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Smoking withdrawal negatively impacts inhibitory control, and these effects are greater for smokers with preexisting attention problems,
such as attention deficit/hyperactivity disorder (ADHD). The current study preliminarily evaluated changes in inhibitory control-related
behavior and brain activation during smoking withdrawal among smokers with ADHD. Moreover, we investigated the role of
catecholamine transmission in these changes by examining the effects of 40 mg methylphenidate (MPH) administration. Adult daily
smokers with (n= 17) and without (n= 20) ADHD completed fMRI scanning under each of three conditions: (a) smoking as usual
+placebo; (b) 24 h smoking abstinence+placebo and (c) 24 h smoking abstinence+MPH. Scan order was randomized and
counterbalanced. Participants completed a modified Go/No-Go task to assess both sustained and transient inhibitory control. Voxelwise
analysis of task-related BOLD signal revealed a significant group-by-abstinence interaction in occipital/parietal cortex during sustained
inhibition, with greater abstinence-induced decreases in activation observed among ADHD smokers compared with non-ADHD smokers.
Changes in behavioral performance during abstinence were associated with changes in activation in regions of occipital and parietal cortex
and bilateral insula during sustained inhibition in both groups. MPH administration improved behavioral performance and increased
sustained inhibitory control-related activation for both groups. During transient inhibition, MPH increased prefrontal activation for both
groups and increased striatal activation only among ADHD smokers. These preliminary findings suggest that abstinence-induced changes in
catecholamine transmission in visual attention areas (eg, occipital and superior parietal cortex) may be associated with inhibitory control
deficits and contribute to smoking vulnerability among individuals with ADHD.
Neuropsychopharmacology (2018) 43, 851–858; doi:10.1038/npp.2017.248; published online 15 November 2017
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INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is a com-
monly diagnosed disorder affecting approximately 5–7% of
children and 4% of adults in the United States (Kessler et al,
2006; Willcutt, 2012). Individuals with ADHD smoke at
higher rates than the general population (Molina and
Pelham, 2003; Kessler et al, 2006), initiate smoking at an
earlier age (Milberger et al, 1997), and have higher levels of
nicotine dependence (Pomerleau et al, 1995). Furthermore,
adults with ADHD report greater craving and withdrawal
symptoms upon quitting smoking (McClernon et al, 2011)
and are more likely to relapse (Humfleet et al, 2005).
One hypothesis for the strong links between ADHD and

smoking is that deficits of inhibitory control—or the ability
to withhold prepotent/overlearned responses—may contri-
bute to increased smoking reinforcement and relapse in this
patient population (McClernon and Kollins, 2008a). Inhibi-
tory control deficits are a central defining feature of ADHD

(Barkley, 1997). Moreover, smoking abstinence worsens
inhibitory control (Kozink et al, 2010; Ashare and Hawk,
2012; Kollins et al, 2013), and abstinence-induced deficits in
inhibitory control have been shown to predict relapse
(Powell et al, 2010; Froeliger et al, 2017). Importantly,
inhibitory control deficits associated with smoking absti-
nence may be exacerbated among smokers with ADHD. In
one study, overnight abstinence resulted in worse inhibitory
control among ADHD as compared with non-ADHD
smokers (McClernon et al, 2008b). Furthermore, smokers
with ADHD exhibited greater smoking-reinforced respond-
ing (measured via Progressive Ratio Task) during abstinence
compared with non-ADHD smokers, and smoking-
reinforced responding was correlated with abstinence-
induced deficits in inhibitory control (Kollins et al, 2013).
As such, individuals with ADHD may be more reliant on
smoking than non-ADHD smokers to avoid abstinence-
induced deficits in inhibitory control, and further,
abstinence-induced deficits may make avoidance of relapse
more difficult.
Despite documenting the effects of smoking abstinence on

