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Abstract

Objectives—Resting EEG is sensitive to transient, acute effects of nicotine administration and
abstinence, but the chronic effects smoking on EEG are poorly characterized. This study measures
the resting EEG profile of chronic smokers in a non-deprived, non-peak state to test whether
differences in smoking behavior and personality traits affect pharmaco-EEG response.

Methods—Resting EEG, impulsiveness, and personality measures were collected from daily
smokers (n=22), nondaily smokers (n=31), and non-smokers (n=30).

Results—Daily smokers had reduced resting delta and alpha EEG power and higher
impulsiveness (Barratt Impulsiveness Scale) compared to nondaily smokers and non-smokers.
Both daily and nondaily smokers discounted delayed rewards more steeply, reported lower
conscientiousness (NEO-FFI) and reported greater disinhibition and experience seeking (Sensation
Seeking Scale) than non-smokers. Nondaily smokers reported greater sensory hedonia than
nonsmokers.

Conclusions—Altered resting EEG power in daily smokers demonstrates differences in neural
signaling that correlated with greater smoking behavior and dependence. Although nondaily
smokers share some characteristics with daily smokers that may predict smoking initiation and
maintenance, they differ on measures of impulsiveness and resting EEG power.
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Significance—Resting EEG in non-deprived chronic smokers provides a standard for
comparison to peak and trough nicotine states and may serve as a biomarker for nicotine
dependence, relapse risk, and recovery.
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1. Introduction

The majority of smokers meet DSM-1V criteria for dependence, with daily use of multiple
cigarettes being the most common pattern of use and rapid relapse being the most likely
outcome of attempts at cessation (Hughes et al., 2004, Donny and Dierker, 2007, Zhu et al.,
2012). Nevertheless, a significant proportion of smokers do so intermittently and do not
show signs of nicotine dependence, an established diagnostic feature in smoking literature
and randomized clinical trials that is absent from the DSM-1V/5 diagnostic lexicon (Coggins
et al., 2009, Baker et al., 2012). The remarkable ability of intermittent smokers to use a
highly addictive substance without transitioning to nicotine dependence may depend on
processes that would be of great interest in both prevention and treatment development.
Consequently, the neurophysiological and personality factors that differentiate these two
groups of smokers have received increasing interest (Shiffman et al., 2009, Shiffman et al.,
2012, Kvaavik et al., 2014, Rass et al., 2014). The electroencephalogram (EEG) is a measure
of synchronized neural activity that is particularly promising as a sensitive measure of the
acute and chronic effects of nicotine use (Lerman et al., 2009). To date, however, most
studies have focused on the effects of acute nicotine intoxication, rather than on effects of
chronic use on EEG, and none of these studies have contrasted daily and intermittent (non-
daily) smokers. It is important to consider the resting state EEG of non-deprived smokers to
more thoroughly understand whether nicotine’s effects on functioning represent transient
changes due to acute drug effects, reflecting amelioration of withdrawal or reversal of pre-
existing deficits, or more lasting changes (due to chronic smoking).

Nicotine use is likely to impact oscillatory activity that is reflected in the scalp EEG.
Regular nicotine use can alter the distribution or functionality of brain nicotinic
acetylcholine receptors (nAChR), which play a significant role in neuronal communication
within and across brain areas (Kadoya et al., 1994, Ghatan et al., 1998, Mansvelder et al.,
2006, Bertrand, 2010). nAChR modulation of the velocity of action potential conduction,
which alters the functional timing of electrical activity, may affect excitatory and inhibitory
neuronal networks involved in thalamocortical transmission, sensorimotor interaction (e.g.,
gamma synchrony), and memory formation (e.g., theta synchrony) (Forgacs and Bodis-
Wollner, 2004, Mansvelder et al., 2006, Kawai et al., 2007, Bertrand, 2010, Rutishauser et
al., 2010). Preclinical studies have found that systemic low dose nicotine administration
decreases alpha oscillatory power and enhances beta and gamma power in the cortex and
VTA of nicotine naive and experienced freely moving rats (Lenoir and Kiyatkin, 2011,
Lenoir et al., 2013); higher doses produced a decrease in theta, delta, alpha, and beta-1
power in nicotine naive rats (Ferger and Kuschinsky, 1997). Several studies have measured
non-spontaneous EEG activity by presenting stimuli at different frequencies to evoke EEG
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synchrony. A study of auditory evoked EEG response in anesthetized, nicotine-naive rodents
showed enhanced high frequency (40 Hz) response following nicotine administration,
attenuation of this response during administration of nicotine and NMDA antagonist MK801
or nicotine receptor (a4f32) antagonist DHPE, and a reduction of this response with
administration of MK-801 alone (Sivarao et al., 2013).

Human studies of resting EEG report that smoking or nicotine administration typically
produces a decrease of slow wave EEG power (i.e., delta, theta, low alpha), and an increase
of high frequency power (i.e., alpha, beta, gamma) in nicotine-deprived smokers (e.g.,
Mansvelder et al., 2006, Domino et al., 2009, Fisher et al., 2012). In contrast, smoking
abstinence and withdrawal have been associated with a shift of the normal EEG distribution
to more power at lower frequencies relative to higher frequencies, referred to as EEG
deactivation or slowing. Nicotine’s direct and indirect effects on dopaminergic neurons may
further influence glutamatergic and GABAergic activity, resulting in changes to oscillatory
activity in cortical circuitry (Ford et al., 2007, Weinberger and Dostrovsky, 2011).
Dopamine receptor binding has been positively correlated with cigarettes per day and
nicotine dependence scores (Weerts et al., 2014). Haloperidol antagonism of dopamine D,
receptors was found to partially block EEG-activating effects of nicotine (i.e., shifting EEG
distribution to having more power at higher frequencies relative to lower frequencies) and
alter smoking behavior (Caskey et al., 1999, Walker et al., 2001). Differences in the DRD2-
Al allele (i.e., Dy expression) have been associated with a greater reduction of EEG power
during smoking abstinence (Gilbert et al., 2004). Because scalp recorded EEG is primarily
generated by post-synaptic potentials in the cortex, this technique should be well suited to
detect changes in oscillatory activity at different frequency ranges.

The only two studies that measured resting EEG in non-deprived chronic smokers were
underpowered to find effects due to small sample sizes and sparse electrode montages
(Knott and Venables, 1977, Pickworth et al., 1997). Most previous studies of nicotine effects
have focused on the pharmaco-EEG profile of acute smoking or nicotine administration. In
deprived smokers, acute administration produces a shifting from slow wave EEG activity
associated with relaxed wakefulness or drowsiness (i.e., delta, theta, low alpha) to high
frequency activity associated with arousal or intense mental/emotional activity (i.e., high
alpha, beta, gamma), similar to studies of other stimulants (Cook et al., 1995, Knott et al.,
1999, Domino, 2001, Pickworth et al., 2003, Mansvelder et al., 2006). Overnight and longer
abstinence (3-31 days) from smoking produces consistent reduction in EEG power that is
associated with decreased alertness, worsened cognitive performance, and concurrent
withdrawal symptoms (e.g., increased craving for cigarettes, negative affect, appetite
dysregulation) (Gilbert et al., 2004). Some argue that these changes in neural activity
represent a normalization of the withdrawal state, rather than enhancement of electrocortical
activation, citing evidence that EEG activation does not surpass that of non-smokers and that
non-smokers show no change in slow-wave activity following nicotine administration
(Knott, 2001). Other studies found increased dominant alpha frequency or regional power
following nicotine administration in non-smokers, possibly reflecting activation of
approach/motivational circuitry (Foulds et al., 1994, Fisher et al., 2012).
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Measuring resting EEG in cigarette smokers with different use and dependence profiles in
comparison with non-smoker controls could reveal a potential biomarker for nicotine
dependence, yet the effects of smoking and nicotine dependence on resting EEG have not
been thoroughly investigated. Several studies suggest that resting EEG changes persist past
early withdrawal states. In two studies, Gilbert and colleagues found that altered EEG power
spectra did not resolve after 31 days of abstinence (Gilbert et al., 1999, Gilbert et al., 2004).
Additionally, Gilbert et al. found that higher baseline scores on Fagerstrém Tolerance
Questionnaire (Gilbert et al., 1999) and the Fagerstrém Test for Cigarette Dependence
(Gilbert et al., 2004) were associated with larger quit-related decreases in EEG power. In
studies of other drugs, changes in specific frequency bands have been associated with
individual factors, such as drug use frequency, dependence, family history of alcoholism,
and elevated feelings of euphoria (Parvaz et al., 2011). Finn and Justus (1999) found that
alpha EEG power was reduced in non-alcoholic offspring of an alcoholic parent, suggesting
decreased alpha power may reflect risk for alcohol use disorder and possibly other substance
use disorders (Finn and Justus., 1999). EEG studies of abstinent alcohol-dependent
participants suggest that a greater presence of higher frequency beta activity, representing
hyper-arousal of the central nervous system, corresponds with quantity and frequency of
alcohol intake and can distinguish between ‘low’ and ‘moderate’ drinkers and between
abstinent and relapse-prone alcoholic individuals (Saletu-Zyhlarz et al., 2004, Parvaz et al.,
2011).

