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Abstract

Background—Initiation of cigarette smoking during adolescence coincides with structural and 

cognitive neuromaturation. Thus, early onset smokers (EOS; initiated <16 years old) may be at 

unique risk of altered development of executive function relative to late onset smokers (LOS; 

initiated >16 years old). This study quantified the effects of age of smoking onset on response 

impulsivity and inhibitory control using a novel smoking Go/NoGo task (Luijten et al., 2011).

Methods—Nicotine deprived adult EOS (n=10) and LOS (n=10) and adult healthy non-smokers 

(HNS; n=10) were shown smoking-related and neutral images with either a blue (Go) or yellow 

(NoGo) frame. Participants were instructed to respond to blue-framed Go trials quickly and 

accurately, and withhold responding for yellow-framed NoGo trials.

Results—EOS made more Go response accuracy errors (p≤0.02) and failed more frequently to 

inhibit responses to NoGo trials (p<0.02) than LOS and HNS. EOS also made more errors in 

inhibiting responses to smoking-related (p≤0.02) and neutral (p≤0.02) NoGo trials. EOS reported 

greater baseline craving for cigarette smoking than LOS (p<0.04), and craving was significantly 

associated with greater omission errors (p≤0.04).

Conclusions—EOS exhibited greater difficulty than LOS in responding accurately to Go stimuli 

and withholding responses to both smoking and neutral NoGo stimuli, indicating greater response 

impulsivity, poor attention, and deficits in response inhibition. These findings suggest that EO 
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smoking, in particular, contributes to diminished task-related attention and inhibitory control 

behaviors in adulthood and provide support for the tobacco-induced neurotoxicity of adolescent 

cognitive development (TINACD) theory (DeBry and Tiffany, 2008).
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1. Introduction

Initiation and persistent cigarette smoking during adolescence remains a threat to public 

health given that approximately 80% of adult chronic smokers report commencing their 

smoking behaviors prior to age 18 (Ng et al., 2014; CDC, 2014; 2015). Recent nationwide 

survey data indicates that approximately 850,000 adolescents, aged 12–17, reported 

initiating cigarette smoking while another 1.2 million adolescents reported ongoing cigarette 

smoking behaviors (SAMHSA, 2015). Importantly, initiation of cigarette smoking behaviors 

during earlier stages of adolescence, relative to later stages, has been associated with longer 

duration of use and increased difficulty quitting smoking during adulthood (Breslau and 

Peterson, 1996; Sussman, 2002).

Persistent nicotine exposure during adolescence, corresponding with critical maturational 

changes in brain development, disrupts sensitive neurobiological processes and elevates risks 

for developing nicotine dependence throughout adulthood (Dwyer et al., 2009; Singh et al., 

2016). More specifically, early-onset smoking, which is defined as tobacco cigarette 

smoking initiated prior to age 16, may be particularly damaging given that active cortical 

synaptic pruning and rearrangement (Huttenlocher 1979, 1990) and white matter 

myelination (Paus et al., 1999) processes are transpiring in early adolescence as maturational 

changes in neurodevelopment begin to accelerate. Age 16 also has been used consistently in 

substance abuse research as a dividing mark for early- vs. late-onset drug use (e.g., 

Ehrenreich et al., 1999; Slade et al., 2008; Norberg et al., 2009; Becker et al., 2010; Gruber 

et al., 2011, Gruber et al., 2012a, 2012b; Sagar et al., 2015; Dahlgren et al., 2016).

Earlier smoking onset and persistent nicotine exposure also may interfere with normative 

cognitive developmental processes, resulting in suboptimal cortical efficiency that could 

linger in adulthood (e.g., Goriounova and Mansvelder, 2012). Though the effects of age of 

smoking onset on cognitive task performance have not been prospectively investigated, there 

is modest evidence from a retrospective analysis that suggests early onset cigarette smoking 

functionally alters cognitive processing. In this analysis, age of smoking onset was shown to 

relate to reduced working memory performance accuracy, indicating that adults who 

initiated smoking at a younger age, approximately 13 years old, performed poorly relative to 

adults who began smoking at a later age (Jacobsen et al., 2005). It is unclear, however, if 

early onset smoking exposure coinciding with the neural maturation of executive cognitive 

processing, occurring throughout adolescence and early adulthood (Gogtay et al., 2004), is 

related to measurable differences in other frontal cognitive domains in adult smokers.

