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Abstract

Individuals with Attention Deficit Hyperactivity Disorder (ADHD) smoke cigarettes at rates
higher than the general population and questions have been raised about how stimulant drugs — the
frontline pharmacological treatment for ADHD - influence smoking risk and behavior in those
with ADHD. In the present study adult regular smokers with (n=16) and without (n=17) ADHD
participated in 3 experimental sessions in which they completed a Progressive Ratio (PR) task to
measure the relative reinforcing effects of cigarette smoking and money following oral
administration of placebo and 2 active doses of methylphenidate (10 mg and 40 mg). We also
measured attention and inhibitory control via a Continuous Performance Test (CPT).
Methylphenidate had no effect on smoking-reinforced responding, attention, or inhibitory control
in either group. Attention and inhibitory control were associated with smoking-reinforced
responding, but unsystematically and only in the non-ADHD group. Several design features, such
as the value of the monetary response option, the PR schedule, and the potential effects of
smoking on attention and inhibitory control, could have contributed to the negative findings and
are discussed as such. Although inconsistent with some previous human laboratory studies of
stimulant drugs and smoking, results are consistent with recent trials of stimulant drugs as adjuncts
for smoking cessation in adult smokers with ADHD. In general, methylphenidate at mild and
moderate doses did not influence the relative reinforcing effects of cigarette smoking in adults
with and without ADHD.

INTRODUCTION

Attention Deficit Hyperactivity Disorder (ADHD) is characterized by developmentally-
inappropriate levels of inattention/distractibility, hyperactivity, and/or impulsivity that
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interfere with functioning, and affects nearly 8% of children and 4.4% of adults in the
United States (Froehlich et al., 2007; Kessler et al., 2005). Although these rates of ADHD
estimate true prevalence in the population, recent data from the CDC have indicated that a
much higher proportion of children and adults are actually being diagnosed (http://
www.cdc.gov/nchddd/adhd/data.html; accessed April 11, 2013; see also, http://
www.nytimes.com/2013/04/01/health/more-diagnoses-of-hyperactivity-causing-
concern.html?pagewanted=all&_r=0; accessed April 11, 2013). These recent reports have
been alarming, especially since much controversy has simultaneously centered around how
the presentation of ADHD gives rise to increased smoking and other substance use, as well
as the over-prescription of stimulant drugs, like methylphenidate.

ADHD is a significant independent risk factor for cigarette smoking and individuals with
ADHD or high levels of ADHD symptoms start smoking at an earlier age, become more
heavily nicotine-dependent, are more likely to progress from smoking experimentation to
regular use, and have poorer cessation outcomes (Covey et al., 2008; Fuemmeler et al.,
2007; Humfleet et al., 2005; Kessler et al., 2006; Kollins et al., 2005; Lambert & Hartsough,
1998; Milberger et al., 1997b; Milberger et al., 1997a; Molina & Pelham, 2003; Pomerleau
et al., 1995; Wilens et al., 2008). In spite of the large number of studies documenting the
association between ADHD and cigarette smoking, comparatively little experimental work
has been conducted to elucidate the potential psychological mechanisms underlying this
common comorbidity.

Nicotine — a principal component of cigarette smoke — has been found to improve cognitive
processes that are commonly disrupted in individuals with ADHD, including sustained
attention and behavioral inhibition (for reviews, see Heishman et al., 2010; Levin et al.,
2006). Consistent with older theories of drug addiction and psychiatric comorbidity
(Khantzian, 1985), it has been proposed that individuals with ADHD and related conditions
may smoke more to help reduce their core attentional and other cognitive deficits (Conners
etal., 1996; Glass & Flory, 2010; Heishman, 1998; Heishman et al., 2010; Levin et al.,
2001). This so-called “self-medication hypothesis” is supported by several lines of research.
First, at a neuropharmacological level, nicotine facilitates dopamine release in relevant
pathways in a manner similar to psychostimulants that are commonly used in the clinical
treatment of ADHD /(Rush et al., 2002; Brody et al., 2004; De Biasi & Dani, 2011; Grace,
2001; Volkow et al., 2012). Second the behavioral and cognitive effects of nicotine are
similar to those of the psychostimulants in non-human species as well as in humans with and
without ADHD (Heishman et al., 2010; Levin et al., 2006). For example, nicotine has been
shown to improve performance on attention-related tasks in regular smokers and in non-
smokers (Levin et al., 1998; Warburton & Mancuso, 1998), including fine motor skills,
alerting and orienting response time, short term episodic memory, and working memory
(Heishman et al., 2010). Nicotine-induced improvements in attention have been found in
both ADHD and non-ADHD samples (Levin et al., 1996; Levin et al., 1998; Levin et al.,
2001), though prior studies have not directly compared the cognitive effects of nicotine for
these two populations. In addition to decreasing reaction time on cognitive tasks for
individuals with ADHD (Levin et al., 1996; Poltavski & Petros, 2006; Potter & Newhouse,
2004; Potter & Newhouse, 2008), transdermal nicotine is also found to improve clinical
global impressions of ADHD symptomatology and self-ratings of positive affect in ADHD
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patients (Levin et al., 1996). Three lines of evidence address the issue of how stimulant
medication may influence smoking outcomes in individuals with ADHD: 1) clinical studies
of how stimulant medication affects risk for smoking; 2) human laboratory studies of
stimulant drug administration and its effect on smoking behavior; and 3) clinical trials
examining the efficacy of stimulant drugs to promote smoking cessation in individuals with
ADHD.