Both resting EEG response and smoking behavior may be associated with addiction-related
personality traits. Approach-related (e.g., extraversion, novelty seeking, and impulsivity)
and avoidance-related (e.g., neuroticism and harm-avoidance) traits have been associated
with smoking initiation, progression, and persistence behavior (Terracciano and Costa,
2004, Munafo et al., 2007, lacono et al., 2008, de Wit, 2009). A behavioral measure of
impulsive decision-making, the delay discounting task, has demonstrated a greater
preference for smaller, more immediate rewards over larger, delayed rewards (i.e., steeper
discounting) in smokers vs. non-smokers. Preference for immediate reward has been
positively correlated with impulsivity, substance abuse history, and higher smoking rates
and dependence (Bickel et al., 1999, Kirby et al., 1999, Mitchell, 1999, Reynolds, 2004,
Ohmura et al., 2005, Heyman and Gibb, 2006, Johnson et al., 2007, Sweitzer et al., 2008,
Rezvanfard et al., 2010). Resting EEG findings measuring the association between cortical
arousal and personality traits (e.g., introversion/extraversion and impulsiveness) have been
mixed (Stough et al., 2001, Tran et al., 2001, Knyazev et al., 2002, Schmidtke et al., 2004,
Houston and Stanford, 2005, Koehler et al., 2011). In one study, greater beta and gamma
power responses were correlated with higher impulsiveness and addiction severity in
participants with Internet addition (Choi et al., 2013).

Understanding resting EEG differences in non-deprived smokers is important for more
accurately interpreting the acute effects of smoking or nicotine administration, acute and
long-term nicotine withdrawal, and success of smoking intervention or cessation. The
purpose of this study was to investigate resting EEG response in smokers (daily, nondaily)
and non-smokers, and measure personality characteristics and impulsiveness as potential
factors influencing EEG response and smoking status. Smokers were hypothesized to have
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altered EEG power spectra and higher scores on measures of impulsiveness and sensation
seeking compared to nonsmokers.

2. Methods

2.1 Participants

Thirty non-smokers, 31 nondaily smokers, and 22 daily dependent smokers were recruited
from the local community surrounding Indiana University and paid for participation.
Participants were recruited as part of a study on nondaily smokers; additional methods and
results are reported elsewhere (Rass et al., 2014). Groups were classified according to the
following criteria. Non-smokers 1) smoked <10 cigarettes in their lifetime; and 2) had not
smoked in the past month. Nondaily smokers 1) smoked for =3 years; 2) smoked <27 days
per month for the past 6 months; and (3) in the preceding 90 days, smoked on =10 days or
smoked =20 cigarettes. Daily smokers 1) smoked daily for =12 months; and 2) showed at
least moderate dependence (scored =4 on the Fagerstrom Test for Cigarette Dependence,
FTCD; Agrawal et al., 2011, Fagerstrom, 2012). Ex-smokers and participants currently
attempting to quit were not eligible for the study. Participants were excluded for a history of
electroconvulsive therapy, neurological illness or serious head trauma (including loss of
consciousness >5 minutes), current anxiety disorder or major depression, use of
psychotropic medications, and current/past drug abuse/dependence (excluding nicotine)
based on DSM-IV criteria. Additional exclusion criteria included marijuana use of more
than once per week and consumption of more than 14 alcoholic drinks per week for males
and 7 drinks per week for females. All non-smokers were right-handed; two nondaily
smokers and three daily smokers were left-handed, and one nondaily smoker and one daily
smoker were ambidextrous. Participants received detailed information about the study
protocol and gave oral and written informed consent. The Indiana University Institutional
Review Board approved the study.

2.2 Procedure

2.2.1 Interviews—To determine eligibility, participants completed phone screens, which
included questions about smoking behavior and the FTCD questionnaire. Study eligibility
was confirmed in the laboratory using the demographics and screening module of the
Structured Clinical Interview for Axis-1 disorders (SCID-I; First et al., 1997), with follow-up
questions from additional modules when necessary. Study self-report questionnaires were
mailed to eligible individuals, and participants completed them prior to or after the lab
session. Daily smokers were allowed to smoke prior to the EEG recording; their blood-
nicotine levels stabilized during 30-45 minutes of set-up (Benowitz et al., 1988).

2.2.2 Smoking Dependence—Several standard and widely used self-report measures of
nicotine dependence were administered prior to the EEG procedure. Nicotine dependence
was measured using the Nicotine Dependence Syndrome Scale (NDSS; Shiffman et al.,
2004). Smoking motives were measured using the Wisconsin Index of Smoking Dependence
Motives (WISDM; Smith et al., 2010). The Physical Anhedonia Scale assessed capacity to
experience pleasure from natural reinforcers (i.e., physical sensation), with higher scores
indicating greater anhedonia (PAS; Chapman LJ, Chapman JP. Revised physical anhedonia
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scale. Unpublished test. 1978). Current nicotine withdrawal (Wisconsin Smoking
Withdrawal Scale, WSWS; Hendricks et al., 2006) and breath carbon monoxide (CO; piCO
+, Bedfont Scientific Ltd.) were measured before and after the testing session.

2.2.3 Electrophysiological Assessment

2.2.3.1 Procedure: The electroencephalogram (EEG) was sampled continuously (1000 Hz
sampling rate, 0.1-200 Hz bandpass filter) from 34 Ag/AgCl electrodes that were mounted
in a cap (EasyCap, GmbH) and referenced to the nose (Gilbert et al., 2000). Resting EEG
was recorded in a sound-attenuated room for three minutes during eyes closed and three
minutes during eyes open conditions. Two electrodes that were placed above and below the
participant’s left eye recorded bipolar vertical electrooculogram (VEOG). Neuroscan
SynAmps | digitized the EEG. Electrode impedances were maintained at <10 kOhm.

