon specific topological differences: diffuse cortical theta, FMT~ and

posterior theta. WhiJe exceptions to this model will certainly emerge~ it may serve as a

usefuI framework for interpreting the various findings reported in the literature.
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Appenda 3: Issues of Spectral Analysis

The FFT algorithm describes a times series in the frequency domain by decomposing

it into set ofcontinuous frequencies that are the components ofthe original signal. The FFT

provides an estimate ofthe frequency composition of time series data with a frequency

resolution that is inversely proportional to the number of seconds ofdata submitted for

analysis, e.g., an 8 second window ofdata ~elds a spectral estimate with a frequency

resolution of 0.125 Hz. (118 ofa second). When the original signal consists ofEEG rather

than a set of ideal periodic data (e.g., sine waves), the success ofthe FFT in accurately

transforming the data from the time into the frequency domain is influenced by the degree of

stability (or "stationarity") of the component signals.

Knott (1988) examined changes in the peak frequency of the alpha band by

performing FFT's on several 5 second recordings and was able to show that the peak alpha

rhythm increased by 0.5 Hz after smoking. Although Knott successfully measured an increase

in peak alpha frequency, using 5 continuous seconds ofdata cao decrease the accuracy of the

spectral analysis when the signal is unstable over the analyzed time periode Although the

alpha rhythm is a relatively stable signal, it can reset its phase in response to blinking, changes

in arousal, or due to internally or extemaIlyoccurringevents.This issue becomes more

significant in the case ofFMT (which often Iasts for ooly 1 to 5 seconds) where using an 8

second data window for analysis aImost certainly violates assumptions ofstationarity.

Figures 1a and 1b show what may occur when non-stationary signais are submitted to

the traditional FFT techniques. Figure 1a shows 6 signais that increase from 4.2 to 5.2 Hz in

0.2 Hz steps. Each signallasts for 8 seconds and contains a jump ofphase every second (2

seconds shown). Several charaeteristics of the corresponding frequency speetrum should be
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noted. While each signal consists ofa pure sine wave with an amplitude of 2 JlV, which

oscillates at a single frequency, the result ofspectral analysis is comprised ofmultiple peaks.

Not ooly is there no clear peak frequency, but the amplitudes ofthe spectral peaks are aIl

below 2 JlV, since the energy bas been spread out over neighboring frequencies. Although a

subject's alpha rhythm is usually not charaeterized by jumps in ,ha~~ which occur as often as

these model signaIs, other frequencies such as FMT frequent1y have a time course ofonly 1

or 2 seconds (Mizuki et al., 1992) and approximate the behavior of these ilIustrative signais.

Failure by previous investigators to find consistent changes in amplitude or peak frequency of

a particular EEG band could be explained by their failure to adjust their investigative

approach to compensate for the brevity of the signal's occurrence. It should be evident from

the spectral plots that a decrease in the power of the peak frequency ofa band may be due to

an increase in the number ofphase jumps or reversais that occur over time, rather than

necessarily representing an actual decrease in power.

Figure lb shows the effects ofa muitiplying the signal bya Hanning window. By

windowing the original signal, the effects of the phase jumps are smoothed because both the

begjnning and end ofeach l-second signal is multiplied so that these regions approximate

zero. Although the estimate ofa Mean frequency might be sIightly more accurate than when

no window is used, the underestimate of the original signaI's power is still evident.

In order to increase the probability that the signal will be stationary over the period

being analyzed, an eight second record can be broken ioto 8 one-second segments of the

EEG which cao separately be submitted to the FFT analysis. However, since the frequency

resolution decreases in relation to the length ofthe data submitted, an FFT performed on

one-second ofEEG yields a spectral result with 1 Hz resolution. If an estimate ofthe
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changes in peak frequency that might occur in FMT after smoking is based upon the size of

the shifts which have been previously detected in the alpha band (0.5 Hz), then 1 Hz

resolution is not specific enough to detect the changes in FMT peak frequency. In order to

regain higher spectral resolution each one-second signal can be "paddedn with seven seconds

ofzeros.