The effects of nicotine on cognitive performance and ADHD symptoms are similar to the
effects of pharmacological treatments for ADHD — namely d-amphetamine and
methylphenidate — and the substances operate similarly on dopaminergic pathways (Brody et
al., 2004; De Biasi & Dani, 2011; Grace, 2001; Volkow et al., 2012). One might therefore
expect individuals whose ADHD symptoms are already treated with stimulants to be less
likely to smoke or derive less reinforcement from smoking. Clinical studies are mixed in
terms of the long-term effects of stimulant treatment on smoking outcomes with some
finding a protective effect of treatment (Huss et al., 2008; Milberger et al., 1997b; Milberger
et al., 1997a; Monuteaux et al., 2007; Whalen et al., 2003), and others finding no effect
(Biederman et al., 2008; Burke et al., 2001; Winters et al., 2011). One study even reported
that stimulant therapy increased risk for smoking (Lambert, 1998).

On the other hand, stimulant drugs have been shown to increase smoking behavior in human
laboratory studies (Rush et al., 2005; Stoops et al., 2011; Vansickel et al., 2007; Vansickel et
al., 2011). Only one study of which we are aware has directly examined the effects of
stimulant drugs on smoking in individuals with a diagnosis of ADHD, and reported that
methylphenidate increased ad libidum smoking in ADHD-diagnosed smokers compared to
placebo (Vansickel et al., 2011). This study did not include a non-ADHD comparison group,
thus precluding examination of differential effects of psychostimulants on smoking-
reinforced responding in individuals with and without ADHD.

Two placebo-controlled randomized trials have examined the efficacy of 2 different
stimulant drugs (OROS-methylphenidate [Concerta] and lisdexamfetamine dimesylate
[Vyvanse]), alone and in combination with nicotine patch, on smoking cessation outcomes
in adult regular smokers with ADHD (Kollins et al., 2012a; Winhusen et al., 2009). While
neither of these studies demonstrated efficacy of the stimulant drugs compared to placebo
for promoting smoking cessation, both studies reported significant decreases in smoking
behavior for stimulant treated individuals, a finding that stands in contrast to human
laboratory studies reviewed above. Moreover, in both studies, stimulant treated patients
exhibited significant reductions in ADHD symptoms compared to placebo-treated
individuals.

Overall the literature is mixed with respect to the role that stimulant drugs may play in
influencing smoking behavior in individuals with ADHD. The goal of the present study was
to experimentally examine the effects of methylphenidate on attentional functioning,
inhibitory control, and smoking-reinforced responding in adult regular smokers with and
without ADHD. Given the reported differences in baseline dopamine functioning between
ADHD and non-ADHD individuals (Grace, 2001; Volkow et al., 2009), we hypothesized
that smoking reinforced responding would be decreased in regular smokers with ADHD
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following administration of methylphenidate compared to placebo, but that the opposite
would be true for smokers without ADHD. Since previous work from our lab has
demonstrated that smoking reinforced responding is mediated by changes in attention and
inhibitory control (Kollins et al., 2012b), we further hypothesized that stimulant-induced
changes in these processes would also predict smoking-reinforced responding.