inhibitory control deficits among ADHD smokers, little is
known about the neurobiology underlying these effects.
fMRI and PET studies suggest that inhibitory control is
subserved by dopaminergic circuits in the striatum and
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cortical regions, including the anterior cingulate cortex
(ACC) and right inferior frontal gyrus (rIFG) (Chikazoe
et al, 2009; Congdon et al, 2010; Ghahremani et al, 2012).
Individuals with ADHD are thought to exhibit altered
dopamine transmission as evidenced by reduced dopamine
D2/D3 receptor availability and attenuated dopamine
receptor binding following MPH administration within the
striatum and midbrain (Volkow et al, 2007, 2009). In
addition, multiple fMRI studies have demonstrated attenu-
ated frontostriatal activation during inhibitory control
(Cubillo et al, 2012; Hart et al, 2013) or increased activation
in parietal or cerebellar regions, suggesting recruitment of
compensatory attentional processes among children and
adults with ADHD relative to healthy controls (Dillo et al,
2010). Nicotine withdrawal is also associated with perturba-
tion of dopaminergic neurotransmission (Zhang et al, 2012)
and changes in task-related brain activation in executive
control regions, including the rIFG, dorsolateral prefrontal
cortex (DLPFC), and ACC (Ashare et al, 2014; McClernon
et al, 2015). In a previous study of non-ADHD smokers, we
observed that smoking abstinence decreased inhibitory
control and event-related activation in rIFG (Kozink et al,
2010). Based on these results, we hypothesized that smoking
abstinence further decreases inhibitory control among
ADHD smokers through its influence on relevant circuitry
including the rIFG and ACC.
The present study was designed to evaluate the influence of

smoking abstinence on behavioral and neural correlates of
inhibitory control among smokers with and without ADHD.
Participants were carefully screened to identify daily smokers
who met diagnostic criteria for ADHD (ADHD Group) or
who did not exhibit any DSM-IV Axis I disorder aside from
nicotine dependence (Control Group). Three fMRI scans
were conducted: once following smoking as usual (satiated)
and twice following 24 h smoking abstinence. In one of the
abstinence conditions, participants were scanned following
administration of 40 mg methylphenidate (MPH); the other
followed administration of placebo. During scanning,
participants completed a modified Go/No-Go task that
allows for assessment of both sustained and transient neural
correlates of inhibitory control. We hypothesized that
smoking abstinence would differentially alter inhibitory
control behavior and neural activation in smokers with
ADHD and that MPH would counteract these changes.

MATERIALS AND METHODS

Overview of Study Design

Participants completed five total sessions. First, a screening
session was conducted, during which participants read and
signed an Institutional Review Board approved consent
form, and eligibility was determined. Participants then
completed an fMRI training and medical safety session,
which assessed tolerability of MPH effects and provided task
training and acclimation to the scanner environment.
Participants then completed three separate fMRI sessions
under the following conditions: (1) Smoking as usual
+placebo pill (SAT+PLAC); (2) 24 h abstinent+placebo pill
(ABS+PLAC); and (3) 24 h abstinent+40 mg methylpheni-
date (ABS+MPH). FMRI sessions were held a minimum of
4 days apart (M= 10.7, SD= 6.4), and order was

counterbalanced and randomly assigned. Participants were
compensated up to $940 for completing all sessions.

Participants

Participants were right-handed, non-treatment-seeking smo-
kers recruited from the community who were in good
general health (determined by medical evaluation), smoked
at least 10 cigarettes per day, had expired carbon monoxide
(CO) ⩾ 10 or positive urine cotinine ⩾ 100 μl/ml, and met
additional DSM-IV diagnostic criteria for ADHD (ADHD
Group) or no diagnoses aside from nicotine dependence
(Control Group) as determined by a comprehensive
psychiatric evaluation conducted by a PhD-level psychologist
(see Supplementary Methods and Materials). Participants
were excluded if they had a current primary psychiatric
disorder other than ADHD or nicotine dependence or
current use of psychoactive medications (other than ADHD
pharmacotherapies among ADHD participants). Participants
currently receiving pharmacotherapy for ADHD (n= 5
Adderall, n= 1 Concerta+MPH prn) were eligible to
participate if they agreed, in consultation with their medical
provider, to a washout period of at least five times the half-
life of their current medication prior to the training session
and for the duration of participation. See Supplementary
Methods and Materials for additional exclusion criteria.