Important executive cognitive functions such as sustained attention, decision-making and 

inhibitory control follow dynamic maturational trajectories during adolescence (Anderson et 
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al., 2001; Conklin et al., 2007) and are known to be disrupted in adult smokers, particularly 

during nicotine deprivation (Spinella, 2002; Mitchell, 2004; Harrison et al., 2009; Billieux et 

al., 2010; Luijten et al., 2011; Xin et al., 2015). Sustained attention is the ability to maintain 

alertness and focus during extended monotonous tasks (Robinson et al., 2013) and inhibitory 

control reflects the behavioral and cognitive ability to regulate and suppress automatic or 

prepotent behaviors and responses (Roberts et al., 2011). Inhibitory control is a core 

executive function, critical for ignoring distracting yet irrelevant and unnecessary 

information (Friedman and Miyake, 2004). Inhibitory control can be tested by measuring 

response inhibition, which is the ability to effectively adapt to environmental contingencies 

by controlling and suppressing impulsive prepotent response behaviors (Groman et al., 

2009).

Response inhibition is commonly measured using a frontal lobe-mediated Go/NoGo task, a 

multi-dimensional cognitive assessment tool that also activates sustained attention processes 

and tests impulsive responding (Erickson et al., 2005; Dinur-Klein et al., 2014). The task 

measures deficits in attention and response inhibition, as well as elevated impulsivity, by 

testing how quickly and accurately participants respond to frequently occurring ‘Go’ stimuli 

and their ability to inhibit prepotent responses to infrequently occurring novel ‘NoGo’ 

stimuli. Difficulty with inhibition in the Go/NoGo task is reflected by increased errors of 

commission, also noted as a high false alarm rate, made when failing to accurately withhold 

impulsive responding during infrequent NoGo trials. Difficulty with maintaining attention is 

reflected by increased errors of omission made when failing to respond accurately during 

frequent Go trials. Previous studies have reported impaired response inhibition, reflected by 

less response accuracy and more errors, in adult smokers, relative to non-smoking controls 

(Spinella, 2002; Luijten et al., 2011; Dinur-Klein et al., 2014). Importantly, however, 

previous studies did not account for how age of smoking onset in adult smokers could have 

influenced Go/NoGo response inhibition, attention, and task accuracy.

Comparing early onset and late onset adult smokers on Go/NoGo task performance may 

reveal functional differences between these groups that affect impulsive decision-making, 

sustained attention, and inhibitory control and can potentially promote maintenance of 

nicotine dependence. It is hypothesized that initiation of cigarette smoking behavior during 

early adolescence, corresponding to important early neuromaturational trajectories, alters 

normal executive function development and consequently will have more lasting effects on 

cognitive processing relative to initiation of smoking during later stages of adolescence and 

corresponding neuromaturation. As such, it is predicted that early onset smokers will 

perform more poorly on task performance outcomes, such as making more errors of 

omission and commission and performing less accurately than late onset smokers and 

healthy non-smokers.

2. Material and Methods

2.1. Participants

Ten early onset cigarette smokers (EOS; 5 women), 10 late onset cigarette smokers (LOS; 5 

women), and 10 healthy non-smokers (HNS; 5 women) were recruited from the Boston 

metropolitan area to participate in this experiment, which was conducted as part of a larger 
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electroencephalography smoking cue reactivity study. Though the sample size is modest, the 

EOS and LOS groups were extremely well-characterized for nicotine dependence with 

extremely limited prior drug use history, assessed using a time line follow back procedure, 

and no history of psychiatric disorders. Volunteer recruitment resulted in over 500 thorough 

screenings of cigarette smokers, and those who qualified by meeting stringent inclusion/

exclusion criteria (described below) were invited to participate. The factor that limited initial 

recruitment of smokers was that onset of smoking behavior had often overlapped with the 

onset of marijuana (MJ) use. Early onset MJ use (use initiated prior to age 16), relative to 

late onset use (use initiated at or after age 16), has been associated with poor cognitive 

executive function, particularly inhibitory processing, in adult MJ users (e.g., Gruber et al., 

2011; Gruber et al., 2012a, 2012b). In order to account for the possibility that overlapping 

MJ and nicotine use would confound the hypothesized effects of smoking on response 

inhibition and attention, our criteria excluded smokers who had initiated any MJ use within 

five years of initiating cigarette smoking. Though this criterion is stringent and eliminated 

the majority of initial volunteers, it insured that any smokers who had used MJ began their 

exposure at least five years after smoking initiation. As such, their MJ use would be 

considered late-onset use, which has shown to be less detrimental to brain function (Gruber 

et al., 2011; Gruber et al., 2012a, 2012b).

As such, twenty-three smokers met criteria and, of those, twenty (10 EOS and 10 LOS) 

chose to participate in the study. All participants were between the ages of 22–40 years old, 

and smokers were asked to report their age of cigarette smoking onset, specifically defined 

as when they were routinely smoking cigarettes daily or near daily (approximately 5–7 days 

per week). To facilitate accuracy of recall, guided interview questions were utilized to 

determine age of onset (i.e., When did you first try a cigarette? Who were you with? When 
did you start smoking every day?) (Sagar et al., 2015). Smokers were then categorized as 

either early onset, if they reported daily or near daily smoking before age 16, or late onset if 

they reported daily or near daily smoking at or after age 16. All early and late onset adult 

smokers smoked between 10–20 cigarettes daily, met DSM-IV criteria for nicotine 

dependence and scored 5 or greater on the Fagerström Test for Nicotine Dependence 

(FTND; Heatherton et al., 1991), which is a standard measure for assessing physical 

dependence to nicotine. All HNS participants reported fewer than 5 lifetime uses of nicotine. 

