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Abstract

Before starting a smoking cessation treatment, 51 smokers took part in a study aimed at

investigating brain mechanisms associated with attention allocation. ERPs to acoustic startle

probes were recorded from 129 sensors during the presentation of neutral, pleasant, unpleasant,

and cigarette-related pictures. Results indicated that the amplitude of the startle probe P3

component was reduced for pleasant, unpleasant, and cigarette-related conditions relative to

neutral. Surface Laplacian estimates showed that sources of electrocortical activity under frontal

and parietal sensors contributed to the modulation of this effect. For smokers, cigarette-related

stimuli, like intrinsically motivating ones, capture attentional resources and therefore reduce the

ability to process competing stimuli. The depletion of attentional resources in the presence of

cigarette-related cues may contribute to the high relapse rate observed during smoking quit

attempts.
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Introduction

Many theories of drug addiction attribute great importance to the role of drug-related cues

with respect to inducing craving and triggering relapse in addicted individuals (Baker, Piper,

McCarthy, Majeskie, & Fiore, 2004; Everitt, Dickinson, & Robbins, 2001; Hyman, 2005;

Robinson & Berridge, 2001; Robinson & Berridge, 2003). In particular, the incentive-

sensitization theory (Robinson & Berridge, 2001; Robinson & Berridge, 2003) posits that

addictive drugs alter neural systems in the mesolimbic cortex that mediate the attribution of

incentive salience to stimuli. Under normal circumstances, these brain systems direct

appetitive and defensive reactions aimed at promoting the survival of the individual. Visual

cues depicting motivationally relevant situations engage these systems allowing the

individual to orient attentional resources and enhance processing of potential sources of

reward or threat (Lang, Bradley, & Cuthbert, 1997). The neural sensitization induced by

drugs of abuse is posited to lead to excessive attribution of incentive salience to otherwise
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neutral drug-related cues. Increased salience allows drug-related cues to “grab” attention,

and it is associated with the “wanting” aspect of drug dependence. This hypothesis is

supported by findings that presenting drug-related stimuli to drug-dependent individuals

increases activation in brain circuits normally involved in learning, memory, motivation,

reward, and attention; namely the hippocampus, the amygdala, the ventral striatum, the

prefrontal cortex, and the anterior cingulate cortex (Berridge & Robinson, 1998; David et

al., 2005; David et al., 2007; Di Chiara, 1999; Hyman, 2005; Robbins & Everitt, 1996).

Orienting attentional resources towards drug-related stimuli is thought to limit the ability to

consider alternatives to the drug seeking behavior and to increase the probability of relapse

during quitting attempts (Curtin, McCarthy, Piper, & Baker, 2006). Several studies used a

modified Stroop test and found that compared to abstinent smokers (Johnsen, Thayer,

Laberg, & Asbjornsen, 1997) and non-smokers (Munafo, Mogg, Roberts, Bradley, &

Murphy, 2003), current smokers showed slower reaction time to cigarette-related words,

indicating that current smokers may have an attentional bias towards cigarette-related words.

Furthermore, short-term smoke deprivation increased current smokers’ attentional bias,

hence their reaction times, to cigarette-related words (Mogg & Bradley, 2002; Waters &

Feyerabend, 2000). Not only do current smokers show an attentional bias towards cigarette-

related texts, they pay more attention to cigarette-related pictures than to neutral pictures. In

two studies that used a visual probe task, current smokers reacted significantly faster to a

probe when the probe replaced a cigarette-related picture than when the probe replaced a

neutral picture (Mogg & Bradley, 2002; Waters, Shiffman, Bradley, & Mogg, 2003). These

findings suggest cigarette-related cues are motivationally salient for and capture the

attention of current smokers.