In this thesis, a method known as "zero padding" was used, as shown in Figure 1c. In

zero padding, a one second signal is attached ta or "padded" by a series ofzeros. Since a

resolution of .125 Hz was desired, 7 seconds worth ofzeros were appended to the end ofthe

signal. Because the additional zeros cause the FFT to underestimate the power of the aetual

frequencies that are present in the 1 second of signal, the spectral result is usually multiplied

by a coefficient that is the reciprocal of the fraction of time occupied by aetual non-zero

data. Although the resulting spectral peak is wider than a spectral result that used 8 seconds

of actual data (see 1d), the maximum value oceurs at the signal's true frequency with no loss

ofpower (i.e. the amplitude ofthe peak accurateIy registers 2 JlV).
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Figure 1b:Jumps in Phase Smoothed by Hanning Window

Figure la and lb: The effect ofphase shifting on the result ofan FFT can be seen in la. Such
jumps ofphase can occur when a subject blinks and the alpha rhythm becomes temporarily blocked
before resetting itself Notice that when the frequency is 4.6, the spectral peak occurs close to 5
Hz. Additionally, the estimate ofpeak frequency is not very accurate due to multiple peaks. In
1b, the jumps ofphase have each been smoothed by a Hanning window. Even with this aid in the

(- transition between various phases, the FFf does not produce a reliable estimate of the signal's
'''true frequency. n
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8 Seconds Data {2 seconds shawn} FFTinuV.
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Figure 1d: 8 Seconds Sine Wave Data

Figures le and Id: A technique known as "zero padding" is shown in lc. The signal is padded
wrth a series (e.g., 7 seconds) ofzeros. This method forces the FIT to give its best estimate of
peak frequency based on the data avaiIabJe. While the spectral peak is wide, its maximum
reliably occurs at the true frequency. In Id, the ideal case is shown, in which a full 8 seconds of

( the signal occurs in a pure, uninterrupted episode. The FFf produces the best resuIts with this
signaI, sho\\ÏDg a narrow peak centered about the signal's true frequency.
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Introduction to Anpendix 4a and 4b.

The following appendices give the individual data for the visual evoked potentials obtained
during the two baseline conditions (VEP 1, VEP fi) and during the post-smoking period
(VEP ID). The average values for each electrode and each peak are given in arder ta
demonstrate the variability of the measure both over time and between electrodes 01 and
02. The results of VEP ID were compared to the average ofthe values obtained during
the baseline conditions (VEPI+VEPII)/2. The results ofpaired (-tests (Bonferroni
correeted) are found in the text of the thesis in Table 8. Appendix 4a includes the absolute
values for amplitude and latency, whiIe appendix 4b includes the relative amplitudes, and
peak-ta-peak (P-P) intervals. AlI latency data is in milliseconds and ail amplitude is in
microvolts. Subjects 4, 5 and 8 were the more moderate smokers.
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( Appendix 4a: Individual Data for Amplitude and Latency ofVEP lAbsolutel:.

Ni Latency VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II -1) VEP III VEP III «bl+bll)/2) ((bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 76.2 76.2 76.2 76.2 0.0 0.0 76.2 76.2 0 0
2 66.4 62.5 66.4 60.5 0.0 -2.0 64.5 64.5 0.05 1.05
3 68.4 70.3 66.4 68.4 -2.0 -1.9 74.2 74.2 4.85 6.8
4 64.5 64.5 64.5 68.4 0.0 3.9 68.4 68.4 3.9 1.95
5 74.2 74.2 64.5 74.2 -9.7 0.0 82 82 7.8 12.65
6 74.2 76.2 74.2 72.3 0.0 -3.9 76.2 76.2 1 2.95
7 74.2 76.2 74.2 74.2 0.0 -2.0 80.1 74.2 4.9 0
8 76.2 76.2 76.2 70.3 0.0 -5.9 76.2 76.2 0 2.95
9 64.5 62.5 68.4 62.5 3.9 0.0 74.2 76.2 10.7 10.75