Group demographics, including education, body mass index, socioeconomic status, age of 

smoking initiation, duration of smoking exposure, and frequency of past-month cigarette, 

alcohol, and marijuana use, are provided in Table 1.

Clinical assessments of study participants were performed using the Structured Clinical 

Interview of DSM-IV Non-Patient Edition (SCID-1/NP) and all participants were free of 

current Axis I diagnoses, neurological illness, and severe medical problems. Further 

exclusion criteria included current or recent (past 5 years) substance dependence (other than 

nicotine), past diagnoses of bipolar disorder or schizophrenia, current or past psychoactive 

medication use, and prior episodes of loss of consciousness or head injury. One EOS and 

one LOS met criteria for past alcohol dependence (i.e., greater than, on average, 6 years 

ago).
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In order to optimize conditions for measuring specific cognitive executive functions that are 

disrupted during nicotine deprivation (Evans et al., 2013), all smokers were instructed to 

abstain from smoking for approximately 12 hours prior to laboratory arrival (Cortese et al., 

2015) and were asked to report the time of their last cigarette when they arrived for their 

study visit. All smokers reported that their last cigarette had been, on average, 11.5 hours 

± 1.1 hours prior to their arrival. Compliance was assessed with carbon monoxide (CO) 

measurements (i.e., CO levels were < 12 ppm) in order to qualify for participation. All 

smokers were compliant with maintaining overnight abstinence. All procedures were 

approved by the McLean Hospital Institutional Review Board and conducted in accordance 

with the Declaration of Helsinki. All participants provided written informed consent and 

were compensated for their participation.

2.2. Procedures

2.2.1 Questionnaires—All eligible study participants completed a baseline clinical 

assessment battery of mood and craving measures, including the Profile of Mood State 

(POMS; McNair et al., 1981), Questionnaire on Smoking Urges (QSU-Brief; Tiffany and 

Drobes; 1991); Positive and Negative Affect Schedule (PANAS; Watson et al., 1988), State-

Trait Anxiety Inventory (Spielberger et al., 1983); Barratt Impulsiveness Scale (BIS-11; 

Patton et al., 1995); Hamilton Anxiety Scale (HAM-A; Hamilton, 1959); Beck Depression 

Inventory (BDI-II; Beck et al., 1996); the Wisconsin Smoking Withdrawal Scale (Welsch et 

al., 1999) and the FTND prior to the smoking Go/NoGo task. Following smoking Go/NoGo 

task performance, all EOS and LOS participants completed the WSWS and the QSU to 

assess end-of-day (EOD) withdrawal and craving.

2.2.2. Smoking Go/NoGo task paradigm—All study participants completed a 

smoking-related Go/NoGo task (Luijten et al., 2011), a behavioral paradigm that measures 

inhibitory control in a computerized test. In the Go/NoGo task, participants were asked to 

respond quickly and accurately to frequently occurring ‘Go’ stimuli and to inhibit 

responding to infrequently occurring ‘NoGo’ stimuli. The task paradigm was developed by 

Luijten and colleagues and has previously been described in full (Luijten et al., 2011). 

Briefly, participants were shown a series of pictures with either smoking-related or non-

smoking-related stimuli content. Each image was displayed for 200 ms and was outlined 

with either a blue or yellow frame.

The frame color, not the type of image stimulus, determined whether the picture was a Go or 

NoGo trial. Images framed in blue, regardless of smoking- or non-smoking-related stimuli 

content, were Go trials, and participants were instructed to press a specific button as quickly 

as possible. Images framed in yellow were NoGo trials, and participants were instructed to 

withhold any response. The Go/NoGo paradigm contained 112 different smoking-related 

images displaying smoking stimuli (e.g., a lighter, an ashtray, cigarettes) as well as scenes of 

individuals engaging in smoking behavior. There were also 112 non-smoking-related 

pictures displaying neutral stimuli (e.g., a pen, a book, a feather) and scenes of individuals 

engaging in non-smoking behavior, such as typing or socializing. Each image was shown a 

total of four times during the task, once as a yellow-framed NoGo stimulus and three times 

as a blue-framed Go stimulus, for a total of 896 trials. The proportion of smoking- and non-
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smoking-related (‘neutral’) images shown in the task was equal; there were 112 NoGo trials 

and 336 Go trials for smoking-related images, and 112 NoGo trials and 336 Go trials for 

neutral images. Collectively, 25% of all trials (i.e., 224 trials) were NoGo trials and 75% 

(i.e., 672 trials) were Go trials. The order of stimuli content (smoking-related versus neutral) 

was completely randomized and the order of trial type (Go versus NoGo) was quasi 

randomized. Prior to starting the task, participants completed a set of 23 practice trials with 

an independent set of neutral pictures to ensure they understood the contingency to respond 

to blue-framed images and withhold responding to yellow framed images (Luijten et al., 

2011).