To investigate the neural mechanisms associated with the distribution of attentional

resources when cigarette-related cues are present, we recorded, from a dense sensor array

(129 channels), the event-related potentials (ERPs) to startle probes when smokers looked at

pleasant, unpleasant, cigarette-related, and neutral pictures. The startle probe is a sudden

burst of intense noise that elicits a reflexive startle response modulated by hedonic valence

(Cinciripini et al., 2006; Lang, Bradley, & Cuthbert, 1990), and an ERP modulated by

emotional arousal. Several studies have shown that the P3 component (a positive-going

waveform in the ERPs) evoked by startle probes is reduced when viewing motivationally

relevant pleasant or unpleasant vs. neutral images (Bradley, Codispoti, & Lang, 2006;

Cuthbert, Schupp, Bradley, McManis, & Lang, 1998; Keil et al., 2007; Schupp, Cuthbert,

Bradley, Birbaumer, & Lang, 1997). The reduction of the P3 amplitude has been attributed

to the diminished attentional resources available to process the startle probe. When a

motivationally relevant stimulus is presented, it captures the person’s attention and reduces

the attentional resources available to process the competing startle probe stimulus, in turn

reducing the P3 (Lang et al., 1997). Source estimation analyses attributed the modulation of

the startle probe P3 to activity localized in frontocentral and temporoparietal areas (Keil et

al., 2007).

Cigarette-related cues are hypothesized to capture the attentional resources of smokers by

exploiting the same mechanisms that allow motivationally relevant stimuli to receive

prioritized processing. Hence, measuring the startle probe P3 amplitude during picture
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viewing might provide information about how the brain of a smoker prioritizes allocation of

attentional resources in the presence of cigarette-related cues.

In this study, we collected the EEG from a dense-electrode array net (129 channels) in a

group of smokers interested in quitting, but prior to the onset of treatment. Smokers were

asked to view cigarette-related, pleasant, unpleasant, and neutral images during which startle

probes were delivered. We measured the amplitude of the P3 evoked by the startle probes as

a function of picture category. This provides an index of the attentional resources available

to process the probe during the presentation of the visual stimuli.

We hypothesized that cigarette-related cues, like other motivationally relevant stimuli,

would reduce the attentional resources available to process the startle probe, as indicated by

a significant reduction of the P3 amplitude relative to the condition when neutral stimuli

were presented. Such findings would be consistent with the notion that cigarette-related cues

acquire motivational significance to a smoker on a level similar to that observed for

emotional stimuli, suggesting that, for a smoker, the presence of cigarette-related cues in the

environment can alter ongoing cognitive function associated with information processing.

We also hypothesized that the reduction of the P3 amplitude observed during the

presentation of cigarette-related images would be mediated by the same cortical sources, as

measured by the surface Laplacian estimates, that modulate the probe P3 amplitude when

intrinsically motivating images (i.e., pleasant and unpleasant) are presented.

Materials and Methods

Participants

Participants for this study were recruited via local (Houston metropolitan area) radio and

newspapers ads asking for volunteers who wanted to quit smoking and were willing to

participate in a smoking cessation medication clinical trial. Following screening for basic

inclusion/exclusion criteria, eligible participants completed the baseline laboratory session

of the study as described in this manuscript. This session was conducted prior to any

treatment randomization or intervention. Two additional laboratory sessions were conducted

after treatment randomization at post-quit follow-up points. The data from these laboratory

sessions, as well as the outcome of the clinical trial, will be the subject of other papers. In

this study, only the results of the baseline session are discussed.

A total of 87 participants were screened for this study, with 56 meeting basic inclusion/

exclusion criteria. Inclusion criteria were as follows: Being 18–65 years old, smoking 10 or

more cigarettes per day, producing an expired CO greater than 10 ppm at the baseline visit,

being fluent in English, and having a working telephone. Exclusion criteria included

currently taking psychotropic medication, having a current psychiatric disorder, having a

current substance abuse disorder except smoking, being involved in any current smoking

cessation activities, having contraindications for bupropion (e.g., history of seizure disorder)

or nortriptyline (e.g., alcohol dependence), or having an uncontrolled medical illness.

Because of poor recording quality or technical errors, laboratory data for five participants

were discarded, yielding a total of 51 participants in this study (33 men, 18 women). All
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participants provided informed consent and the research was approved by the University of

Texas M. D. Anderson Cancer Center IRB.