Study Drug and Medication Safety

All participants completed a 4-h MPH safety session prior to
scanning, during which MPH was administered via 40 mg
capsule, and vitals and self-reported symptoms were assessed
to ensure safety and tolerability (see Supplementary Methods
and Materials for additional details). During the imaging
sessions, drug was administered under partial double-blind
conditions. Participants were provided with a blinded
capsule (MPH or placebo) at all imaging sessions. Experi-
menters were aware that the capsule was a placebo in the
satiated condition but were unaware of the capsule condition
in the abstinent conditions.

fMRI Scanning Sessions

At the start of each scanning session, breath CO was
obtained (CO⩽ 5 was required for abstinent sessions) and
MPH or placebo drug was administered. After 75 min,
participants were escorted to the fMRI suite. In the satiated
condition, participants also smoked one usual brand
cigarette approximately 30 min prior to scanning. Immedi-
ately prior to entering the scanner, participants completed a
modified version of the Shiffman–Jarvik Withdrawal Ques-
tionnaire (Shiffman and Jarvik, 1976).

Inhibitory Control Task

We used a modified version of a Go/No-Go task (see
Figure 1) developed and validated by Chikazoe et al (2009).
Unlike standard Go/No-Go tasks, this task features both
frequent and rare Go stimuli, which allows for an evaluation
of brain activation in response to No-Go stimuli (which are
rare), controlling for Rare-Go trials, thus isolating inhibitory
control from novelty detection. Stimuli consisted of two
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different Go signals (frequent= gray circles and rare= yellow
or blue circles) and a No-Go signal (blue or yellow circles).
Participants were randomly assigned to either ‘blue’ or
‘yellow’ versions of the task, denoting which color stimulus
represented the Rare-Go vs No-Go signals; once assigned,
colors were held constant across sessions for each partici-
pant. In our modified version, stimuli were presented in two
different block types in order to also evaluate sustained
inhibitory control: In Go-Only (GO) Blocks, stimuli were
Frequent-Go (75% of trials) and Rare-Go (25% of trials)
trials. In All-Trial (AT) Blocks, stimuli were Frequent-Go
(75%), Rare-Go (12.5%), and No-Go (12.5%) trials. Each
block consisted of 56 trials and was completed 3 times per
run. Blocks were interleaved with 13-s fixation and 2-s
instructions indicating ‘All Trials’ or ‘Go Only’. Participants
completed two 6.25-min runs.

fMRI Acquisition

BOLD functional MR images were acquired using a 3 T GE
Signal EXCITE HD scanner equipped with 40 mT/m
gradients (Waukesha, WI). A gradient-recalled inward spiral
pulse imaging sequence (SENSE spiral) collected 34 inter-
leaved slices (TR= 1.5 s, TE= 30 ms, flip angle= 60°, acquisi-
tion matrix= 64 × 64, field of view= 24.0 cm2, voxel
size= 3.75 × 3.75 × 4mm3). Participants completed a 5-min
resting state scan (reported separately) prior to Go/No-Go
functional runs. After functional data collection, a T1-
weighted 3D structural image was acquired with a fast
spoiled-gradient recalled sequence for 162 slices
(TR= 7.584 ms, TE= 2.936, flip angle= 12, acquisition ma-
trix= 256 × 256, and voxel size= 1 × 1 × 1).

fMRI Data Analysis

Images underwent preprocessing in FSL version 5.0.1: (1)
rigid-body motion correction using MCFLIRT, (2) slice
timing correction, (3) high-pass filtering, (4) registration to
standard space using FLIRT, and (5) spatial smoothing using
an 8mm FWHM Gaussian kernel.

Sustained inhibitory control. Each block type (AT, GO)
was modeled as a boxcar function convolved with double-γ
hemodynamic response function. A contrast image was
created for AT4GO blocks in order to isolate brain
activation specific to sustained inhibitory control. Second-
level models created a mean contrast image across both runs
for each participant.