2.3. Statistical analyses

Demographic and baseline clinical assessment measures were analyzed using analyses of 

variance (ANOVAs) to compare groups. Primary outcomes for the smoking Go/NoGo task 

were omission errors (failing to respond accurately to Go trials), commission errors (failing 

to inhibit responding to NoGo trials), overall task accuracy, Go trial accuracy (hit rate), 

NoGo trial accuracy, and average task reaction time (RT).

Secondary outcomes included: smoking image Go and NoGo accuracy; neutral image Go 

and NoGo accuracy; smoking image average overall RT (reflects correct Go RT and 

incorrect NoGo RT), Go RT, and NoGo RT; and neutral image average overall RT (reflects 

correct Go RT and incorrect NoGo RT), Go RT, and NoGo RT.

To compare between groups for each primary and secondary Go/NoGo outcome measure, 

separate one-way a priori analyses of covariance (ANCOVAs), with duration of smoking 

exposure and sex as covariates, were used. Post hoc pairwise comparisons to examine any 

group differences were performed only in the presence of a main-effect significant at the 

0.05 level. Effect size f (ES) was calculated for significant main effects and interactions 

using G*power (Version 3.1.9.2; Faul, Erdfelder, Lang, and Buchner, Dusseldorf, Germany). 

Correlations of significant Go/NoGo task performance outcomes and group differences in 

withdrawal/craving and mood assessment ratings were assessed using Pearson’s r correlation 

coefficients. All statistical analyses were conducted using SPSS V19.0, with α set at 0.05.

3. Results

3.1. Participants

3.1.1 Demographics and substance use assessments—Participant demographic 

and substance use variables are reported in Table 1. Participants were well-matched, with no 

significant differences in age and education, and an equal number of males and females in 

each group. Smokers did not exhibit differences in FTND scores. As age of smoking onset is 

a focus in the current study, and participants were grouped by either early or late onset 

smoking, there are significant differences between smokers in age at first cigarette, age at 

regular cigarette smoking, and in duration of smoking exposure. Duration of smoking 

history is a critical factor in assessing differences between EOS and LOS in cognitive task 

performance, thus duration of smoking exposure, in years, was used as a covariate in all Go/

NoGo outcome ANCOVA analyses.
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There were no differences in CO levels at study baseline between EOS and LOS. LOS also 

reported more alcohol use per week than EOS and HNS.

3.1.2 Mood, smoking withdrawal and craving assessments—All mood measures 

are reported in Table 2, and all withdrawal and craving assessment variables measured at 

study baseline and/or end-of-day (EOD), following Go/NoGo task performance, are reported 

in Table 3. Some group differences in baseline mood measures did emerge between smokers 

and healthy non-smoking participants. Specifically, relative to HNS, EOS and LOS reported 

higher BDI, BIS motor and total impulsivity, POMS Tension, and STAI State scores. 

Relative to EOS and HNS, LOS reported higher HAM-A scores. Furthermore, relative to 

HNS, LOS reported higher POMS Anger and Confusion as well as PANAS Negative scores. 

A difference in baseline craving also emerged between smokers; EOS reported higher scores 

for similar QSU questions “Nothing would be better than smoking a cigarette right now” and 

“All I want right now is a cigarette.”

3.2. Primary outcomes

One-way a priori ANCOVA analyses of group performance on the smoking Go/NoGo task, 

controlling for sex and duration of smoking exposure, revealed significant main effects of 

omission errors (F(4,25) = 7.6, p≤0.001, ES=1.1), commission errors (F(4,25) = 7.02, 

p≤0.002, ES=1.1), overall task accuracy (F(4,25) = 10.29, p≤0.01, ES=1.3), Go trial 

accuracy (F(4,25) = 5.93, p≤0.002, ES=.94), and NoGo trial accuracy (F(4,25) = 6.83, 

p≤0.01, ES=1.1). There was no significant main effect of average task RT (F(4,25) = 0.27, 

n.s.). There were also no significant interactions between any primary outcomes and sex or 

duration of smoking exposure.

Post hoc group comparisons revealed that, compared to LOS and HNS, EOS made more 

errors in failing to respond to Go trials (omission errors; p≤0.02), failing to withhold 

responses to NoGo trials (commission errors; p≤0.02), overall task accuracy (p≤0.01), and 

NoGo trial accuracy (p≤0.02) (Figure 1, panels A–D).