2.2.3.2 EEG Off-line Processing: The recordings were segmented into two-second epochs,
baseline corrected for the entire epoch, and corrected for ocular artifacts (Gratton et al.,
1983). Epochs with voltage exceeding +100 pV at any site were automatically excluded
from further analyses. Power spectra used to measure signal power (in pV2) were calculated
by applying Fast Fourier Transform (FFT) to the EEG. The transformed epochs were
averaged and then exported as the average value for each frequency band: Delta (1.5-3.5
Hz), Theta (4-7.5 Hz), Alpha (8-12.5 Hz), Beta (13-25 Hz) and Gamma (30-45 Hz) (Barry
et al., 2011). Power values were averaged across 28 electrode sites: left anterior (F7, F3,
FT7, FC3, C3), left posterior (P7, P3, PO7, PO3, O1), right anterior (F8, F4, FT8, FC4, C4),
right posterior (P8, P4, PO8, PO4, 02), midline anterior (FPz, Fz, FCz, Cz) and midline
posterior (CPz, Pz, POz, Oz). Participants with fewer than 20 accepted epochs were
excluded from analysis: a) three non-smokers and three nondaily smokers from the eyes
closed condition and b) two non-smokers and one daily smoker from the eyes open
condition. Participants with EEG power >4 SD from the sample mean in at least one
frequency condition were excluded from analysis: a) two non-smokers and one nondaily
smoker from the eyes open condition.

2.2.4 Personality and Impulsiveness Measures—The NEO 5-Factor Personality
Inventory (NEO; Costa and McCrae, 1992, Terracciano et al., 2008) measured personality
characteristics. The Barratt Impulsiveness Scale-11 (BIS; Patton et al., 1995) and the
Sensation Seeking Scale-V (SSS; Zuckerman et al., 1978) measured factors related to
impulsiveness.

The Delay Discounting Task measured temporal impulsivity and future-oriented decision-
making. In this task, participants were asked to make hypothetical choices about money.
Stimuli and procedures from a previous study (Ahn et al., 2011) were used. In order to help
participants get familiarized with the task, participants completed a practice block of six
trials where they were offered a choice between receiving a smaller, immediate reward (e.g.,
$30 now) or a larger, delayed reward (e.g., $60 in 8 months). Immediately afterwards, the
discounting task began with an initial choice between an immediate reward ($400 now) and
a delayed reward ($800) at one of six different delays: 2 weeks, 1 month, 6 months, 1 year, 3
years, and 10 years. Each delay block consisted of six trials, and order of the delays was
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randomized for each participant. Across repeated trials within the same delay, the initial
amount of money available immediately ($400) was adjusted based on a participant’s choice
with the goal of identifying an indifference point using an adjusting amount procedure
(Green and Myerson, 2004) continued for six trails within each delay. Once an indifference
point was identified at a given delay, the smaller, immediate amount was reset to $400 and
the process was repeated using a new delay to the larger amount ($800).

2.3 Data Analysis

3. Results

2.3.1 EEG Analysis—One-way analysis of variance (ANOVA) with between-subjects
factor of group was run for each EEG frequency. Effect size estimates for analysis of
variance were determined with partial n?2 (partial n2 = .01 is a small effect size, .06 is a
medium effect size, and .14 is large effect size) (Kittler et al., 2007). Eyes closed and eyes
open conditions were analyzed separately.

2.3.2 Self-report measures—One-way analysis of variance (ANOVA) with between-
subjects factor of group was run for every dependent variable of self-report measures of
smoking dependence, personality, and impulsiveness. Delay discounting was characterized
using a single parameter hyperbolic model: V=A/(1+kD), in which a reward of amount A
received after a given delay D is discounted at an individualized rate k to a subjective value
V (Mazur, 1987). We used identical procedures from a previous study (Ahn et al., 2011) to
estimate the discounting rate k. To briefly repeat them here, each participant’s discounting
rate was estimated by programming a customized R code that searches for the k value
minimizing the root-mean-square error for all indifference points in six delays. Because the
distribution of individual-subject k values was non-normal, a natural logarithm
transformation was used to approximately normalize the distribution of k across participants.
Participants with inconsistent performance across trials (positive Ln(k)) and a poor model fit
(root-mean-square-error (RMSE)=347, which was >4 SD from the sample mean), were
excluded from analysis (n=2 non-smokers). Indifference points were compared using a
mixed model ANOVA with a within-measures factor of delay (2 weeks, 1 month, 6 months,
1 year, 3 years, and 10 years) and between-subjects measure of group (hon-smokers,
nondaily smokers, daily smokers). ANOVAs at each delay tested significant interaction
effects. Fisher’s Least Significant Difference (LSD) tested significant main effects in post-
hoc analysis.

Exploratory Pearson correlations were used to examine relationships between significant
resting EEG frequencies, smoking behavior among groups, and self-report measures.

3.1 Demographics, Smoking Behavior, and Subjective Craving during the Testing Session

(Table 1)

Groups did not differ by age or sex. Daily smokers completed less education than non-
smokers (LSD p=.001). Daily smokers had higher carbon monoxide (CO) levels than
nondaily smokers (LSD p<.001) and non-smokers (LSD p<.001) before and after the
session. CO and withdrawal post-session compared to pre-session accounted for minimal
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differences in non-smokers compared to daily smokers (LSD p=.011). Daily smokers had a
greater increase in craving than both nondaily smokers (LSD p=.001) and non-smokers (LSD
p=.002).

Analysis of smoking self-report measures revealed that daily smokers initiated smoking
earlier, smoked for a longer duration, and smoked more frequently relative to nondaily
smokers. Daily smokers also reported higher levels of dependence and drive than nondaily
smokers. On the NDSS measure of dependence, daily smokers reported significantly more
drive (F(1,51)=89.70, p<.001), tolerance (F(1,51)=13.06, p=.001) and a trend for continuity
(F(1,51)=3.47, p=.068) than nondaily smokers. On the WISDM assessment of smoking
motivation, daily smokers scored higher on primary dependence motives (i.e., automaticity,
craving, loss of control, tolerance) than nondaily smokers (p’s<.001). Daily smokers also
scored higher on WISDM secondary dependence motives, associated with auxiliary features
of dependence, with p’s<.001 on affective enhancement, affiliative attachment, cognitive
enhancement, cue exposure, sensory properties (p=.013), and weight control (F(1,51)=3.83,
p=.056) than nondaily smokers. Group differences on the PAS (F(2,79)=5.09, p=.008)
showed that nondaily smokers reported less physical anhedonia than non-smokers (LSD p=.
002). One non-smoker was excluded from PAS analysis due scoring >4 standard deviations
(SD) from the sample mean.

3.2. Resting State EEG (Figure 1)

3.2.1 Eyes Closed—A main effect of group for the alpha frequency (F(2,74)=3.254, p=.
044, partial n2 =.081) showed a decreased response in daily smokers (M=2.8, SD=1.8)
compared to non-smokers (M=4.4, SD=2.1), LSD p=.014. Differences between non-smokers
and nondaily smokers (M=3.5, SD=2.4) did not reach significance, LSD p=.132. No
differences were found for other frequencies.

3.2.2 Eyes Open—A main effect of group for the delta frequency (F(2,73)=3.498, p=.035,
partial n2 =.087) showed a decreased response in daily smokers (M=2.7, SD=1.0) compared
to nondaily smokers (M=3.6, SD=1.2), LSD p=.014, and non-smokers (M=3.5, SD=1.6),
LSD p=.038. A trend main effect of group for the theta frequency (F(2,73)=2.921, p=.060,
partial n2 =.074) was driven by a reduced response in daily smokers compared to the other
groups (nondaily smokers LSD p=.022; nonsmokers LSD p=.075). No differences were
found for other frequencies.

3.3 Self-Report Questionnaires (Table 2, Figures 2-5)

3.3.1 NEO-Five Factor Inventory—Post-hoc analyses revealed that both daily smokers
and nondaily smokers scored lower on conscientiousness than non-smokers (p=.028; p=.
009).