METHODS

Participants

Participants for the study were 33 male and female adult regular smokers between the ages
of 18-50 years recruited from the community. Sixteen of the participants were diagnosed
with ADHD by a licensed clinician and the remaining 17 participants were free from any
psychiatric diagnosis, except for nicotine dependence. Diagnostic status of all participants
was determined using the Structured Clinical Interview Schedule for DSM (SCID; First et
al., 1997), the Conners Adult ADHD Diagnostic Interview for ADHD (CAADID; Epstein et
al., 2000), and the Conners Adult ADHD Rating Scale (CAARS; Conners et al., 1998).
Other inclusion criteria included self-reported current smoking of at least 10 cigarettes/day
and afternoon expired air CO levels of > 10 ppm. Exclusion criteria included estimated 1Q
scores of <80 measured using the Kaufman Brief Intelligence Test (Kaufman & Kaufman,
2004); positive urine drug screen for illicit drugs; breath alcohol level > 0.00; any significant
medical condition (i.e., neurological or CNS-related disorder such as epilepsy, diabetes,
coronary disease, renal function, or other conditions that in the judgment of the study
physician would influence study participation or warrant more immediate medical care);
positive serum pregnancy test (for females of childbearing potential); clinically significant
blood chemistry results; and, for the Control group, T-scores on relevant CAARS scales >
55. Participants in both groups were also excluded if they had a clinically significant ECG
reading at Screening or if they met the following criteria: if 40 years of age or younger,
blood pressure readings exceeding 135/85 and/or resting heart rate > 90 beats per minute; if
older than 40 years of age, blood pressure readings exceeding 130/80 and/or resting heart
rate > 88 beats per minute. Individuals in the ADHD group who were currently treated
pharmacologically for their ADHD (n = 2) were allowed to participate provided they washed
out of their medication for a duration of at least 5 half lives prior to the Baseline and
Experimental Sessions. Such a washout period typically represents only 1-2 days and is not
inconsistent with how the medication is often taken in routine daily functioning. The
washout period was also overseen by the study physician (RD) to monitor for adverse side
effects and significant changes in functioning. Subjects in either group taking other kinds of
psychotropic medication were excluded from participation. All participants provided
informed consent and the study was reviewed and approved by the local Institutional
Review Board.

Design & Procedures

Following Screening, all participants completed a Baseline visit and 3 Experimental visits.
Participants were compensated $45 for the Screening visit, $40 for the Baseline visit, and
$85 for each of the 3 Experimental sessions. A completion bonus of $100 was also provided
for participants who completed all visits. In addition, participants could earn up to an
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additional $15 depending on their performance on the Progressive Ratio task (see below),
for a total study compensation of $440-$455. Participants were also given $5 as
reimbursement for one pack of preferred brand cigarettes that were used during the Baseline
and Experimental sessions. During the Baseline visit, participants were familiarized with all
procedures and measures to be used during the Experimental visits. The 3 Experimental
visits were identical except for the dose of MPH administered (see below). Participants were
randomly assigned to the order of Experimental visits during the Baseline visit and were
scheduled for all 3 of their subsequent Experimental visits, which occurred no more than 7
days following Baseline. In general, participants were instructed to smoke as usual and to
not use alcohol within 24 hours prior to their scheduled visits.

Experimental visits lasted approximately 5 % hours. Participants arrived at the lab and
alcohol and drug use was assessed via breathalyzer and urine drug screen, respectively.
Participants had to have a breath alcohol level of 0.0 and a negative drug screen to continue
with the session. Vital signs were measured, a smoking diary was completed to record
smoking since the last visit, and a standardized low-fat snack was provided. Approximately
45 minutes into each Experimental session, participants were allowed to smoke 1 cigarette
to control for the time since last smoking. Immediately following the smoke break, drug was
administered (see below). Following drug administration, subjective measures and vital
signs were recorded over the next 60 minutes. Approximately 1 hour after drug
administration, the Continuous Performance Test was administered, followed immediately
by the Progressive Ratio (PR) task. Following the PR task, subjective effects and vital signs
were recorded. Participants remained in the lab for an additional 90 minutes to provide a
standardized delay from the end of the PR task to the next opportunity to smoke.
Participants were then either debriefed (following the 3™ Experimental visit) or scheduled
for the next session and dismissed from the laboratory.

Smoking-reinforced responding—The primary outcome measure for the study was the
number of responses completed for cigarette puffs during a 90-minute Progressive Ratio
(PR) task. During the task, subjects were positioned in front of a computer screen and
keyboard and instructed that they would have the opportunity to press the buttons on the
keyboard to earn either standardized puffs of a cigarette (2 puffs/opportunity), or a fixed
amount of money ($0.50). Similar to other PR studies conducted with human subjects,
participants were instructed that they could choose not to press the buttons, but that the
duration of the session would be the same regardless of whether they completed none or all
of the ratios for smoking opportunities or money (Kollins et al., 2012b; Sigmon et al., 2003;
Tidey et al., 1999).