Material and design

Three equivalent picture sets were created using pictures selected from the IAPS (Lang,

Bradley, & Cuthbert, 2005) and from smoking-related picture collections previously used in

our laboratory (Carter et al., 2006) and others (Gilbert & Rabinovich, 1999). Each set

included 4 categories (pleasant, unpleasant, neutral, and cigarette-related) with each

category consisting of 9 slides (36 total slides). Pleasant and Unpleasant slides were

matched on emotional arousal1. Participants viewed one set during each session and the

order of presentation of the sets was randomized across participants. During the slide

presentation, images were presented in pseudo random sequences with no more than two

pictures of the same valence presented consecutively. Each picture was presented for 6 s and

was followed by a random intertrial interval of 10–16 s. During each session, 6 of the 9

slides of each picture type were probed by presenting a burst of 100 dB white noise for 50

ms between 3 and 5 s after picture onset. Probes were also presented in 1/3 of the intertrial

intervals to reduce predictability. Stimuli were presented with a Pentium 4 computer using

Psychology Tools’ E-prime software (Pittsburgh, PA) on a plasma monitor placed

approximately 1.5 m from the participant's eyes. The images subtended approximately a 24°

horizontal viewing angle.

Procedure

Participants were instructed to smoke normally prior to the laboratory session so as to be in

a non-deprived state. Upon arrival at the laboratory the participants completed the

Fagerström Test for Nicotine Dependence (Heatherton, Kozlowski, Frecker, & Fagerström,

1991) and provided an expired carbon monoxide (CO) sample (other data not reported here

were also collected). After completing the questionnaires, participants were escorted into the

laboratory and sensors were applied. The slide presentation started after a 15 minute resting

period.

During the slide presentation sequence, EEG was recorded using a 129-channel Geodesic

Sensor Net and amplified with an AC-coupled high input impedance (200 MΩ) amplifier

(Geodesic EEG System 200; Electrical Geodesics Inc., Eugene, OR) and referenced to Cz.

Sampling rate was 250 Hz and data were filtered online using 0.1 Hz high-pass and 100 Hz

low-pass filters. Scalp impedance of each sensor was kept below 50 KΩ, as suggested by the

manufacturer.

Data Analyses and Reduction

Following data collection, a 30-Hz low pass filter was applied off line, data were visually

inspected and channels consistently contaminated during the recording were interpolated

1The numbers of IAPS pictures presented were as follows. Pleasant: 1722, 2040, 2058, 2303, 2340, 2346, 2550, 4599, 4601, 4608,
4614, 4640, 4687, 5260, 5450, 5460, 5626, 5830, 7230, 7502, 7508, 8090, 8170, 8300, 8501, 8503, 8510. Neutral: 2305, 2393, 2397,
2518, 2579, 5395, 5500, 5532, 5534, 5740, 7035, 7055, 7056, 7080, 7190, 7205, 7207, 7217, 7233, 7235, 7248, 7285, 7500, 7550,
7820, 7830, 7950. Unpleasant: 2352.2, 2683, 2688, 2710, 3017, 3061, 3140, 3160, 3300, 3550, 6243, 6360, 6571, 6838, 8485, 9000,
9181, 9301, 9331, 9405, 9424, 9430, 9433, 9520, 9560, 9902, 9910.
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using spherical splines. No participant had more than 5 channels interpolated. After this first

step the EEG data were transformed to the average reference (necessary for accurate

topographic mapping and topographic waveform plots). Eye blinks were then corrected

using a spatial filtering method as implemented in BESA 5.1.8.10 (MEGIS Software GmbH,

Gräfelfing, Germany) and the data were segmented in 900 ms segments starting 100 ms

before the onset of the startle probe. Baseline was defined as the 100 ms interval preceding

the startle probe. Using the segmented data, artifacts contaminating sensors within specific

trials were identified. A sensor was marked as bad if amplitude was above 200 or below

−200 µV, if the absolute difference between two data points was above 100 µV, or if the

difference between two contiguous data points was above 25 µV. If, within each segment,

more than 10 % of the sensors were contaminated, the segment was rejected. Overall fewer

than 5% of the segments were rejected.

At the end of this process average event related potentials (ERP) were calculated at each

scalp site for each condition (i.e. cigarette-related, pleasant, unpleasant, and neutral

pictures). To identify latencies of components where differences among conditions were

maximal, the global field power (Hamburger & vd Burgt, 1991) was calculated for each

condition for each subject and the significance of the differences between each of the

emotional conditions (i.e., pleasant, unpleasant, and cigarette-related) and the neutral

condition was calculated at each data point. A 100-ms window was centered on the peak of

the component isolated from the global field power calculations. Within this window the

mean voltage at each sensor was determined for each condition.