3.3.2 Barratt Impulsiveness Scale—Post-hoc analyses revealed that daily smokers
scored higher on the motor impulsiveness subscale than non-smokers (LSD p=.002) and
nondaily smokers (LSD p=.014). Daily smokers scored higher overall than non-smokers
(LSD p=.008).
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3.3.3 Sensation Seeking Scale—Post-hoc analyses revealed that higher SSS Total
Score in daily smokers (p=.006) and nondaily smokers (p=.055) compared to hon-smokers
was driven by endorsing more disinhibition (p=.021; p=.004) and experience-seeking (p=.
021; p=.031) items.

3.3.4 Delay Discounting—Repeated measures ANOVA showed a group x delay
interaction (F(10,390)=2.680, p=.042) and a main effect of delay (F(5,390)=473.524, p<.
001). Post-hoc analysis showed a trend for higher indifference points in daily smokers than
non-smokers (LSD p=.060). Follow-up ANOVAs found differences at ten years delay
(F(2,78)=4.032, p=.022) and marginal differences at three years delay (F(2,78)=3.030, p=.
054. At 10 years delay, daily smokers (LSD p=.012) and nondaily smokers (LSD p=.024)
had higher discounting rates than non-smokers. At 3 years delay, daily smokers (LSD p=.
032) and nondaily smokers (LSD p=.024) had higher discounting rates than non-smokers.
There was a trend (p=.10) for steeper discounting rates for the smoking groups compared to
non-smokers (Figure 5). Based on existing literature, we also compared non-smokers with
all smokers (combining daily and nondaily smokers) using an independent t-test analysis
(Bickel et al., 1999, Mitchell, 1999, Baker et al., 2003, Reynolds et al., 2004). The analysis
showed that smokers discounted delayed rewards more steeply than non-smokers
(t(79)=2.030, p=.046), which is consistent with the previous reports.

3.4 Exploratory Correlations

Pearson correlations explored the relationship between the resting EEG measures that
differed between groups. Pearson correlation coefficients were computed for resting EEG
eyes open (delta, theta) and eyes closed (alpha) condition and their relationship with
smoking variables (smoking duration, cigarettes per week (smoking days per week x CPD),
CO levels pre-session, FTCD total, NDSS total, WISDM total, and PAS total) for daily and
nondaily smokers as well as personality and impulsiveness measures (BIS total, SSS total,
NEO Conscientiousness, and Delay Discounting In(k)) for all groups. Delta and theta
activity showed significant, negative correlations with cigarettes per week (r=-.40, p=.005;
r=-.31, p=.030), CO levels pre-session (r=-.38, p=.006; r=—.34, p=.017), and FTCD total
(r=—.34, p=.016; r=-.29, p=.042). Delta activity also showed significant, negative
correlations with NDSS total (r=—.34, p=.015) and WISDM total (r=-.29, p=.042). A
Bonferroni correction for the smoking variables set significance levels at p<.002, negating
the significant exploratory correlations. No significant correlations were found between
resting EEG measures and impulsiveness variables.

4. Discussion

The present study measured resting EEG response in non-deprived smokers and non-
smokers. Compared to previous studies investigating EEG of smokers without acute drug
administration or withdrawal effects (Knott and Venables, 1977 Pickworth et al., 1997), this
study had a larger sample size, included nondaily smokers, included both eyes-closed and
eyes-open recording conditions, and used a denser electrode montage. Attenuated EEG
power in daily smokers compared to nonsmokers suggests alterations of neural synchrony
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that may reflect risk factors for nicotine use and dependence or effects of chronic nicotine
use.

Daily smokers showed less alpha power during the eyes closed condition and less delta
power during the eyes open condition than non-smokers. The findings of reduced alpha
power in daily smokers are consistent with past findings of reduced EEG power during
nicotine withdrawal, and may explain electrophysiological differences when compared to
non-smokers. Without comparison to states of acute nicotine administration or abstinence, it
is difficult to judge whether decreases in power reflect an early withdrawal state, premorbid
differences in neural response, or neural changes due to chronic nicotine use. In order to
avoid comparing an acute withdrawal (daily smokers) to groups who do not experience
withdrawal (nondaily smokers) or do not smoke, non-deprived daily dependent smokers
were compared to nondaily smokers and non-smokers. Acute nicotine effects were not
present in nondaily smokers, who showed a non-significant trend of lower alpha (eyes
closed) response than non-smokers that may be independent of nicotine state. Future studies
testing daily and nondaily smokers at peak and trough nicotine states using a within-subjects
design are needed to resolve nicotine effects on resting EEG in dependent and non-
dependent individuals. Comparing effects of nicotine administration on smokers and non-
smokers during EEG recording would demonstrate differential magnitude of change in alpha
power between groups.

Daily smokers showed less delta and theta power during the eyes open condition and a trend
for lower alpha power than nondaily smokers. Furthermore, exploratory correlation analyses
suggested that the electrophysiological responses were sensitive to smoking variables, with
higher use/dependence correlating with lower EEG power. However, this association did not
hold when a correction factor was applied. The differences between daily and nondaily
smokers suggest a potential dose-response effect that merits further investigation. Including
light and heavy daily smokers in the sample and recording smoking pack-years would
control for effects of smoking duration across varying smoking rates and may elucidate the
role of smoking rate and duration on resting EEG response. Adding a measure of evoked
EEG response may provide an additional evaluation of neural synchrony capacity in daily
and nondaily smokers. Crawford et al. (2002) measured auditory evoked synchrony and
found enhanced gamma (40 Hz) response during both abstinent and peak nicotine states in
chronic, heavy smokers compared to never-smokers. Crawford et al. (2002) attributed group
differences to acute nicotine effects and chronic inhibition of monoamine oxidase on
dopamine neurotransmission and gamma synchrony. Impaired gamma synchrony has been
found in clinical populations with abnormalities in GABA and glutamate neurotransmission
(e.g., Uhlhaas and Singer, 2006). Resting and evoked EEG measures may be sensitive to
different smoking rates and states.

Self-report measures of sensation seeking and personality distinguished non-smokers from
both daily and nondaily smokers. Non-smokers scored lower on disinhibition and experience
seeking than both smoking groups, consistent with studies showing that sensation seeking is
associated with increased drug abuse vulnerability and can differentiate smokers and non-
smokers (Kelly et al., 2006, Perkins et al., 2008, Spillane et al., 2010). Lower
conscientiousness in daily and nondaily smokers is consistent with research identifying low
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conscientiousness as a risk factor for smoking initiation and maintenance and high
conscientiousness as a protective factor against smoking (Kashdan et al., 2005, VVon Ah et
al., 2005, Conner et al., 2009) Conscientiousness has been associated with better behavioral
control, healthy coping strategies, and greater feelings of personal control (Terracciano and
Costa, 2004, Kashdan et al., 2005, Terracciano et al., 2008, Conner et al., 2009). These
results support that increased sensation seeking and low conscientiousness may be a risk for
smoking behavior. In contrast, measures of impulsiveness differentiated non-smokers and
nondaily smokers from daily smokers. Specifically, daily smokers reported greater motor
impulsivity than the other groups. Motor impulsivity has been associated with more habit-
driven rather than goal-directed behavior, and associated with risk-taking and impaired
working memory and executive function (Hogarth et al., 2012). Motor impulsiveness may
reflect greater dependence and potentiate continued smoking behavior. Additionally, delay
discounting showed that smokers made more impulsive choices than non-smokers, but daily
and nondaily smokers discounted delayed rewards at a similar rate.