Ratios for cigarette puffs and money operated independently such that subjects could
respond exclusively for one consequence or the other, alternate their responses for each of
the consequences, or not respond at all. For each consequence, the first ratio required 75
responses and each successive ratio required 1.75 times the previous ratio such that the ratio
requirements for each reinforcer were 75 responses, 131 responses, 229 responses, and so on
(Kollins et al., 2009; Kollins et al., 2012b). Following the completion of each ratio, which
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was signaled by a message that appeared on the computer screen and an audible signal, there
was a 2-minute time out period. During this period, participants received either 2
standardized puffs of their preferred brand of cigarette delivered via a controlled puff
volume apparatus (Levin et al., 1989), or $0.50 in cash. The value of the cash alternative
was selected on the basis of previous work conducted in our laboratory in which other
manipulations (e.g., 24 hour abstinence) resulted in significant differences in ratios
completed for puffs versus money (Kollins et al., 2012b). Puff volume was measured at 30
mL. Following the time-out period, subjects were allowed to resume responding on the PR
task.

Attention and Inhibitory Control—The Conners’ Continuous Performance Task (CPT,;
Conners, 2000) was used to assess inhibitory and attentional control. During the task,
participants were required to press a button whenever a letter appeared on the screen unless
that letter was an ‘X’. Measures of inhibitory control (errors of commission—pressing the
button on “X’ trials) and attentional control (errors of omission, reaction time standard error)
served as primary measures from this task. These outcomes from the CPT have been shown
in previous studies to be sensitive to the effects of smoking abstinence in smokers with and
without ADHD (McClernon et al., 2008).

Drug Dose and Administration

The doses of MPH (10 mg, 40 mg) were selected for study for two primary reasons. First,
the 40 mg dose has been shown to increase ad lib smoking in both ADHD and non-ADHD
participants in previous studies (Rush et al., 2005; Vansickel et al., 2011). Second, the doses
selected for study are clinically relevant and within the range of doses patients with ADHD
are likely to receive in clinical practice.

All drug doses were administered under double-blind conditions. Sequences for the order of
administration of the 3 doses were randomized across participants. MPH and placebo
capsules were prepared by encapsulating commercially available MPH and lactose filler in a
size 00 capsule, and dispensed by the local Investigational Pharmacy. Placebo capsules
contained only lactose. Medical oversight for the protocol was the responsibility of the study
physician (RD). During each experimental session, participants orally ingested one capsule
with 150 ml water. Timing of drug administration was arranged so that the CPT and PR
tasks occurred within a range that corresponded to peak effects of the drug (60-120 minutes
post-ingestion).

Drug administration procedures were designed to ensure that participants swallow the
capsules and did not open them in their mouths and taste the contents (Abreu & Griffiths,
1996). To accomplish this, the research assistant (a) watched the participant to ensure that he
or she swallowed the capsules and did not remove them from his or her mouth, (b)
conducted a brief oral examination to ensure that the participant was not hiding the capsules
under her or his tongue, and (c) spoke with the participant to determine if he or she had
anything in his or her mouth.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2014 August 27.
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Data Analyses: Smoking Reinforced Responding and Attention

RESULTS

Initial General Linear Models examined the effects of group (ADHD, Control), dose
(Placebo, 20 mg, 40 mg MPH) and the group x dose interaction independently for each of
the primary dependent measures (smoking reinforced responding, CPT performance). The
residuals from all tests were examined for violations of underlying assumptions that posed
threats to stability and reliability, e.g., non-normality, heteroskedasticity, collinearity, and
leverage. Violations of normality of residuals and leverage were identified, and data
transformations did not correct these violations. Therefore all GLM tests were conducted
using robust estimators, which are more resistant to distortions and provide better estimates
under such conditions (Wilcox, 1997; Wilcox, 2010). For each of these initial models, sex
and race were included as covariates; however, in no case was sex or race a significant
predictor variable. Accordingly, for degrees of freedom appropriate to the initial hypotheses,
sex and race were removed from the final models. Exclusion of these variables did not alter
the outcomes (results from full models with sex and race available from the first author).
The following dependent measures were examined for smoking reinforced responding:
number of completed ratios for puffs; total number of responses for puffs during the 90-min
PR task; and the proportion of ratios completed for puffs/ratios completed for cash. The
following dependent measures were examined for attention and inhibitory control on the
CPT: commission errors and reaction time standard error.