The presence of significant differences between each of the motivationally significant

conditions (pleasant, unpleasant, cigarette-related) and neutral was calculated on the whole

voltage topographies using a randomization procedure (Maris, 2004). This procedure

provides a means for adjusting p-values of multiple comparisons from the 129 electrode

configuration. The randomization procedure involves two steps: (a) computing a statistic (in

this case an F statistic) for each sensor, and (b) evaluating its p-value under the

randomization distribution. The randomization distribution is built by first randomly

assigning to different data vectors the data matrix obtained for each participant within each

experimental condition. The statistic of interest is then calculated for each sensor and the

highest value is stored. This process is repeated 10000 times to form a distribution for the F

statistic associated with the hypothesis of interest. Following the construction of these

randomly generated data vectors, the F-statistic is computed at each sensor using the actual

data as obtained from the experiment. If the value of the F-statistic obtained during actual

hypothesis testing exceeds the F-value marking the upper 5% of the distribution obtained

from the random iterations, it is considered significant at the .05 level.

To improve the spatial resolution of the EEG, the surface Laplacian method was applied to

the voltage data. The surface Laplacian is an estimate of current density entering or exiting

the scalp through the skull and isolates the aspects of the EEG attributable to sources that are

spatially localized in superficial areas of the cortex (Srinivasan, 2005). The statistical

significance of the differences among conditions was tested on the whole topographies using

the randomization procedure described above.
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Results

Participant Characteristics

As can be seen in Table 1, the participants in this study were primarily white men in their

40’s who smoked about a pack a day for an average of 25 years. They were moderate to high

in nicotine dependence as measured by the Fagerström Test for Nicotine Dependence.

Expired CO values all averaged over 10, indicating that all participants were current

smokers.

Scalp Potential

The ERPs to the startle probes delivered during presentation of pleasant, neutral, unpleasant,

and cigarette-related pictures are shown in Figure 1.

Consistent with previous studies (Cuthbert et al., 1998; Keil et al., 2007; Schupp et al.,

1997), startle probes elicited late positivity in the P3 range and the amplitude of this

component was modulated by the content of the picture being viewed by the smoker when

the startle probe was delivered. The statistical analyses performed on the global field power

showed that startle probes delivered during the neutral condition resulted in higher levels of

overall EEG activity than the emotional and cigarette related conditions and this difference

was maximal in a time window between 250 and 350 ms after probe onset. No other

component in the ERPs to the startle probe showed differential modulation as a function of

the visual content.

When the average voltage at each scalp electrode during the 250–350 ms time window was

analyzed all emotional conditions showed a significant reduction of the probe P3 amplitude

over central, parietal and frontal areas (see Figure 2). The analysis of the scalp topographies

led to comparable results in all three emotional conditions.

The results observed for the pleasant and unpleasant conditions confirm previous studies and

can be attributed to a larger amount of attentional resources being captured by the emotional

stimuli. In keeping with our hypothesis, a significant reduction of the probe P3 component

relative to the neutral condition was also observed when cigarette-related cues were

presented. The effect observed in the cigarette-related condition is comparable to the

modulation of the P3 produced by viewing other emotionally evocative stimuli (pleasant and

unpleasant pictures): None of the contrasts comparing the three motivationally significant

conditions (i.e. cigarette-related, pleasant, and unpleasant) was significant. Our results show

that for smokers, cigarette cues capture attentional resources similarly to other inherently

motivationally relevant stimuli.

Surface Laplacian

The surface Laplacian estimates showed two main sources of activation localized under

parietal and frontal sensors, across all conditions (see Figure 3). The statistical analyses

revealed a significantly reduced activation of the frontal electrocortical sources when

cigarette-related, pleasant, or unpleasant vs. neutral images were present at the moment of

the startle probe delivery. In addition to these frontal sources, significant differences
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between motivationally significant (i.e., cigarette-related, pleasant, and unpleasant) and

neutral images were associated with central and right parietal sources of activation (see

Figure 3). When the three motivationally significant conditions were compared, none of the

contrasts was significant.