As expected, nondaily smokers scored lower on all measures of smoking history and
behavior, including smoking duration, measures of dependence (FTCD, NDSS, WISDM),
and respiratory CO levels, and they started smoking at an older age. A greater increase in
craving by daily smokers than nondaily smokers may represent a response to cues and
expectations rather than abstinence time (Dar et al., 2005, Tiffany et al., 2009, Dar et al.,
2010). One interesting result was from a self-report measure included to reflect experiencing
decreased reward from natural reinforcers as a consequence of drug use and dependence.
The Physical Anhedonia Scale (PAS) is a self-report measure assessing the ability to
experience pleasure from typically rewarding physical stimuli, such as food, sex, and
environment (Chapman LJ, Chapman JP. Revised physical anhedonia scale. Unpublished
test. 1978). The PAS differs from past measures of anhedonia used in smoking research
because it separates sensory pleasure from social experiences and personal interests captured
by broader scales of hedonic capacity (e.g., Snaith—-Hamilton Pleasure Scale). Based on
previous studies associating increased anhedonia with smoking onset, escalation, persistence
of dependence, and poor cessation outcomes, we expected dependent, daily smokers to show
greatest anhedonia (higher scores) (Leventhal et al., 2009, Audrain-McGovern et al., 2012).
Smokers and non-smokers did not differ, which may indicate that the measure is not
sensitive to smoking behavior. However, findings of lower anhedonia in nondaily smokers
compared to non-smokers suggest that nondaily smokers may have a heightened capacity for
sensory experiences. Low PAS scores suggest that nondaily smokers may retain
reinforcement from natural reward and experience positive physical stimulation beyond the
norm. Intermittent smoking may promote continued smoking due reduced development of
tolerance to pleasurable sensory effects. Alternatively, nondaily smokers may be more prone
to sensory satiation or saturation following one or fewer cigarettes or reduced adaption to
aversive consequences of inhaling heat or smoke (e.g., throat irritation, nausea). Future
studies could include questions targeting physical sensations of smoking, such as taste or
throat hit. Smoking cessation treatment studies may consider a potential role for sensory
substitution during initial intervention.

Study results must be considered within the context of an observational study. The study
design does not allow for differentiation between possible premorbid conditions, such as
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smoking-related changes in neuronal structure and function and low neuronal excitability,
that may drive smoking behavior and dependence. The sample consisted of young, relatively
light smokers, leaving out older longer-term heavy smokers and non-dependent daily
smokers. Younger smokers might be more resilient and have fewer nicotine-related changes
due to having less experience with nicotine, resulting in smaller effect sizes and lack of
significant group differences for other frequency bands. Measuring resting EEG in
adolescents or adults during smoking initiation may reveal risk factors for future transition
to daily, dependent smoking. Additionally, strict criteria excluding participants with
comorbid psychiatric disorders, which commonly occur in smokers, controlled non-nicotine
contributions to EEG response. This design reduced the potential for contamination to the
EEG effect by the usual comorbidities found in smokers, while also reducing generalization
to the typical smoker population. A larger sample size and greater variability in smoking
history, comorbid diagnoses, gender, and ethnicity would increase statistical power to the
address these factors.

In conclusion, resting EEG may be a useful marker of risk for nicotine dependence and use
severity as well as for evaluating relapse risk and treatment efficacy (e.g., nicotine
replacement therapies and smoking cessation pharmacotherapies) in chronic smokers.
Vulnerability for initiation and maintenance for smoking behavior may be predicted by
measures of impulsiveness and conscientiousness, but these personality measures do not
seem to have a major influence on resting EEG. More research is needed to evaluate the role
of physical (sensory) anhedonia in smoking behavior and its potential utility in smoking
cessation treatment.

Acknowledgments

We thank Tara Davis and Amy Zhang for their assistance with collecting the data presented in this report.

This work was supported by NIDA T32 DA024628-01 (PI: Rebec, G.), NIDA T32 DA07209 (PI: Bigelow, G.),
Indiana University, and the McNair Scholars Program Grant from the U.S. Department of Education Grant
P217A80085.

References

Agrawal A, Scherrer JF, Pergadia ML, Lynskey MT, Madden PA, Sartor CE, et al. A latent class
analysis of DSM-IV and Fagerstrom (FTND) criteria for nicotine dependence. Nicotine Tob Res.
2011; 13:972-81.10.1093/ntr/ntr105 [PubMed: 21778154]

Ahn WY, Rass O, Fridberg DJ, Bishara AJ, Forsyth JK, Breier A, et al. Temporal discounting of
rewards in patients with bipolar disorder and schizophrenia. J Abnorm Psychol. 2011; 120:911-
21.10.1037/a0023333 [PubMed: 21875166]

Audrain-McGovern J, Rodriguez D, Leventhal AM, Cuevas J, Rodgers K, Sass J. Where is the
pleasure in that? Low hedonic capacity predicts smoking onset and escalation. Nicotine Tob Res.
2012; 14:1187-96.10.1093/ntr/nts017 [PubMed: 22387990]

Baker F, Johnson MW, Bickel WK. Delay discounting in current and never-before cigarette smokers:
Similarities and differences across commodity, sign, and magnitude. J Abnorm Psychol. 2003;
112:382-92. [PubMed: 12943017]

Baker TB, Breslau N, Covey L, Shiffman S. DSM criteria for tobacco use disorder and tobacco
withdrawal: A critique and proposed revisions for DSM-5. Addiction. 2012; 107:263-75.10.1111/j.
1360-0443.2011.03657.x [PubMed: 21919989]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rass et al.

Page 13

Barry RJ, Clarke AR, Hajos M, Dupuy FE, McCarthy R, Selikowitz M. EEG coherence and symptom
profiles of children with Attention-Deficit/Hyperactivity Disorder. Clin Neurophysiol. 2011;
122:1327-32.10.1016/j.clinph.2011.01.007 [PubMed: 21310652]

Benowitz NL, Porchet H, Sheiner L, Jacob P 3rd. Nicotine absorption and cardiovascular effects with
smokeless tobacco use: Comparison with cigarettes and nicotine gum. Clin Pharmacol Ther. 1988;
44:23-8. [PubMed: 3391001]

Bertrand D. Neurocircuitry of the nicotinic cholinergic system. Dialogues Clin Neurosci. 2010;
12:463-70. [PubMed: 21319492]

Bickel WK, Odum AL, Madden GJ. Impulsivity and cigarette smoking: Delay discounting in current,
never, and ex-smokers. Psychopharmacology. 1999; 146:447-54. [PubMed: 10550495]

Busch NA, Herrmann CS, Muller MM, Lenz D, Gruber T. A cross-laboratory study of event-related
gamma activity in a standard object recognition paradigm. Neurolmage. 2006; 33:1169-
77.10.1016/j.neuroimage.2006.07.034 [PubMed: 17023180]

Caskey NH, Jarvik ME, Wirshing WC. The effects of dopaminergic D2 stimulation and blockade on
smoking behavior. Exp Clin Psychopharmacol. 1999; 7:72-8. [PubMed: 10036612]

Choi JS, Park SM, Lee J, Hwang JY, Jung HY, Choi SW, et al. Resting-state beta and gamma activity
in Internet addiction. Int J Psychophysiol. 2013; 89:328-33.10.1016/j.ijpsych0.2013.06.007
[PubMed: 23770040]

Coggins CR, Murrelle EL, Carchman RA, Heidbreder C. Light and intermittent cigarette smokers: A
review (1989-2009). Psychopharmacology. 2009; 207:343-63.10.1007/s00213-009-1675-4
[PubMed: 19830407]

Conner M, Grogan S, Fry G, Gough B, Higgins AR. Direct, mediated and moderated impacts of
personality variables on smoking initiation in adolescents. Psychol Health. 2009; 24:1085-
104.10.1080/08870440802239192 [PubMed: 20205047]

Cook MR, Gerkovich MM, Hoffman SJ, McClernon FJ, Cohen HD, Oakleaf KL, et al. Smoking and
EEG power spectra: Effects of differences in arousal seeking. Int J Psychophysiol. 1995; 19:247—
56. [PubMed: 7558991]

Costa, PT.; McCrae, RR. Revised NEO personality inventory (NEO-PR-1) and the five factor
inventory (NEO-FFI): Professional Manual. Odessa, FL: Psychological Assessment Resources;
1992.