We were also interested in the relationships among attention and inhibitory control and
smoking-reinforced responding, both across groups and under different doses of
methylphenidate. To examine these associations, we first calculated Spearman’s rank
correlation coefficients among CPT commission errors and hit reaction time standard error,
with completed ratios for puffs. These correlations were examined separately for each group
at each dose level. We also examined change in commission errors and hit rate standard
error between the placebo condition and each of the active dose conditions. These
correlations were examined separately for each group.

Participant Characteristics

A total of 179 participants were initially telephone screened for the study, resulting in 62 in-
person screens. Of these, 37 passed all inclusion and exclusion criteria and enrolled in the
study. A total of 33 participants (n=16 ADHD and n=17 Control) completed all sessions and
provided useable data for the main outcome measures. Of the 4 participants who were
enrolled but did not complete the study, 2 discontinued due to adverse events from the study
medication, 1 discontinued due to repeated scheduling difficulties, and 1 was lost to follow-
up. Table 1 shows demographic and smoking characteristics of the final, analyzed sample at
screening. In general, the groups were comparable across demographic and baseline
smoking variables except for race, which was statistically controlled as described above.

Smoking-Reinforced Responding under Differing Methylphenidate Doses

CO levels obtained at the beginning of each experimental session suggested no differences
in smoking behavior across sessions as a function of group or sex (All F’s < 2.0; p’s >0.15).

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2014 August 27.
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In the placebo condition, smokers with and without ADHD completed 1.5 (SD=2.3) and 0.9
(SD=1.6) ratios for cigarette puffs, respectively. In the 10 mg condition, ADHD and non-
ADHD smokers completed 1.9 (SD=2.3) and 1.0 (SD=2.2) ratios for puffs, respectively.
Finally, in the 40 mg condition, smokers with and without ADHD completed 1.9 (SD=2.8)
and 1.1 (SD=2.2) ratios for cigarette puffs, respectively. Figure 1a illustrates completed
ratios for cigarette puffs across groups under as a function of the 3 different doses of
methylphenidate (0 mg, 10 mg, and 40 mg). GLM testing with robust estimators revealed no
main effects of dose or group, and no dose x group interactions (all F scores < 1.5, all p
values > 0.2). Figure 1b illustrates total responses made for puffs. Similarly, no significant
main effects or interactions were obtained for the measure of total number of responses
made for cigarette puffs during the 90 min PR sessions (all F scores < 1.5, all p values >
0.2).

Since participants had continuous access to response options for both cigarette puffs and
money, the final way in which the relative reinforcing effects of smoking were examined
was by comparing the proportion of ratios completed for cigarette puffs to ratios completed
for money, across the 3 dose conditions (Figure 2). There were no significant main effects of
group, dose, or group x dose interactions (all F values < 1.5, p’s > 0.2).

A substantial proportion of individuals did not complete any ratios for cigarette puffs: across
groups, 61%, 55%, and 58% of individuals, respectively, in the 0 mg, 10 mg, and 40 mg
conditions did not complete a ratio for cigarette puffs. We examined whether these
proportions differed by group status at each of the dose levels. In the 0 mg condition, 61% of
the ADHD group and 65% of the non-ADHD group failed to complete a single ratio for
cigarette puffs (chi-square = 0.25, p = NS). For the 10 mg condition, these proportions were
38% and 71%, for the ADHD and the non-ADHD groups, respectively (chi-square = 3.64, p
= 0.06). For the 40 mg condition, the proportions were 50% and 65%, respectively (chi-
square = 0.73, p = NS).

Attentional Function and Inhibitory Control under Differing Methylphenidate
Doses—Figures 3a and 3b illustrate hit reaction time standard error and commission errors
from the CPT as a function of differing MPH dose. No significant main effects of group or
dose or significant group x dose interactions were observed. For hit reaction time standard
error, there was a trend towards a main effect of dose: F(2, 32) = 3.23, p = .053. For number
of commission errors, there was a trend toward a group x dose interaction: F(2, 32) = 3.07, p
=.060. For all other outcomes, F scores were < 1.5 and p values were > .2,

Relationship Among Attention, Inhibitory Control, and Smoking Reinforced
Responding—There was no relationship between hit reaction time standard error and
commission errors on the CPT and completed ratios for puffs at any of the dose levels for
the ADHD group. In the non-ADHD group, there were several significant or trend level
associations observed. There was a significant association between hit reaction time
standard error and completed ratios for puffs in the 0 mg condition (rho =-0.67; p < 0.01).
There was also a trend level association between commission errors on the CPT and
completed ratios for puffs in the 40 mg condition (rho = -0.46; p = 0.06). Finally, the change
in commission errors between the 10 mg and 0 mg conditions was associated with
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completed ratios for puffs (rho = 0.43; p = 0.08). When the data were pooled across both
groups there were no significant or trend level associations at any of the dose levels.