Transient inhibitory control. Events were modeled at the
time of event onset convolved with a double-γ hemodynamic
response function. Standard motion parameters and two
nuisance regressors were included in the model: errors of
commission on No-Go trials and correctly identified Rare-
Go stimuli during the GO blocks. Two regressors of interest
in the AT blocks (correctly identified No-Go and Rare-Go
stimuli) were contrasted and carried forward to hypothesis
testing. In order to be classified as correct, No-Go stimuli
were required to be preceded by a correct Go trial. Frequent-
Go stimuli across both block types served as the baseline.

Hypothesis testing. In order to increase the interpretability
of complex interaction effects in the absence of a full-
factorial design, both event-related and block contrasts were
entered into two separate 2 (Group) × 2 (Condition)
ANOVAs using mixed effects (Flame1) analysis in FSL.
First, effects of abstinence were examined by comparing SAT
+PLAC with ABS+PLAC conditions. In a second model,
effects of MPH during abstinence were examined by
comparing ABS+MPH with ABS+PLAC conditions. Thresh-
olding for significance was defined as Z= 2.3, with cluster
correction of Po0.05 across the whole brain.

RESULTS

Participant Characteristics

A total of 67 participants passed all inclusion and exclusion
criteria and were enrolled in the study. Of these, 35 subjects
(n= 17 ADHD; n= 18 controls) completed all sessions and
provided usable data on primary outcomes (see
Supplementary Methods and Materials for details on
exclusions). ADHD and Control groups did not differ on
any smoking or demographic variables except race (ADHD
group= 17.6% non-white; Control group= 50% non-white;
P= 0.04) (see Supplementary Table S1 for participant
characteristics). As expected, the ADHD group had higher
CAARS DSM-IV t-scores for Inattentive, Hyperactive/
Impulsive, and Total subscales (all Po0.001) than the
control group. Within the ADHD group, n= 8 were
diagnosed with predominantly inattentive type, n= 9 were
combined type.

Withdrawal and Craving

Group×Condition interactions were observed for Craving,
F(2,72)= 5.73, Po0.005 (Figure 2a) and Habit Withdrawal,
F(2,72)= 3.32, Po0.05 (Supplementary Figure S1), due to
the ADHD group reporting higher symptom levels in the
ABS+PLAC condition compared with the Control group. See
Supplementary Information for additional details on with-
drawal and CO findings.

Figure 1 Example of stimuli presented during Go-Only and All-Trial
Blocks of the Go/No-Go task. Stimuli are presented for 400 ms, with
400 ms intertrial interval. Stimuli were presented in blocks, each lasting
44.8 s and consisting of 56 trials. Go-Only blocks include frequent Go stimuli
(gray circles, 75% of trials) and rare Go stimuli (yellow circles, 25% of trials).
All-Trial Blocks include frequent Go stimuli (gray circles, 75% of trials), rare
Go stimuli (yellow circles, 12.5% of trials), and No-Go stimuli (blue circles,
12.5% of trials). Colors of rare Go and No-Go stimuli were counter-
balanced across participants. A full color version of this figure is available at
the Neuropsychopharmacology journal online.
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Task Performance

Overall effects of task. Accuracy on GO trials was
uniformly high (490%) across all conditions and block
types (see Supplementary Table S2 for additional details).
Accuracy was higher during GO blocks compared with AT
blocks for both Frequent-Go, F(1,36)= 24.44, Po0.0001, and
Rare-Go Trials, F(1,36)= 26.41, Po0.0001. A similar effect
of Block Type was seen for RTs for both Frequent-Go, F
(1,36)= 198.18, Po0.0001, and Rare-Go trials, F
(1,36)= 311.16, Po0.0001, with participants responding
faster during GO blocks compared with AT blocks.