Crawford HJ, McClain-Furmanski D, Castagnoli N Jr, Castagnoli K. Enhancement of auditory sensory
gating and stimulus-bound gamma band (40 Hz) oscillations in heavy tobacco smokers. Neurosci
Lett. 2002; 317:151-5. [PubMed: 11755262]

Dar R, Rosen-Korakin N, Shapira O, Gottlieb Y, Frenk H. The craving to smoke in flight attendants:
Relations with smoking deprivation, anticipation of smoking, and actual smoking. J Abnorm
Psychol. 2010; 119:248-53.10.1037/a0017778 [PubMed: 20141262]

Dar R, Stronguin F, Marouani R, Krupsky M, Frenk H. Craving to smoke in orthodox Jewish smokers
who abstain on the Sabbath: A comparison to a baseline and a forced abstinence workday.
Psychopharmacology. 2005; 183:294-9.10.1007/s00213-005-0192-3 [PubMed: 16237578]

de Wit H. Impulsivity as a determinant and consequence of drug use: A review of underlying
processes. Addict Biol. 2009; 14:22-31.10.1111/j.1369-1600.2008.00129.x [PubMed: 18855805]

Domino EF. Nicotine and tobacco dependence: Normalization or stimulation? Alcohol. 2001; 24:83-6.
S0741-8329(01)00124-0 [pii]. [PubMed: 11522427]

Domino EF, Ni L, Thompson M, Zhang H, Shikata H, Fukai H, et al. Tobacco smoking produces
widespread dominant brain wave alpha frequency increases. Int J Psychophysiol. 2009; 74:192—
8.10.1016/j.ijpsycho0.2009.08.011 [PubMed: 19765621]

Donny EC, Dierker LC. The absence of DSM-1V nicotine dependence in moderate-to-heavy daily
smokers. Drug Alcohol Depend. 2007; 89:93-6.10.1016/j.drugalcdep.2006.11.019 [PubMed:
17276627]

Fagerstrom K. Determinants of tobacco use and renaming the FTND to the Fagerstrom Test for
Cigarette Dependence. Nicotine Tob Res. 2012; 14:75-8.10.1093/ntr/ntr137 [PubMed: 22025545]

Ferger B, Kuschinsky K. Biochemical studies support the assumption that dopamine plays a minor role
in the EEG effects of nicotine. Psychopharmacology. 1997; 129:192-6. [PubMed: 9040126]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rass et al.

Page 14

Finn PR, Justus A. Reduced EEG alpha power in the male and female offspring of alcoholics. Alcohol
Clin Exp Res. 1999; 23:256-62. [PubMed: 10069554]

First, MB.; Spitzer, RL.; Gibbon, M.; Williams, JBW. Structured Clinical Interview for DSM-1V Axis
I Diosrders - Non-patient Edition (SCID-1/NP, Version 2.0 - 4/97 revision). New York, NY:
Biometrics Research Department; 1997.

Fisher DJ, Daniels R, Jaworska N, Knobelsdorf A, Knott \VJ. Effects of acute nicotine administration
on resting EEG in nonsmokers. Exp Clin Psychopharmacol. 2012; 20:71-5.10.1037/a0025221
[PubMed: 21875223]

Ford JM, Krystal JH, Mathalon DH. Neural synchrony in schizophrenia: From networks to new
treatments. Schizophr Bull. 2007; 33:848-52.10.1093/schbul/shm062 [PubMed: 17567628]

Forgacs PB, Bodis-Wollner I. Nicotinic receptors and cognition in Parkinson’s Disease: The
importance of neuronal synchrony. J Neural Transm. 2004; 111:1317-31.10.1007/
s00702-004-0169-0 [PubMed: 15480841]

Foulds J, McSorley K, Sneddon J, Feyerabend C, Jarvis MJ, Russell MA. Effect of subcutaneous
nicotine injections of EEG alpha frequency in non-smokers: A placebo-controlled pilot study.
Psychopharmacology. 1994; 115:163-6. [PubMed: 7862890]

Ghatan PH, Ingvar M, Eriksson L, Stone-Elander S, Serrander M, Ekberg K, et al. Cerebral effects of
nicotine during cognition in smokers and non-smokers. Psychopharmacology. 1998; 136:179-89.
[PubMed: 9551775]

Gilbert DG, Dibb WD, Plath LC, Hiyane SG. Effects of nicotine and caffeine, separately and in
combination, on EEG topography, mood, heart rate, cortisol, and vigilance. Psychophysiology.
2000; 37:583-95. [PubMed: 11037035]

Gilbert DG, McClernon FJ, Rabinovich NE, Dibb WD, Plath LC, Hiyane S, et al. EEG, physiology,
and task-related mood fail to resolve across 31 days of smoking abstinence: Relations to
depressive traits, nicotine exposure, and dependence. Exp Clin Psychopharmacol. 1999; 7:427-43.
[PubMed: 10609977]

Gilbert DG, McClernon J, Rabinovich N, Sugai C, Plath L, Asgaard G, et al. Effects of quitting
smoking on EEG activation and attention last for more than 31 days and are more severe with
stress, dependence, DRD2 Al allele, and depressive traits. Nicotine Tob Res. 2004; 6:249—
67.10.1080/14622200410001676305 [PubMed: 15203798]

Gratton G, Coles MG, Donchin E. A new method for off-line removal of ocular artifact.
Electroencephalogr Clin Neurophysiol. 1983; 55:468-84. [PubMed: 6187540]

Green L, Myerson J. A discounting framework for choice with delayed and probabilistic rewards.
Psychol Bull. 2004; 130:769-92.10.1037/0033-2909.130.5.769 [PubMed: 15367080]

Hendricks PS, Ditre JW, Drobes DJ, Brandon TH. The early time course of smoking withdrawal
effects. Psychopharmacology. 2006; 187:385-96.10.1007/s00213-006-0429-9 [PubMed:
16752139]

Heyman GM, Gibb SP. Delay discounting in college cigarette chippers. Behav Pharmacol. 2006;
17:669-79.10.1097/FBP.0b013e3280116cfe [PubMed: 17110793]

Hogarth LC, Chase HW, Baess K. Impaired goal-directed behavioural control in human impulsivity. Q
J Exp Psychol. 2012; 65:305-16.10.1080/17470218.2010.518242

Houston RJ, Stanford MS. Electrophysiological substrates of impulsiveness: Potential effects on
aggressive behavior. Prog Neuro-Psychoph. 2005; 29:305-13.10.1016/J.Pnpbp.2004.11.016

Hughes JR, Keely J, Naud S. Shape of the relapse curve and long-term abstinence among untreated
smokers. Addiction. 2004; 99:29-38. [PubMed: 14678060]

lacono WG, Malone SM, McGue M. Behavioral disinhibition and the development of early-onset
addiction: Common and specific influences. Annu Rev Clin Psychol. 2008; 4:325-48.10.1146/
annurev.clinpsy.4.022007.141157 [PubMed: 18370620]

Johnson MW, Bickel WK, Baker F. Moderate drug use and delay discounting: A comparison of heavy,
light, and never smokers. Exp Clin Psychopharmacol. 2007; 15:187—
94.10.1037/1064-1297.15.2.187 [PubMed: 17469942]

Kadoya C, Domino EF, Matsuoka S. Relationship of electroencephalographic and cardiovascular
changes to plasma nicotine levels in tobacco smokers. Clin Pharmacol Ther. 1994; 55:370-7.
[PubMed: 8162662]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rass et al.