DISCUSSION

This study is the first, to our knowledge, to systematically assess whether methylphenidate
influenced smoking-reinforced responding in individuals with and without ADHD using a
well-validated PR task. The present study is also the first to examine associations among
attention and inhibitory control, acute methylphenidate administration, and smoking-
reinforced responding. Contrary to our initial hypotheses, we did not find relationships
between moderate doses of methylphenidate (10 mg and 40 mg) and smoking-reinforced
responding in regular smokers, either with or without ADHD. There were some modest
associations between CPT parameters and smoking-reinforced behavior in the non-ADHD
group; however, these findings were inconsistent and suggest that the links between
attention and inhibitory control and smoking-reinforced responding were minimal. The
present findings do not provide evidence for systematic changes in smoking reinforced
responding following acute stimulant medication administration in individuals with ADHD.
There are several design features that are important to consider in light of the negative
findings.

Results from this study are not consistent with previous human laboratory studies of
stimulant administration and smoking behavior in smokers with and without ADHD. For
example, one of the first studies to examine the effects of methylphenidate on smoking
reported dose dependent increases in ad libitum smoking in adults, presumably without a
diagnosis of ADHD (Rush et al., 2005). This finding was similar to previous studies
reporting that amphetamine also increases smoking behavior in non-ADHD adults (Cousins
etal., 2001; Tidey et al., 2000). Another study reported that 5-40 mg methylphenidate
increased smoking specifically in adult regular smokers diagnosed with ADHD (Vansickel
etal., 2011).

Findings from the present experiment are more consistent with a previous study evaluating
the effects of d-amphetamine on a PR task in which participants could respond for cigarette
puffs or money. This study reported no significant effects of d-amphetamine on smoking-
reinforced responding for the sample (n=18) as a whole, but did find a subset of individuals
responded significantly more for cigarette puffs following drug administration (Sigmon et
al., 2003). We found a trend for smokers with ADHD to be more likely to complete any
ratios for cigarette puffs under the 10 mg compared to placebo. Given the trend level effect
and lack of findings from the higher dose, this should be interpreted with caution.

There are a several reasons why our findings may be somewhat at odds with previous
studies of stimulant effects on smoking. First, we used a concurrent PR task in which
subjects could respond for both cigarette puffs and money. Previous studies reporting
increases in smoking behavior following stimulant drug administration have examined ad
libitium smoking (i.e., with no response requirements; Cousins et al., 2001; Rush et al.,
2005), a PR task with only a single alternative available (Sigmon et al., 2003), or a choice
procedure in which participants made discrete choices for cigarette puffs or money (Stoops
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etal., 2011; Tidey et al., 2000). It is important to note that in both of the studies using
discrete choices for cigarettes versus money, the value of the cash option was lower than
that used in the present study ($0.25 vs. $0.50; Stoops et al., 2011; Tidey et al., 2000),
though neither of those studies examined smokers with ADHD. It may be that the use of a
higher monetary reinforcer in the present study muted the effects of methylphenidate on
smoking-reinforced responding.

The present findings are also similar to those recently reported in another study of smoking-
reinforced responding in ADHD and non-ADHD smokers. Using a PR task identical to that
used in the present study, that study reported that smokers with ADHD exhibited
significantly higher levels of smoking reinforced responding, but this effect was more
pronounced following 24-hour smoking abstinence (Kollins et al., 2012b). The lack of
ADHD group differences in the 0 mg condition in the present study is similar to the findings
from the Satiated condition from Kollins et al (2012) and suggests that smoking abstinence
(versus methylphenidate administration) may be a more robust manipulation to occasion
ADHD vs. non-ADHD group differences in smoking-reinforced responding, The previous
study also demonstrated main effects of condition (abstinence versus satiated) across ADHD
and non-ADHD groups, with higher levels of smoking-reinforced responding for both
groups in the abstinent condition — again suggesting that abstinence is a more powerful
manipulation for increasing smoking reinforced responding than methylphenidate
administration, at least at the doses tested here. Future research should seek to more fully
characterize the behavioral economic profile of monetary versus smoking-reinforced
responding following stimulant administration and following other relevant experimental
manipulations.