The significant group difference in number of alcohol drinks reported per week could have 

influenced task performance in this study, as previous reports indicate that frequent alcohol 

exposure is associated with poor performance on a Go/NoGo task (Ames et al., 2014). Thus, 

additional ANCOVAs, controlling for sex, duration of smoking exposure, and number of 

drinks per week were performed on primary Go/NoGo task outcomes. Analyses revealed 

significant main effects of omission errors (F(5,24) = 5.89, p≤0.01, ES=1.1), commission 

errors (F(5,24) = 6.82, p≤0.000, ES=1.2), overall task accuracy (F(5,24) = 9.24, p≤0.000, 

ES=1.4), Go trial accuracy (F(5,24) = 4.32, p≤0.01, ES=.94), and NoGo trial accuracy 

(F(5,24) = 8.24, p≤0.000, ES=1.3). There was no significant main effect of average task RT 

(F(5,24) = 0.36, n.s.).

Significant interactions were observed between the number of commission errors × duration 

of smoking exposure (F(1,24) = 6.35, p≤0.02, ES=.52) and of commission errors × number 

of drinks per week (F(1,24) = 5.58, p≤0.03, ES=.40). Similarly, significant interactions were 

found between average NoGo trial accuracy × duration of smoking exposure (F(1,24) = 

5.94, p≤0.03, ES=.52) and NoGo trial accuracy × number of alcohol drinks per week 
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(F(1,24) = 5.93, p≤0.03, ES=.44). There were no other significant interactions between 

primary outcomes and smoking exposure or number of drinks per week. There were also no 

significant interactions between any primary outcomes and sex.

Post hoc group comparisons indicated that, compared to LOS and HNS, EOS made more 

errors in failing to respond to Go trials (omission errors; p≤0.03), failing to withhold 

responses to NoGo trials (commission errors; p≤0.01), overall task accuracy (p≤0.01), and 

NoGo trial accuracy (p≤0.01).

3.3. Secondary outcomes

ANCOVA analyses, controlling for sex and duration of smoking exposure, revealed 

significant main effects of smoking Go accuracy (F(4,25) = 6.16, p≤0.001, ES=.99), 

smoking NoGo accuracy (F(4,25) = 6.58, p≤0.001, ES=1.0), neutral Go accuracy (F(4,25) = 

4.78, p≤0.01, ES=.87), neutral NoGo accuracy (F(4,25) = 5.6, p≤0.002, ES=.95), smoking 

NoGo RT (F(4,25) = 7.22, p≤0.001, ES=1.1), and neutral NoGo RT (F(4,25) = 6.54, 

p≤0.001, ES=1.0). Statistically significant interactions for secondary outcomes and smoking 

exposure were observed for neutral NoGo RT × smoking exposure (F(1,25) = 5.02, p≤0.05, 

ES=.45) and for smoking NoGo RT × smoking exposure (F(1,25) = 9.37, p≤0.01, ES=.61). 

There were no significant interactions for any secondary outcomes and sex.

Post hoc group comparisons revealed that, compared to LOS and HNS, EOS made more 

errors in inhibiting responses to smoking NoGo trials (p≤0.02) and neutral NoGo trials 

(p≤0.02) (Figure 2, panels A and B, respectively). To that end, EOS also exhibited greater 

neutral NoGo RT (p≤0.01) and greater smoking NoGo RT (p≤0.001) (Figure 2, panels D and 

E, respectively). Compared to HNS, EOS (p≤0.03) and LOS (p≤0.03) made more errors in 

responding accurately to neutral Go trials (Figure 2, panel C).

Additional ANCOVAs also controlling for number of drinks per week were performed on 

secondary Go/NoGo task outcomes. Analyses revealed significant main effects of smoking 

Go accuracy (F(5,24) = 4.76, p≤0.01, ES=.99), smoking NoGo accuracy (F(5,24) = 6.91, 

p≤0.001, ES=1.2), neutral Go accuracy (F(5,24) = 3.67, p≤0.02, ES=.87), neutral NoGo 

accuracy (F(5,24) = 6.43, p≤0.001, ES=1.2), smoking NoGo RT (F(5,24) = 7.56, p≤0.000, 

ES=1.25), and neutral NoGo RT (F(5,24) = 7.42, p≤0.000, ES=1.3).

Significant interactions were observed between: smoking NoGo accuracy × smoking 

exposure (F(1,24) = 10.10, p≤0.01, ES=.65) and smoking NoGo accuracy × number of 

drinks per week (F(1,24) = 4.52, p≤0.01, ES=.43); neutral NoGo accuracy × smoking 

exposure (F(1,24) = 5.82, p≤0.02, ES=.49) and neutral NoGo accuracy × number of drinks 

per week (F(1,24) = 5.60, p≤0.03, ES=.48); smoking NoGo RT × smoking exposure (F(1,24) 

= 13.33, p≤0.001, ES=.75) and smoking NoGo RT × number of drinks per week (F(1,24) = 

4.66, p≤0.05, ES=.44); and neutral NoGo RT × number of drinks per week (F(1,24) = 5.85, 

p≤0.02, ES=.49). There were no significant interactions between any secondary outcomes 

and sex.