Discussion

This study used the amplitude of the P3 ERP component evoked by an acoustic startle probe

to investigate neural mechanisms associated with the distribution of attentional resources

when smokers are exposed to motivationally relevant stimuli. The results show that

cigarette-related images, similar to both pleasant and unpleasant images, capture attentional

resources and reduce the smoker’s ability to process other competing stimuli. The amplitude

of the P3 component elicited by the startle probe in the presence of pleasant, unpleasant, or

cigarette-related pictures was significantly reduced compared to that observed for neutral

pictures. The surface Laplacian estimates suggest that sources of electrocortical activity

under frontocentral and parietal sensors mediated this effect.

Cigarette-related cues are hypothesized to capture smokers’ attentional resources by

exploiting the same brain mechanisms that allow motivationally relevant stimuli to receive

prioritized processing (Baker et al., 2004; Everitt et al., 2001; Hyman, 2005; Robinson &

Berridge, 2001; Robinson & Berridge, 2003). Hence, an important feature of our

experimental design involves the inclusion of intrinsically pleasant and unpleasant stimuli in

addition to the cigarette-related and neutral ones. Previous studies conducted with healthy

individuals showed that, relative to neutral stimuli, emotional stimuli automatically engage

neural processing systems associated with approach and avoidance motivation, and capture a

larger amount of attentional resources (Cuthbert et al., 1998; Keil et al., 2007; Schupp et al.,

1997). Thus, fewer resources may be available to process concurrently presented competing

stimuli, in this case the startle probe, resulting in a reduction of the elicited probe P3

amplitude. Our results are consistent with this observation and extend the findings to another

category of motivationally relevant stimuli, cigarette cues, for a group of current smokers.

Although the lack of a non-smokers control group does not allow us to exclude that even

non-addicted individuals might have found cigarette-related cues motivationally significant,

we think that this possibility is unlikely given that drug-related and neutral cues lead to

similar brain activation in non-addicted individuals in previous studies (Due, Huettel, Hall,

& Rubin, 2002; Wolfling, Flor, & Grusser, 2008). Future studies comparing ERPs to

emotional, cigarette-related, and neutral cues in smokers and non-smokers will provide

further data about this issue.

The findings from the surface Laplacian analysis that neural sources of activation associated

with the emotionally relevant stimuli, including cigarette cues, were localized in

frontocentral and parietal cortical areas confirm the idea that probe P3 modulation is due to

differences in attentional resources allocation (Keil et al., 2007; Lang et al., 1997).

Functional brain imaging studies have identified frontal and parietal areas as the main nodes

of the visuospatial attention network and have showed that these areas are activated in a

variety of visuospatial tasks and, via feedback projections, modulate the activity of the

visual system (Kastner & Ungerleider, 2000; Knudsen, 2007).
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Overall, our results suggest that, among smokers, cigarette cues receive prioritized attention,

thereby exploiting the same neural mechanisms associated with the processing of

intrinsically motivationally relevant stimuli (pleasant and unpleasant images) (Baker et al.,

2004; Everitt et al., 2001; Hyman, 2005; Robinson & Berridge, 2001; Robinson & Berridge,

2003). In fact we found no differences between cigarette-related, pleasant, and unpleasant

conditions, in either P3 amplitude or neural sources associated with its modulation.

Previous fMRI studies comparing patterns of brain activation following the presentation of

smoking-related vs. neutral cues reported increased activation in anterior cingulate/

orbitofrontal cortex, superior frontal gyrus, and intraparietal sulcus (David et al., 2005; Due

et al., 2002). The statistical analyses performed on the surface Laplacian estimates

calculated on our data show a pattern entirely consistent with localization of the activity

within these areas. Hence, similar to what has been noted for intrinsically motivating

stimuli, areas involved in the control of visuospatial attention are less available to process

concurrent stimuli when cigarette-related cues become the focus of attention. This finding

indicates that smokers may have greater difficulty attending to concurrent stimuli when

cigarette cues are present than when they are not. Critically, the reduction of attentional

resources in the presence of a cigarette related cue would make it more difficult for a smoker

trying to quit to suppress an automatic response (i.e. lighting a cigarette) and engage in non-

smoking alternative behaviors (Tiffany, 1990).