Finally, it is possible that our study was underpowered to detect effects of group or drug,
although this may be less likely for at least 2 reasons. First, our sample size was nearly
double the next largest study of stimulant drug effects on smoking behavior (N=33 vs.
N=18; Sigmon et al., 2003). Although our study employed a mixed, between-within design,
versus purely within subjects designs for the other studies, each of our 2 groups was still
larger than any of the other studies except for Sigmon et al. (2003). Second, even
considering our more complex design, we were more than adequately powered to detect
effect sizes of the magnitude reported in previous studies (e.g., Vansickel et al., 2011). As
such, our lack of statistically significant findings is more likely to be related to
methodological differences than Type Il error.

It is somewhat surprising that there were no group or drug effects on CPT performance in
the present study. In general, both of these measures have been shown to discriminate adults
with ADHD from those without, with meta-analytically-derived effect sizes of 0.53 and 0.63
for hit reaction time standard error and commission errors, respectively (Hervey et al.,
2004). However, these studies have compared ADHD and non-ADHD individuals without a
drug manipulation. It has been shown that transdermal nicotine influences CPT performance
in adults with and without ADHD (Conners et al., 1996; Levin et al., 1996; Levin et al.,
1998; Levin et al., 2001). In this study, participants smoked a cigarette prior to CPT
performance and drug administration to control for time since last cigarette. It is likely that
this manipulation served to mitigate subsequent effects of drug administration or group
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differences. In other words, the design feature to control for time since last cigarette likely
resulted in a ceiling effect that obscured group and methylphenidate effects on CPT
performance. Of course this feature would also obscure the potential mediating effects of
CPT performance on smoking reinforcement. It would be interesting to examine the effects
of stimulant drugs on CPT performance in smokers with and without ADHD following a
controlled abstinence period.

The study includes several important limitations to be considered. First, as noted above, our
use of only a single, relatively large value for the cash alternative ($0.50) may have
obscured our results and led to more exclusive responding for the cash option. Second, we
observed differences in racial composition across our groups, though this was controlled
statistically in all of the analyses. Third, we evaluated a relatively narrow dose range.
Although the 10-40 mg range used is relevant clinically, it is not uncommon for much
higher doses of methylphenidate to be used in clinical practice and it would be interesting to
see if drug effects on smoking-reinforced behavior emerged under high doses. Fourth, we
did not collect within-session data for any of the participants. It would have been useful to
evaluate patterns of responding on the PR task within a given session (ie., how behavioral
allocation changed or did not change over the course of the 90-minute task). In light of these
limitations, there were several methodologically noteworthy features to the present study. It
is the first to examine smoking-reinforced responding in both ADHD and non-ADHD
individuals following stimulant drug administration. It is also among the largest studies to
systematically evaluate smoking-reinforced responding in any population. The use of a
concurrent PR task arguably provides a face valid approach to assessing how stimulant
drugs affect smoking reinforced responding in “real-world” settings since smokers are
continually faced with choices about whether to smoke or to seek other reinforcers.

It is important to consider the findings of the present study and of previous human
laboratory studies of stimulant effects on smoking behavior in light of relevant clinical
literature. There have been 2 published randomized controlled trials of stimulant medication
(1 with osmotic release methylphenidate; 1 with lis-dexamfetamine) as an adjunct to
nicotine patch for smoking cessation in adult regular smokers with ADHD (Kollins et al.,
2012a; Winhusen et al., 2009). Neither of these studies found that stimulant drugs
significantly increased rates of continuous smoking abstinence more than placebo. However,
both reported significant reductions in cigarettes/day in the stimulant-treated groups,
suggesting that in the context of a smoking cessation attempt among smokers interested in
quitting, chronic stimulant administration does not increase rates of smoking in adults with
ADHD. Importantly, both of these studies also found that the stimulants significantly
improved ADHD symptoms across the trials compared to placebo (Kollins et al., 2012a;
Winhusen et al., 2009). It is not known what the effects of stimulant drugs would be for
smokers without ADHD undergoing a cessation attempt. Several important features of these
clinical trials should be considered when interpreting the results vis-a-vis laboratory studies.
First, these clinical trials used chronic, ongoing stimulant administration over the course of
several weeks, versus acute administration in the laboratory studies. Second, the clinical
trials used extended release formulations of methylphenidate and amphetamine versus
immediate release formulations used in the laboratory studies. Finally, the clinical trials
were examining smokers who were explicitly interested in quitting smoking. Although not
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reported in all of the laboratory studies, the present study enrolled only those smokers who
were not interested in quitting. For ethical reasons, individuals for the present laboratory
study who were interested in quitting were referred for treatment. This necessary sampling
bias may have influenced the outcomes. Collectively these methodological differences make
direct comparisons between laboratory studies and clinical trials somewhat tenuous. Still,
the clinical relevance of the randomized controlled trials should be carefully considered in
the context of understanding how stimulant drugs influence smoking behavior in individuals
likely to receive those drugs.