Post hoc group comparisons revealed that, compared to LOS and HNS, EOS made more 

errors in inhibiting responses to smoking NoGo trials (p≤0.01) and neutral NoGo trials 
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(p≤0.01). To that end, EOS also exhibited greater neutral NoGo RT (p≤0.01) and greater 

smoking NoGo RT (p≤0.001). Compared to HNS, EOS (p≤0.04) and LOS (p≤0.03) made 

more errors in responding accurately to neutral Go trials.

3.4. Correlations

3.4.1. Task performance outcomes and withdrawal/craving measures—
Importantly, significant positive correlations were found between baseline craving measured 

by the QSU-Brief, specifically the question “Nothing would be better than smoking a 

cigarette right now,” and number of omission errors (r=0.48, p≤0.04) (Figure 3). No other 

significant relationships between task performance outcomes and withdrawal/craving or 

mood measures were observed.

4. Discussion

EOS made more errors, took more time to respond, and performed less accurately than LOS 

and HNS on nearly every response accuracy and response inhibitory outcome measured 

during the smoking Go/NoGo task. Primary and secondary task performance outcome 

results suggest that EOS exhibited clear deficits in maintaining sustained attention and 

general inhibitory control, regardless of smoking-related or neutral image category. 

Furthermore, all analyses controlled for duration of smoking exposure, suggesting that these 

differences in task performance are more impacted by age of cigarette smoking onset. 

Overall, poor performance outcomes in adult EOS and LOS, relative to HNS, are consistent 

with previous reports of impaired response inhibition and less accuracy in adult smokers, 

relative to non-smokers (Spinella, 2002; Luijten et al., 2011; Dinur-Klein et al., 2014). 

Current findings, however, are the first to report the influence of smoking exposure during 

early or late stages of adolescence on the magnitude of impulsivity and lack of inhibitory 

control and attentional processing (behaviors that are typically refined during adolescent 

development) that endures into adulthood. Greater inaccuracy during task completion and 

poor performance outcomes in EOS suggests that cigarette smoking initiation during early 

stages of adolescence, coinciding with critical early stages of brain maturation, has a more 

significant impact on the normal development of executive functions such as inhibitory 

control and sustained attention.

Relative to LOS and HNS, EOS showed difficulty in responding accurately during frequent 

blue-framed Go trials, regardless of smoking or neutral image stimulus category, suggesting 

that it was challenging for this group to maintain attention during the task. Furthermore, 

when required to withhold responses to infrequent yellow-framed NoGo images, EOS were 

less successful than both LOS and HNS in inhibiting the prepotent button press response 

and, as such, exhibited less overall response accuracy for NoGo trials. When evaluating 

NoGo trial performance by stimulus category, EOS also made more errors than LOS and 

HNS in withholding responses to both neutral and smoking NoGo trials, suggesting that it 

was uniquely harder for this group to engage inhibitory control and hold back the impulsive 

response, regardless of category. The consequence of these impulsive NoGo responses was 

longer RT shown by EOS for both neutral and smoking NoGo trials. Statistical analyses 

revealed evidence of an interaction indicating that neutral and smoking NoGo trial RT, but 
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not accuracy, was affected by duration of smoking exposure. It is possible that slower 

visuomotor processing and consequently longer NoGo RT produced (erroneously) by EOS 

may have been influenced by the longer duration of smoking exposure in this group. 

Conversely, response accuracy for neutral and smoking NoGo trials may be mediated more 

specifically by differences between EOS and LOS in developing and engaging inhibitory 

control.

Groups differed significantly in their alcohol consumption per week; LOS reported more 

drinks per week than either EOS or HNS groups. In accounting for this difference in alcohol 

consumption with additional analyses, several main effect interactions emerged. Namely, 

alcohol consumption and duration of smoking exposure interacted with commission errors 

as well as NoGo (overall, smoking, and neutral) trial accuracy and RT. Overall, greater 

monthly alcohol consumption, primarily observed in LOS, combined with duration of 

smoking exposure may have collectively contributed to the poor task performance also 

observed in LOS. Consistent with this interpretation, other studies have shown that long-

term combined nicotine and alcohol consumption was significantly and inversely related to 

neurocognitive performance on tasks measuring attention, RT, response inhibition, and 

visuoperceptual processing (Friend et al., 2005; Glass et al., 2009; Ames et al., 2014). All 

post hoc comparisons continued to indicate, however, that EOS performed more poorly on 

the majority of primary and secondary task outcomes than LOS, suggesting that smoking 

exposure initiated during early adolescence and maintained into adulthood likely played an 

influential role in disturbing normative cognitive proficiency development (Counotte et al., 

2009).