Brain imaging studies have also shown that the presence of cigarette-related cues increase

activation in subcortical areas, in particular the mesolimbic dopamine reward circuits (David

et al., 2005; David et al., 2007; Due et al., 2002). Given the limited sensitivity of the surface

Laplacian estimate to detect subcortical sources of activation, we cannot make any direct

inference about activity within these structures. However, following theories developed in

basic affective neuroscience (Bradley, Codispoti, Cuthbert, & Lang, 2001; Keil et al., 2002;

Lang et al., 1997; Pessoa, 2008), it seems reasonable to suggest that these subcortical

circuits engage cortical structures to mobilize resources towards cigarette-related stimuli and

grant them prioritized processing. Future studies investigating connectivity between these

areas will shed light on this issue.

Another issue deserving further investigation is the effect that nicotine and nicotine

deprivation might have on different attentional components. Our results showed that

intrinsically motivating and cigarette-related cues reduce attentional resources equally, but

when Gilbert and co-workers (Gilbert et al., 2007) used emotional pictures as distracters in a

detection task, they observed that nicotine deprivation increased bias towards negative

pictures. As Gilbert and colleagues pointed out, their relatively small sample (N=16) and the

higher arousal level that characterized their unpleasant compared to their pleasant pictures

might limit the possibility to generalize their results to different samples. On the other hand,

given that for our non deprived participants attending the visual stimuli was the primary

task, it is possible that differences between motivationally significant cues were masked by a

ceiling effect. (The presence of a ceiling effect might also explain the lack of a significant

correlation between probe P3 amplitude and FTND scores in our results). Additional studies

about these issues will certainly contribute to refining our understanding of the interactions
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among nicotine, emotion, and attention, and to improving the effectiveness of smoking

cessation interventions.

The data presented here support the idea that cigarette-related stimuli receive prioritized

attentional processing and may “hijack” the same brain mechanisms that evolved to process

stimuli that inherently trigger approach and avoidance motivational predisposition. The

involvement of frontal structures, observed in the current study, is consistent with the idea

that part of the power cigarette-related cues have in triggering a relapse stems from the

altered functionality of frontal areas involved in decision making and inhibitory control

(Robinson & Berridge, 2003). The high salience attributed to cigarette-related stimuli, the

reduced availability of attentional resources to process alternative information, and the

reduced ability to inhibit over-reinforced and over-learned (automatic) drug seeking

behaviors are all factors conspiring against the explicit goal of abstinence to which a smoker

might aspire. Future studies examining the effects of medications and behavioral strategies

on these cognitive processes may help to identify potentially clinically relevant interventions

aimed at better preparing the smoker for encountering cigarettes and other motivationally

relevant stimuli in their environment as they navigate a smoking cessation attempt.
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Figure 1.
Left: Event-related potentials (at selected locations) in response to startle probes presented

during viewing of cigarette-related, neutral, pleasant, and unpleasant pictures. Right: ERPs

to startle probes at electrode Cz. The dotted line indicates the time window used for

statistical analyses.
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Figure 2.
Top row: Topographic distribution of the voltages for startle probe P3 (250–350 ms) during

presentation of neutral, pleasant, unpleasant, and cigarette-related pictures. Middle row:

Topographic distribution of the voltage differences (motivationally significant minus

neutral). Bottom row: Topographic distribution of the statistically significant differences.
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Figure 3.
Top row: Topographic distribution of the Surface Laplacian Estimates for startle probe P3

(250–350 ms) during presentation of neutral, pleasant, unpleasant, and cigarette-related

pictures. Middle row: Topographic distribution of the voltage differences (motivationally

significant minus neutral). Bottom row: Topographic distribution of the statistically

significant differences.
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Table 1

Baseline demographic and smoking characteristics of the sample (n=51).

Characteristic/Measure Percentage (n)

Men 64.7 (33)

White, non-hispanic 80.4 (41)

Right-handed 76.5 (39)

Mean (SD)

Age 44.4 (9.87)

BMI 29.3 (7.01)

Cigs/day 21.3 (11.41)

CO 23.2 (8.54)

FTND 4.9 (2.21)

Years of Smoking 25.0 (10.96)

Note: Handedness was measured by the Chapman Handedness Questionnaire and Cigs/day by the Fagerström Test for Nicotine Dependence
(FTND).
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