10 78.1 80.1 76.2 78.1 -1.9 -2.0 80.1 80.1 1 2.95
Average 71.7 71.9 70.7 70.5 -1.0 -1.4 75.2 74.8 3.420 4.205

Standard Dey. = 3.5 2.6 Standard Dey. = 3.70 4.42

Pi Latency VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 111.3 113.3 111.3 113.3 0.0 0.0 111.3 109.4 -1 -2.9
2 107.4 105.5 105.5 107.4 -1.9 1.9 103.5 103.5 -2.95 -2.95

( 3 99.6 109.4 101.6 107.4 2.0 -2.0 109.4 107.4 4.9 2.9
4 103.5 101.6 101.6 101.6 -1.9 0.0 103.5 99.6 0.95 -2
5 103.5 109.4 103.5 107.4 0.0 -2.0 107.4 105 0.95 -0.45
6 107.4 103.5 105.5 105.5 -1.9 2.0 107.4 107.15 1.95 1.65
7 115.2 119.1 115.2 121.1 0.0 2.0 117.2 117.2 0.05 -0.95
8 107.4 107.4 105.5 105.5 -1.9 -1.9 107.4 103.5 0 -2
9 93.8 95.5 97.7 97.7 3.9 2.2 101.6 99.6 6.95 1.9

10 107.4 111.3 107.4 109.4 0.0 -1.9 107.4 105.5 -1.95 -2.9
Averaqe 105.7 107.6 105.5 107.6 -0.2 0.0 107.6 105.8 0.985 -0.770

Standard Dey. = 1.9 1.9 Standard Dev. = 3.01 2.20

N2 Latency VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 193.4 195.3 191.4 193.4 -2.0 -1.9 179.7 179.7 -14.65 -12.7
2 185.5 175.8 187.5 173.8 2.0 -2.0 168 166 -12.65 -14.65
3 144.5 154.3 146.5 154.3 2.0 0.0 154.3 152.3 4.9 1.9
4 162.1 160.2 160.2 158.2 -1.9 -2.0 162.1 158.2 0.95 -1
5 152.3 164.1 152.3 164.1 0.0 0.0 144.5 152.3 -13.7 -5.9
6 160.2 175.8 160.2 173.8 0.0 -2.0 168 166 0 -1
7 162.1 162.1 162.1 160.2 0.0 -1.9 154.3 154.3 -7.8 -6.85
8 144.5 140.6 146.5 138.7 2.0 -1.9 140.6 142.6 -1.95 0
9 127.9 132.8 127 132.8 -0.9 0.0 130.9 130.9 0.55 1

10 1n.7 171.9 1n.7 171.9 0.0 0.0 156.3 156.3 -18.5 -18.5

(
Average 161.0 163.3 161.1 162.1 0.1 -1.2 155.9 155.9 -6.285 -5.770

Standard Dev. = 1.5 1.0 Standard Dey. = 8.16 7.25
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(. Apoendix 4a: (continued1

Ni Amplitude VEP VEP VEP 111- VEP 111-
5ubject # VEP 1 VEP Il VEP 1VEP Il (II - 1) (II -1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 -2.6 -2.8 -3.4 -3.5 -0.2 -0.1 -2.8 -3.7 -0.1 -0.25
2 -1.2 -1.5 -0.9 -1.5 -0.3 -0.6 -1.1 -1.1 0.25 0.1
3 -1.2 -1.4 -0.2 ~0.8 -0.2 -0.6 -1.7 -0.8 -0.4 -0.3
4 -1.1 -0.3 -0.7 -0.1 0.8 0.6 -0.4 0.2 0.3 0.6
5 -2.5 -1.4 -1.5 -0.4 1.1 1.1 -0.8 0.8 1.15 1.75
6 -4.5 -2.1 -7.1 -3.8 2.4 3.3 -6 -6 -2.7 -0.55
7 -3.8 -1.5 -3.2 -1.5 2.3 1.7 -2 -2 0.65 0.35
8 -2.8 -2.1 -1.3 -1.5 0.7 -0.2 -1.8 0 0.65 1.4
9 -0.7 -1.4 0.2 -0.4 -0.7 -0.6 0.3 0.9 1.35 1