Important group differences in overall mood emerged at baseline, although these differences 

were not significantly associated with specific task outcomes. Relative to their HNS 

counterparts, EOS and LOS reported higher BDI scores, though these did fall within the 

threshold for minimal depression (0–13; Beck et al., 1996). Consistent with their impulsive 

NoGo responses, EOS and LOS also reported high scores for motor and total impulsivity, 

indicating that their task performance was likely influenced by their reported tendency to act 

quickly without thought or reflection on consequences. While there were no differences 

between EOS and LOS in BIS motor impulsivity, EOS did make more omission errors and 

perform more poorly on overall task accuracy than LOS, thus, reported impulsiveness in 

EOS may have more acutely affected task performance. Elevated POMS Tension subscale 

and STAI State scores also suggest that both groups of smokers were experiencing greater 

tension and acute anxiety than HNS during the study visit, which also may have interfered 

with their ability to maintain attention and inhibitory control.

Acute nicotine deprivation in smokers has previously been associated with elevated anxiety 

and stress levels and decreased alertness, as well as shorter latency to post-deprivation 

smoking resumption, suggesting that avoidance of deprivation-induced negative affect 

contributes to the maintenance of smoking behavior (Parrott, 1995, 1998; Zvolensky et al., 

2014). While EOS did not report experiencing greater tension or anxiety than LOS, these 

negative mood measures may have impacted the performance of both groups during the task. 

Anxiety and stress diminishes the efficiency of frontal cortical networks involved in 

inhibitory and attentional processing and attention allocation that direct task-appropriate 
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behavior (Eysenck et al., 2007; Ansari and Derakshan, 2011). Furthermore, anxiety disrupts 

efficient prefrontal attention processing that withstands task-irrelevant distractor stimuli, 

increasing the likelihood of distractibility and poor prepotent response inhibition (Bishop, 

2009; Ansari and Derakshan, 2011). Sub-optimal cognitive efficiency in maintaining 

attention and withholding prepotent responses is reflected in current findings of poor task 

accuracy and greater errors of omission and commission. Based on their poor response 

accuracy and inhibitory control, as well as potentially altered frontal cortical processing 

efficiency related to their early onset smoking, EOS may be uniquely more vulnerable to the 

additional influence of anxiety on disrupting focus and yielding impulsive responding.

Smoking craving also influenced and disrupted EOS attention, contributing to sub-optimal 

task performance by this group. EOS reported greater baseline craving than LOS, indicating 

higher scores at similar QSU-Brief statements “Nothing would be better than smoking a 

cigarette right now” and “All I want right now is a cigarette.” Importantly, a significant 

positive correlation was observed between reported scores on “Nothing would be better than 

smoking a cigarette right now” and the number of omission errors emitted in the Go/NoGo 

task. Thus, the higher the reported craving score, the higher the number of errors in 

responding accurately to blue-framed Go trials, suggesting that craving disrupted the 

sustained attention required for responding accurately. Of note, there were no differences 

reported between EOS and LOS in any acute withdrawal or craving measures at either 

baseline or at end of day (EOD). EOS, relative to LOS, likely experienced and therefore 

reported more acute craving at baseline, following overnight nicotine deprivation, which 

persisted throughout the session and influenced task performance. LOS cigarette craving 

was higher toward the EOD but there were no differences observed between groups.

Our findings of poor sustained attention and response accuracy as well as elevated impulsive 

responding on a frontally-mediated cognitive task in adult early onset smokers provides 

support for the tobacco-induced neurotoxicity of adolescent cognitive development 

(TINACD) theory (DeBry and Tiffany, 2008). One assumption of the TINACD theory that is 

particularly germane to the current findings is the idea that the earlier the initiation of 

smoking, the greater the likelihood of suboptimal executive functioning and poor 

management of impulsivity and decision-making in adult smokers (DeBry and Tiffany, 

2008; Counotte et al., 2009, 2011). As such, current findings of suboptimal cognitive task 

performance in EOS may be related to maladaptive neural effects of early adolescent 

smoking. TINACD proposes that the earlier the smoking initiation, the earlier the damage to 

maturing neurons and the structure of frontal cognitive networks that regulate executive 

function (DeBry and Tiffany, 2008).

TINACD also posits that during periods of great stress or affective instability, effective 

oversight over impulsive behavior, inhibitory control, and impaired judgment may be 

compromised, particularly in smokers who initiated use during early adolescence (DeBry 

and Tiffany, 2008). Thus, EOS experiencing intense affective states may have additional 

trouble regulating their attention and impulsivity and exercising inhibitory control. One such 

intensely affective state is elevated craving, which was greater in EOS at baseline, relative to 

LOS. To this end, greater smoking craving may have exacerbated poor task performance and 
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resulted in less sustained attention, poor response accuracy, and more impulsive errors than 

LOS.