The present study found that low to moderate doses of immediate release methylphenidate
did not influence smoking-reinforced behavior, attentional functioning, or inhibitory control
in adult smokers with and without ADHD. Although previous laboratory studies in smokers
with and without ADHD have reported stimulant-induced increases in smoking behavior,
our experimental preparation may have mitigated such effects in the present experiment.
There are a number of important future directions that the present findings suggest, such as
to examine the potential moderating effects of smoking abstinence on the relationship
between stimulant administration and smoking behavior. Moreover, the effects of other
pharmacological manipulations, such as pre-treatment with non-stimulant drugs approved
for use with ADHD, would be interesting to examine vis-a-vis smoking behavior. Although
the value of the monetary option in our PR task may have influenced results, findings from
this study suggest that methylphenidate does not increase the relative reinforcing value of
smoking in adult smokers with and without ADHD. These results are consistent with
recently published RCTs of smoking cessation in adults with ADHD. Continued work
should address the important question of how stimulant drugs influence smoking behavior in
smokers with and without ADHD. This kind of work will be particularly important given the
above noted increases in rates of ADHD diagnosis and concerns over how these rates may
influence prescription stimulant use among individuals without ADHD.
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Figure 1.
Completed ratios for cigarette puffs (Figure 1a) and total responses made for cigarette puffs

(Figure 1b) across the 3 doses of MPH for ADHD and non-ADHD participants. Error bars
indicate SEM. Values represent means for each group under each condition. The ranges
varied across dose conditions. For completed ratios, the ranges were 0 -6, 0-8, and 0-8 for
the 0 mg, 10 mg, and 40 mg conditions, respectively. For responses made for puffs, the
ranges were 0-4060, 0-8676, and 0-13701 for the 0 mg, 10 mg, and 40 mg conditions,
respectively.
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Figure 2.
Ratio between completed ratios for cigarette puffs: completed ratios for cash across MPH

dose conditions for ADHD and non-ADHD participants. Error bars indicate SEM. Bars
represent mean values for each group. The range of values was 0-0.75, 0-1.0 and 0-1.0 for
the 0 mg , 10 mg, and 40 mg conditions, respectively.
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Figure 3.
Attention and inhibitory control measured as hit reaction time standard error (Figure 3a) and

commission errors (Figure 3b), respectively across the 3 MPH doses for ADHD and non-
ADHD participants. Error bars indicate SEM. Values represent means for each group under
each condition. The ranges varied across dose conditions. For hit reaction time standard
error, the ranges were 2-17, 2-19, and 2-30 for the 0 mg, 10 mg, and 40 mg conditions,
respectively. For commission errors, the ranges were 0 -36, 0-34, and 0-30 for the 0 mg , 10
mg, and 40 mg conditions, respectively.
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Table 1
Subject Characteristics at Screening.
ADHD Control p-value
Sex ns’
Female 8 8
Male 8 9
Race 0.02"
White 12 6
Non-White 4 11
Agein Yrs(SD) 29.8 (8.5) 27.5(8.8) nst
Marital Status (%) ns'
Single 81% 88%
Married/Divorced/Separated 19% 12%
Educational Level (%) ns'
High School or less 13% 35%
Some College/College Grad 88% 65%
Estimated [Q 110.9 (10.1)  105.4 (9.6) ns
CAARS Subscale Scor es (T-scor es)
DSM-IV Inattentive (mean, D)~ 73.2(5.5)  42.2(4.5)  <0.0001%
DSM-IV Hyperactive-Impulsive (mean, D)~ 72.3(7.4)  42.4(7.1)  <0.0001%
DSM-IV Total Symptoms (mean, D)~ 76.0(5.8) 416 (5.6)  <0.0001*
ADHD Subtype (%)
Predominantly Inattentive 25%
Predominantly Hyperactive-lmpulsive 0%
Combined 75%
Cigar ettes/Day (SD) 144 (45)  14.1(4.4) nst
FTND total score (SD) 4.9 (2.1) 42(2.1) nst
CO Level (SD) 20.1(8.8) 29.1(15.4) nst
YearsRegular Smoking (SD) 10.5 (6.4) 8.5(8.5) nst

*
Chi-Square test;

+
t-test
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