10 -1.7 -2.8 -1.1 ~2.6 -1.1 -1.5 -5.2 -5.1 -2.95 -3.25
Average -2.2 -1.7 -1.9 -1.6 0.3 0.1 -2.2 -1.7 -0.180 0.085

Standard Dey. = 1.2 1.4 Standard Dev. = 1.49 1.39

Pi Amplitude VEP VEP VEP 111- VEP 111-
5ubject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II -1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 16.9 14 14.4 13.4 -2.9 -1.0 16 15.2 0.55 1.3
2 13.2 11.6 13.8 12.3 -1.6 -1.5 12 12.9 -0.4 -0.15

(
3 8.7 8.8 7.6 7.9 0.1 0.3 9.6 8.9 0.85 1.15
4 11.9 12.1 12.8 13.4 0.2 0.6 13.5 15.4 1.5 2.3
5 8.5 8.7 8 9.3 0.2 1.3 8.3 7.7 -0.3 -0.95
6 13.8 13.5 15.1 16 -0.3 0.9 16.1 19.4 2.45 3.85
7 8.3 6.9 7.7 6.8 -1.4 -0.9 6.7 6 -0.9 -1.25
8 10.4 11.9 9.5 10.9 1.5 1.4 11.5 11.3 0.35 1.1
9 8.2 7.3 6.9 6.2 -0.9 -0.7 7.5 8.2 -0.25 1.65

10 3.4 5.3 3.4 4.9 1.9 1.5 4.5 4.5 0.15 0.35
Average 10.3 10.0 9.9 10.1 -0.4 0.1 10.6 11.0 0.400 0.935

Standard Dev. = 1.4 1.1 Standard Dev. = 1.00 1.52

N2 Amplitude VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II -1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 -5.4 -9.2 -4.6 -7.9 -3.8 -3.3 -5.9 -7.5 1.4 -1.25
2 -2.5 -3.2 -1.5 -2.9 -0.7 -1.4 -5.1 -4.7 -2.25 -2.5
3 -3.5 -4 -3 -3.5 -0.5 -0.5 -5.1 -4.7 -1.35 -1.45
4 -2.8 -3.8 -3.5 -4.7 -1.0 -1.2 -3.4 -3.6 ~O.1 0.5
5 -1.5 -1.5 -1 -0.8 0.0 0.2 -2.2 -0.7 -0.7 0.2
6 -6.2 -8.2 -6.9 -8.8 -2.0 -1.9 -4.4 -6.5 2.8 1.35
7 0.1 -0.9 0.3 0.1 -1.0 -0.2 -0.5 -0.5 -0.1 -0.7
8 -1.9 -0.7 -2.2 -0.6 1.2 1.6 -1.1 -1.7 0.2 -0.3
9 -1.9 -3.5 -1.1 -2.3 -1.6 -1.2 -1.7 -1.8 1 -0.1

10 -2.2 -2.6 -1.3 -2.2 -0.4 -0.9 -6.4 -6.5 -4 -4.75
Avera~e -2.8 -3.8 -2.5 -3.4 0.3 0.4 -3.6 -3.8 -0.310 -0.900

(~ Standard Dey. = 1.3 1.3 Standard Dey. = 1.92 1.73
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, Appendix 4b: Individual Data for Amplitude and P-P Interval.

N1-P1 Interval VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP If (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 35.1 37.1 35.1 37.1 0.0 0.0 35.1 33.2 -0.67 -2.90
2 41.0 43.0 39.1 46.9 -1.9 3.9 39.0 39.0 -2.03 -4.00
3 31.2 39.1 35.2 39.0 4.0 -0.1 35.2 33.2 0.03 -3.90
4 39.0 37.1 37.1 33.2 -1.9 -3.9 35.1 31.2 -2.63 -3.95
5 29.3 35.2 39.0 33.2 9.7 -2.0 25.4 25Q -9. 1 0 -13.10
6 33.2 27.3 31.3 33.2 -1.9 5.9 3~.2 31.0 0.60 -1.30
7 41.0 42.9 41.0 46.9 0.0 4.0 37.1 43.0 -4.53 -0.95
8 31.2 31.2 29.3 35.2 -1.9 4.0 31.2 27.3 0.63 -4.95
9 29.3 33.0 29.3 35.2 0.0 2.2 27.4 23.4 -3.13 -8.85