Ongoing neuroimaging investigations of early and late onset smokers will reveal if early 

onset smoking is associated with altered frontal cortical structure in adulthood, which could 

provide empirical support for the TINACD theory that EOS exhibit altered frontal cortical 

architecture. Future investigations should also explore the influence of sex-specific 

neuromaturational differences in Go/NoGo task performance and outcomes in early and late 

onset smokers. A limitation of the current investigation is the inability to closely measure 

sex-specific cognitive performance differences within the EOS and LOS groups. 

Furthermore, it was not possible in the current study to determine the degree to which the 

effects of nicotine deprivation, relative to the effects of long-term nicotine dependence, 

influenced cognitive task performance in groups. Smokers did not report any significant 

withdrawal symptoms. While craving in nicotine-deprived smokers was associated with 

greater omission errors, no other relationships between craving and task outcomes were 

observed, suggesting that age of onset was the driving influence on overall differences in 

task performance. The inclusion of a nicotine-satiety condition in which all smokers smoke a 

cigarette prior to completing the Go/NoGo task in future investigations of executive function 

task performance in EOS and LOS will help to clarify and distinguish the effects of 

deprivation from the effects of long-term nicotine dependence on task outcomes. An 

additional potential limitation is that participants were required to provide self-reports that 

contributed to determining mood, craving, and past and current drug and alcohol use 

histories. Participants may be reluctant to respond accurately or may be concerned about the 

consequences of admissibility, which can compromise accurate estimation and disclosure 

(Del Boca and Darkes, 2003). Participants in the current investigation were assured that their 

responses to all questionnaires and measures would be kept secure and confidential, and 

were given adequate time to complete their self-reports. Targeted questions were utilized to 

help participants accurately recall and report their past nicotine and other drug and alcohol 

use. Collectively, these approaches increased our confidence in the participant self-reports 

and the reliability of the data.

4.1. Conclusions

EOS exhibited poor inhibitory control and made more impulsive inaccurate responses, 

relative to LOS and HNS, on a frontally-mediated smoking Go/NoGo cognitive task (Luijten 

et al., 2011). These findings are the first to measure the influence of age of smoking onset on 

differences in cognitive task performance in smokers, and also provide behavioral testing 

support for the TINACD theory proposed by DeBry and Tiffany (2008). It is possible that 

initiation of cigarette smoking behaviors early in adolescence, coinciding with critical 

neurodevelopmental processes that culminate in refined frontal lobe executive function, 

results in suboptimal cognitive processing. Thus, accounting for age of smoking onset may 

be an important factor in individualizing treatment approaches that are designed to improve 

executive function in adult smokers participating in smoking cessation programs.
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Highlights

• Quantified effects of early onset (EO) smoking on inhibitory control and 

attention

• Adult smokers, grouped by either early or late onset (LO), performed Go/

NoGo task

• EO smokers were less accurate and more impulsive in task responding than 

LO smokers

• Greater baseline smoking craving in EO correlated with higher omission 

errors

• EO smoking contributes to diminished attention and inhibitory control in 

adulthood
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Figure 1. 
Significant differences in primary Go/NoGo task outcomes among early onset smokers 

(EOS), late onset smokers (LOS), and healthy non-smokers (HNS) are shown. (A) Group 

differences in errors of omission (‘Go’ errors). (B) Group differences in errors of 

commission (‘NoGo’ errors). (C) Group differences in overall Go/NoGo task performance 

accuracy. (D) Group differences in average ‘NoGo’ trial accuracy. All values are the means 

± SD. ** p≤0.02, EOS relative to LOS and HNS. * p≤0.05, LOS relative to HNS.
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Figure 2. 
Significant differences in secondary Go/NoGo task outcomes among early onset smokers 

(EOS), late onset smokers (LOS), and healthy non-smokers (HNS) are shown. (A) Group 

differences in smoking-related ‘NoGo’ trial accuracy. (B) Group differences in neutral 

‘NoGo’ trial accuracy. (C) Group differences in neutral ‘Go’ trial accuracy. (D) Group 

differences in smoking ‘NoGo’ response reaction time. (E) Group differences in neutral 

‘NoGo’ response reaction time. All values are the means ± SD. ** p≤0.03, relative to LOS 

and HNS. * p≤0.05, relative to HNS.
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Figure 3. 
A scatterplot representing individual early onset smokers (EOS) and late onset smokers 

(LOS) is shown that exhibits a significant relationship between omission errors and baseline 

Questionnaire on Smoking Urges (QSU) craving scores.
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