Page 15

Kashdan TB, Vetter CJ, Collins RL. Substance use in young adults: Associations with personality and
gender. Addict Behav. 2005; 30:259-69.10.1016/j.addbeh.2004.05.014 [PubMed: 15621397]

Kawai H, Lazar R, Metherate R. Nicotinic control of axon excitability regulates thalamocortical
transmission. Nat Neurosci. 2007; 10:1168-75.10.1038/nn1956 [PubMed: 17704774]

Kelly TH, Robbins G, Martin CA, Fillmore MT, Lane SD, Harrington NG, et al. Individual differences
in drug abuse vulnerability: d-Amphetamine and sensation-seeking status. Psychopharmacology.
2006; 189:17-25.10.1007/s00213-006-0487-z [PubMed: 16972106]

Kirby KN, Petry NM, Bickel WK. Heroin addicts have higher discount rates for delayed rewards than
non-drug-using controls. J Exp Psychol Gen. 1999; 128:78-87. [PubMed: 10100392]

Kittler JH, Menard W, Phillips KA. Weight concerns in individuals with body dysmorphic disorder.
Eat Behav. 2007; 8:115-20.10.1016/j.eatbeh.2006.02.006 [PubMed: 17174859]

Knott VVJ. Electroencephalographic characterization of cigarette smoking behavior. Alcohol. 2001;
24:95-7. [PubMed: 11522429]

Knott VVJ, Bosman M, Mahoney C, llivitsky V, Quirt K. Transdermal nicotine: Single dose effects on
mood, EEG, performance, and event-related potentials. Pharmacol Biochem Behav. 1999; 63:253—
61. [PubMed: 10371654]

Knott VVJ, Venables PH. EEG alpha correlates of non-smokers, smokers, smoking, and smoking
deprivation. Psychophysiology. 1977; 14:150-6. [PubMed: 847066]

Knyazev GG, Slobodskaya HR, Wilson GD. Psychophysiological correlates of behavioural inhibition
and activation. Pers Indiv Differ. 2002; 33:647-60.10.1016/S0191-8869(01)00180-5

Koehler S, Wacker J, Odorfer T, Reif A, Gallinat J, Fallgatter AJ, et al. Resting posterior minus frontal
EEG slow oscillations is associated with extraversion and DRD2 genotype. Biol Psychol. 2011;
87:407-13.10.1016/j.biopsycho.2011.05.006 [PubMed: 21645585]

Kvaavik E, von Soest T, Pedersen W. Nondaily smoking: A population-based, longitudinal study of
stability and predictors. BMC Public Health. 2014; 14:123.10.1186/1471-2458-14-123 [PubMed:
24498864]

Lenoir M, Kiyatkin EA. Critical role of peripheral actions of intravenous nicotine in mediating its
central effects. Neuropsychopharmacol. 2011; 36:2125-38.10.1038/npp.2011.104

Lenoir M, Tang JS, Woods AS, Kiyatkin EA. Rapid sensitization of physiological, neuronal, and
locomotor effects of nicotine: Critical role of peripheral drug actions. J Neurosci. 2013; 33:9937-
49.10.1523/JNEUROSCI.4940-12.2013 [PubMed: 23761889]

Lerman, C.; Perkins, KA.; Gould, TJ. Nicotine-dependence endophenotypes in chronic smokers. In:
Swan, GE.; Baker, TB.; Chassin, L.; Conti, DV.; Lerman, C.; Perkins, KA., editors. Phenotypes
and endophenotypes: Foundations for genetic studies of nicotine use and dependence Tobacco
Control Monograph No 20. Bethesda, MD: U.S. Department of Health and Human Services,
National Institutes of Health, National Cancer Institute; 2009. p. 403-84.NIH Publication No.
09-6366

Leventhal AM, Waters AJ, Kahler CW, Ray LA, Sussman S. Relations between anhedonia and
smoking motivation. Nicotine Tob Res. 2009; 11:1047-54.10.1093/ntr/ntp098 [PubMed:
19571250]

Mansvelder HD, van Aerde KI, Couey JJ, Brussaard AB. Nicotinic modulation of neuronal networks:
From receptors to cognition. Psychopharmacology. 2006; 184:292-305.10.1007/
s00213-005-0070-z [PubMed: 16001117]

Mazur J. An adjusting procedure for studying delayed reinforcement. Quant An B. 1987; 5:55-73.

Mitchell SH. Measures of impulsivity in cigarette smokers and non-smokers. Psychopharmacology.
1999; 146:455-64. [PubMed: 10550496]

Munafo MR, Zetteler JI, Clark TG. Personality and smoking status: A meta-analysis. Nicotine Tob
Res. 2007; 9:405-13.10.1080/14622200701188851 [PubMed: 17365772]

Ohmura Y, Takahashi T, Kitamura N. Discounting delayed and probabilistic monetary gains and
losses by smokers of cigarettes. Psychopharmacology. 2005; 182:508-15.10.1007/
500213-005-0110-8 [PubMed: 16167142]

Parvaz MA, Alia-Klein N, Woicik PA, Volkow ND, Goldstein RZ. Neuroimaging for drug addiction
and related behaviors. Rev Neurosci. 2011; 22:609-24.10.1515/RNS.2011.055 [PubMed:
22117165]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rass et al.

Page 16

Patton JH, Stanford MS, Barratt ES. Factor structure of the Barratt impulsiveness scale. J Clin Psychol.
1995; 51:768-74. [PubMed: 8778124]

Pearce MS, Hayes L. Newcastle Heart P, Newcastle Thousand Families S. Self-reported smoking
status and exhaled carbon monoxide: Results from two population-based epidemiologic studies in
the North of England. Chest. 2005; 128:1233-8.10.1378/chest.128.3.1233 [PubMed: 16162711]

Perkins KA, Lerman C, Coddington SB, Jetton C, Karelitz JL, Scott JA, et al. Initial nicotine
sensitivity in humans as a function of impulsivity. Psychopharmacology. 2008; 200:529—
44.10.1007/s00213-008-1231-7 [PubMed: 18604520]

Pickworth WB, Fant RV, Butschky MF, Henningfield JE. Effects of mecamylamine on spontaneous
EEG and performance in smokers and non-smokers. Pharmacol Biochem Behav. 1997; 56:181-7.
[PubMed: 9050073]

Pickworth WB, O’Hare ED, Fant RV, Moolchan ET. EEG effects of conventional and denicotinized
cigarettes in a spaced smoking paradigm. Brain Cogn. 2003; 53:75-81. [PubMed: 14572505]

Rass O, Fridberg DJ, O’Donnell BF. Neural correlates of performance monitoring in daily and
intermittent smokers. Clin Neurophysiol. 2014; 125:1417-26.10.1016/j.clinph.2013.12.001
[PubMed: 24380760]

Reynolds B. Do high rates of cigarette consumption increase delay discounting? A cross-sectional
comparison of adolescent smokers and young-adult smokers and nonsmokers. Behav Processes.
2004; 67:545-9.10.1016/j.beproc.2004.08.006 [PubMed: 15519004]

Reynolds B, Richards JB, Horn K, Karraker K. Delay discounting and probability discounting as
related to cigarette smoking status in adults. Behav Processes. 2004; 65:35-42. [PubMed:
14744545]

Rezvanfard M, Ekhtiari H, Mokri A, Djavid G, Kaviani H. Psychological and behavioral traits in
smokers and their relationship with nicotine dependence level. Arch Iran Med. 2010; 13:395-405.
010135/AIM.006. [PubMed: 20804306]

Rutishauser U, Ross 1B, Mamelak AN, Schuman EM. Human memory strength is predicted by theta-
frequency phase-locking of single neurons. Nature. 2010; 464:903-7.10.1038/nature08860
[PubMed: 20336071]