10 29.3 31.2 31.2 31.3 1.9 0.1 27.3 25.4 -3.27 -5.85
Average 34.0 35.7 34.8 37.1 0.8 1.4 32.4 31.0 -2.41 -4..98

Standard Dev. = 3.7 3..1 Standard Dev. = 2.94 3.64

P1-N2 Interval VEP VEP VEP 111- VEP 111-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 82.1 82 80.1 80.1 -2.0' -1.9 68.4 70.3 -13.00 -9.80
2 78.1 70.3 82 66.4 3.9 -3.9 64.5 62.5 -12.30 -11.70
3 44.9 44.9 44.9 46.9 0.0 2.0 44.9 44.9 0.00 -1.00

( 4 58.6 58.6 58.6 56.6 0.0 -2.0 58.6 58.6 0.00 1.00
5 48.8 54.7 48.8 56.7 0.0 2.0 37.1 47.3 -13.67 -5.45
6 52.8 72.3 54.7 68.3 1.9 -4.0 60.6 58.85 0.67 -2.65
7 46.9 43 46.9 39.1 0.0 -3.9 37.1 37.1 -8.50 -5.90
8 37.1 33.2 41 33.2 3.9 0.0 33.2 39.1 -3.90 2.00
9 34.1 37.3 29.3 35.1 -4.8 -2.2 29.3 31.3 -4.27 -0.90

10 70.3 60.6 70.3 62.5 0.0 1.9 48.9 50.8 -18.17 -15.60
Average 55.4 55.7 55.7 54.5 0.3 -1 ..2 48.3 50.1 -7.31 ~.OO

Standard Dev. = 2.6 2.5 Standard Dev. = 6.74 5.82

N1-N2 Interval VEP VEP VEP 111- VEP 111-

Subjeet # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II -1) VEP III VEP III «bl+blf)/2) «bl+bJl)/2'
01 01 02 02 01 02 01 02 01 02

1 117.2 119.1 115.2 117.2 -2.0 -1.9 103.5 103.5 -14.65 -12.7
2 119.1 113.3 121.1 113.3 2.0 0.0 103.5 101.5 -12.7 -15.7
3 76.1 84 80.1 85.9 4.0 1.9 80.1 78.1 0.05 -4.9
4 97.6 95.7 95.7 89.8 -1.9 -5.9 93.7 89.8 -2.95 -2.95
5 78.1 89.9 87.8 89.9 9.7 0.0 62.5 70.3 -21.5 -18.55
6 86 99.6 86 101.5 0.0 1.9 91.8 89.8 -1 -3.95
7 87.9 85.9 87.9 86 0.0 0.1 74.2 80.1 -12.7 -6.85
8 68.3 64.4 70.3 68.4 2.0 4.0 64.4 66.4 -1.95 -2.95
9 63.4 70.3 58.6 70.3 -4.8 0.0 56.7 54.7 -10.15 -9.75

10 99.6 91.8 101.5 93.8 1.9 2.0 76.2 76.2 -19.5 -21.45

( Average 89.3 91.4 90.4 91.6 1.1 0..2 80.7 81.0 -9.705 -9.975
Standard Dev. = 4.0 2..7 Standard Dev. = 7.85 6.80
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( Appendix 4b: (Continuedl

Ni-Pi Amplitude VEP VEP VEP 111- VEP III-
Subject # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 19.5 16.8 17.8 16.9 -2.7 -0.9 18.8 18.9 0.65 1.55
2 14.4 13.1 14.7 13.8 -1.3 -0.9 13.1 14 -0.65 -0.25
3 9.9 10.2 7.8 8.7 0.3 0.9 11.3 9.7 1.25 1.45
4 13 12.4 13.5 13.5 -0.6 0.0 13.9 15.2 1.2 1.7
5 11 10.1 9.5 9.7 -0.9 0.2 9.1 6.9 -1.45 -2.7
6 18.3 15.6 22.2 19.8 -2.7 -2.4 22.1 25.4 5.15 4.4
7 12.1 8.4 10.9 8.3 -3.7 -2.6 8.7 8 -1.55 -1.6
8 13.2 14 10.8 12.4 0.8 1.6 13.3 11.3 -0.3 -0.3
9 8.9 8.7 6.7 6.6 -0.2 -0.1 7.2 7.3 -1.6 0.65

10 5.1 8.1 4.5 7.5 3.0 3.0 9.7 9.6 3.1 3.6
Average 12.5 11.7 11.8 11.7 -0.7 0.0 12.7 12.6 0.580 0.850

Standard Dev. = 2.0 1.7 Standard Dev. = 2.21 2.18

P1-N2 Amplitude VEP VEP VEP 111- VEP 111-
Subjeet # VEP 1 VEP Il VEP 1 VEP Il (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 22.3 23.2 19 21.3 0.9 2.3 21.9 22.7 -0.85 2.55
2 15.7 14.8 15.3 15.2 -0.9 -0.1 17.1 17.6 1.85 2.35

(
3 12.2 12.8 10.6 11.4 0.6 0.8 14.7 13.6 2.2 2.6
4 14.7 15.9 16.3 18.1 1.2 1.8 16.9 19 1.6 1.8
5 10 10.2 9 10.1 0.2 1.1 10.5 8.4 0.4 -1.15
6 20 21.7 22 24.8 1.7 2.8 20.5 25.9 -0.35 2.5
7 8.2 7.8 7.4 6.7 -0.4 -0.7 7.2 6.5 -0.8 -0.55
8 12.3 12.6 11.7 11.5 0.3 -0.2 12.6 13 0.15 1.4
9 10.1 10.8 8 8.5 0.7 0.5 9.2 10 -1.25 1.75

10 5.6 7.9 4.7 7.1 2.3 2.4 10.9 11 4.15 5.1
Average 13.1 13.8 12.4 13.5 -0.7 -0.3 14.2 14.8 1).710 1.835

Standard Dev. = 0.9 1.2 Standard Dev. = 1.71 1.74

N1-N2 Amplitude VEP VEP VEP 111- VEP 111-
Subject # VEPI VEP Il VEP 1 VEP JI (II - 1) (II - 1) VEP III VEP III «bl+bll)/2) «bl+bll)/2)

01 01 02 02 01 02 01 02 01 02
1 -2.8 -6.4 -1.2 -4.4 -3.6 -3.2 -3.1 -3.8 1.5 -1
2 -1.3 -1.7 -0.6 -1.4 -0.4 -0.8 -4 -3.6 -2.5 -2.6
3 -2.3 -2.6 -2.8 -2.7 -0.3 0.1 -3.4 -3.9 -0.95 -1.15
4 -1.7 -3.5 -2.8 -4.6 -1.8 -1.8 -3 -3.8 -0.4 -0.1
5 1 -0.1 0.5 -0.4 -1.1 -0.9 -1.4 -1.5 -1.85 -1.55
6 -1.7 -6.1 . 0.2 -5 -4.4 -5.2 1.6 -0.5 5.5 1.9
7 3.9 0.6 3.5 1.6 -3.3 -1.9 1.5 1.5 -0.75 -1.05
8 0.9 1.4 -0.9 0.9 0.5 1.8 0.7 -1.7 -0.45 -1.7
9 -1.2 -2.1 -1.3 -1.9 -0.9 -0.6 -2 -2.7 -0.35 -1.1

10 -0.5 0.2 -0.2 0.4 0.7 0.6 -1.2 -1.4 -1.05 -1.5
Average -0.6 -2.0 -0.6 -1.8 0.0 0.3 -1.4 -2.1 -0.130 -0.985

( Standard Dev. = 1.8 2.0 Standard Dev. = 2.24 1.20
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