Saletu-Zyhlarz GM, Arnold O, Anderer P, Oberndorfer S, Walter H, Lesch OM, et al. Differences in
brain function between relapsing and abstaining alcohol-dependent patients, evaluated by EEG
mapping. Alcohol Alcohol. 2004; 39:233-40. [PubMed: 15082461]

Schmidtke JI, Heller W. Personality, affect and EEG: Predicting patterns of regional brain activity
related to extraversion and neuroticism. Pers Indiv Differ. 2004; 36:717-32.10.1016/
S0191-8869(03)00129-6

Shiffman S, Kirchner TR, Ferguson SG, Scharf DM. Patterns of intermittent smoking: An analysis
using Ecological Momentary Assessment. Addict Behav. 2009; 34:514-9.10.1016/j.addbeh.
2009.01.004 [PubMed: 19232834]

Shiffman S, Tindle H, Li X, Scholl S, Dunbar M, Mitchell-Miland C. Characteristics and smoking
patterns of intermittent smokers. Exp Clin Psychopharmacol. 2012; 20:264—-77.10.1037/a0027546
[PubMed: 22390208]

Shiffman S, Waters A, Hickcox M. The nicotine dependence syndrome scale: A multidimensional
measure of nicotine dependence. Nicotine Tob Res. 2004; 6:327—
48.10.1080/1462220042000202481 [PubMed: 15203807]

Sivarao DV, Frenkel M, Chen P, Healy FL, Lodge NJ, Zaczek R. MK-801 disrupts and nicotine
augments 40 Hz auditory steady state responses in the auditory cortex of the urethane-anesthetized
rat. Neuropharmacol. 2013; 73:1-9.10.1016/j.neuropharm.2013.05.006

Smith SS, Piper ME, Bolt DM, Fiore MC, Wetter DW, Cinciripini PM, et al. Development of the Brief
Wisconsin Inventory of Smoking Dependence Motives. Nicotine Tob Res. 2010; 12:489-
99.10.1093/ntr/ntq032 [PubMed: 20231242]

Spillane NS, Smith GT, Kahler CW. Impulsivity-like traits and smoking behavior in college students.
Addict Behav. 2010; 35:700-5.10.1016/j.addbeh.2010.03.008 [PubMed: 20381971]

Stough C, Donaldson C, Scarlata B, Ciorciari J. Psychophysiological correlates of the NEO PI-R
openness, agreeableness and conscientiousness: Preliminary results. Int J Psychophysiol. 2001;
41:87-91.10.1016/S0167-8760(00)00176-8 [PubMed: 11239700]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rass et al.

Page 17

Sweitzer MM, Donny EC, Dierker LC, Flory JD, Manuck SB. Delay discounting and smoking:
Association with the Fagerstrom Test for Nicotine Dependence but not cigarettes smoked per day.
Nicotine Tob Res. 2008; 10:1571-5.10.1080/14622200802323274 [PubMed: 18946776]

Terracciano A, Costa PT Jr. Smoking and the Five-Factor Model of personality. Addiction. 2004;
99:472-81.10.1111/j.1360-0443.2004.00687.x [PubMed: 15049747]

Terracciano A, Lockenhoff CE, Crum RM, Bienvenu OJ, Costa PT Jr. Five-Factor Model personality
profiles of drug users. BMC Psychiatry. 2008; 8:22.10.1186/1471-244X-8-22 [PubMed:
18405382]

Tiffany, ST.; Warthen, MW.; Goedeker, KC. The functional significance of craving in nicotine
dependence. In: Bevins, RA.; Caggiula, AR., editors. The Motivational Impact of Nicotine and its
Role in Tobacco Use. New York, NY: Springer; 2009.

Tran Y, Craig A, Mclsaac P. Extraversion-introversion and 8-13 Hz waves in frontal cortical regions.
Pers Indiv Differ. 2001; 30:205-15.10.1016/S0191-8869(00)00027-1

SRNT Subcommittee on Biochemical Verification. Biochemical verification of tobacco use and
cessation. Nicotine Tob Res. 2002; 4:149-59.10.1080/14622200210123581 [PubMed: 12028847]

Uhlhaas PJ, Singer W. Neural synchrony in brain disorders: relevance for cognitive dysfunctions and
pathophysiology. Neuron. 2006; 52:155-68.10.1016/j.neuron.2006.09.020 [PubMed: 17015233]

Von Ah D, Ebert S, Ngamvitroj A, Park N, Kang DH. Factors related to cigarette smoking initiation
and use among college students. Tob Induc Dis. 2005; 3:27-40.10.1186/1617-9625-3-1-27
[PubMed: 19570288]

Walker D, Mahoney C, llivitsky V, Knott VJ. Effects of haloperidol pretreatment on the smoking-
induced EEG/mood activation response profile. Neuropsychobiology. 2001; 43:102-12. [PubMed:
11174054]

Weerts EM, Wand GS, Kuwabara H, Xu X, Frost JJ, Wong DF, et al. Association of smoking with
mu-opioid receptor availability before and during naltrexone blockade in alcohol-dependent
subjects. Addict Biol. 2014; 19:733-42.10.1111/adb.12022 [PubMed: 23252742]

Weinberger M, Dostrovsky JO. A basis for the pathological oscillations in basal ganglia: The crucial
role of dopamine. Neuroreport. 2011; 22:151-6.10.1097/WNR.0b013e328342ba50 [PubMed:
21304324]

Zhu SH, Lee M, Zhuang YL, Gamst A, Wolfson T. Interventions to increase smoking cessation at the
population level: How much progress has been made in the last two decades? Tob Control. 2012;
21:110-8.10.1136/tobaccocontrol-2011-050371 [PubMed: 22345233]

Zuckerman M, Eysenck S, Eysenck HJ. Sensation seeking in England and America: Cross-cultural,
age, and sex comparisons. J Consult Clin Psychol. 1978; 46:139-49. [PubMed: 627648]

Clin Neurophysiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rass et al.

Page 18

HIGHLIGHTS

e Resting EEG in non-deprived smokers may be a biomarker for nicotine use
severity.

»  Smokers report higher impulsiveness and lower conscientiousness than
nonsmokers.

«  Sensory hedonia may play a role in nondaily smoking.
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Figure 1.
Resting State EEG power spectra for the eyes closed and eyes open conditions across

groups. Delta: 1.5-3.5 Hz; Theta: 4-7.5 Hz; Alpha: 8-12.5 Hz; Beta (13-25 Hz; Gamma:
30-45 Hz. Error bars represent + 1 SEM. The following symbols represent significance: 1
p<.06, *p<.05, **p<.01.
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Figure 2.
Self-report measure of conscientiousness (scale range: 0 to 48) from the NEO Five Factor

Inventory across groups. Error bars represent £ 1 SEM. The following symbols represent
significance: *p<.05, **p<.01.
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Barratt Impulsiveness Scale
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res of impulsivity from the Barratt Impulsiveness Scale (subscale range:

11 to 44) and the Sensation Seeking Scale (subscale range: 0 to 10) across groups. Error bars
represent + 1 SEM. The following symbols represent significance: *p<.05, **p<.01.
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Physical Anhedonia Scale
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Figure 4.
Self-report measures of

bars represent £ 1 SEM

mokers Nondaily Smokers Daily Smokers

the physical anhedonia across groups (scale range: 0 to 61). Error
. The following symbols represent significance: *p<.05, **p<.01.
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Figure 5.
Mean subjective values for non-smokers, nondaily smokers, and daily smokers of an $800

reward plotted as a function of time from the choice until the receipt of the reward. Trend
lines show the best-fitting logarithmic function through the mean subjective values for the
groups.
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