Effects of smoking abstinence. No effects of condition or
group were observed between ABS+PLAC and SAT+PLAC
for accuracy on any trial type. Notably, RTs were slower in
the ABS+PLAC compared with the SAT+PLAC for both
Frequent-Go, F(1,33)= 7.67, Po0.01, and Rare-Go trials, F
(1,33)= 6.23, P= 0.02. Moreover, a Condition-by-Block-
Type interaction was observed for Frequent, F(1,33)= 6.5,
P= 0.02 and Rare-Go RTs, F(1,33)= 5.45, P= 0.03, such that
abstinence slowed RTs primarily during GO blocks. No
Group or Group-by-Condition interaction were observed for
RT for either Frequent or Rare-Go Trials.

Effects of methylphenidate. As shown in Figure 2b, we
observed an effect of Condition such that accuracy was better
in the ABS+MPH condition compared with the ABS+PLAC
condition, F(1,36)= 5.34, Po0.05. ADHD status did not
moderate this effect. RTs on Frequent-Go Trials were slower
in the ABS+PLAC compared with ABS+MPH conditions, F
(1,33)= 4.72, P= 0.04.

Neuroimaging Results

Sustained inhibitory control. Overall Task Effects. The
contrast of AT4GO blocks was associated with bilateral
activation in multiple brain regions, including superior
parietal cortex, occipital cortex (OCC), angular gyrus,
prefrontal cortex (PFC) including supplementary motor
area, ACC, precentral gyrus, DLPFC, and rIFG, and
thalamus, putamen, anterior insula, brain stem, and
cerebellum (Supplementary Table S3; Supplementary
Figure S2).

Effects of Smoking Abstinence. As shown in Figure 3a, a
significant Group (ADHD, Control) ×Condition (SAT
+PLAC, ABS+PLAC) effect was observed in the left OCC
(Zmax= 4.18; k= 1189 voxels; peak voxel=− 22, − 86, 40),
including portions of occipital pole, cuneus, and lateral
superior occipital cortex extending to superior parietal
lobule. Post hoc analysis of BOLD signal extracted from this
region (Figure 3b) suggested that the interaction was due to
lower BOLD signal in the ADHD group in the ABS+PLAC
condition relative to the SAT+PLAC condition (P= 0.01),
whereas the opposite pattern was observed for the Control
group (Po0.05). Moreover, within the ABS+PLAC condi-
tion, BOLD signal was lower in the ADHD compared with
Control group (Po0.01).

Effects of Methylphenidate. Evaluation of the effects of
MPH on the AT4GO contrast revealed significant ABS
+MPH4ABS+PLAC effects throughout bilateral superior

30%

40%

50%

60%

70%

80%

SAT+PLAC ABS+PLAC ABS+MPH

N
o 

G
o 

Tr
ia

ls
 %

 C
or

re
ct

0

1

2

3

4

5

6

7

SAT+PLAC ABS+PLAC ABS+MPH

SJ
W

S 
C

ra
vi

ng

ADHD
Control

Figure 2 Prescan ratings of craving on the Shiffman–Jarvik Withdrawal Scale (SJWS) (a) and No-Go trial accuracy (b) by group (ADHD, Control) and
condition (SAT+PLAC, ABS+MPH, ABS+PLAC). (a) A significant group-by-condition interaction was observed; ADHD smokers reported greater craving
than Controls during ABS+PLAC, t(72)= 2.23, Po0.05, and ABS+MPH, t(72)= 3.01, Po0.005, conditions. (b) A main effect of condition was observed such
that No-Go accuracy was higher during ABS+MPH relative to ABS+PLAC condition; pairwise comparisons indicated a significant effect of ABS+MPH4ABS
+PLAC on No-Go accuracy for ADHD smokers, t(72)= 2.3, Po0.05, but not for Control smokers, t(72)= 0.5, NS.

x = -6 z = 16

y = -90

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

SAT+PLAC ABS+PLAC

xetro
Clatipicc

O
L

M
ea

n 
%

 S
ig

na
l C

ha
ng

e
ADHD

Control
p = 0.01

p = 0.007
p = 0.03

Figure 3 (a) Significant group (ADHD, Control) by abstinence condition
(SAT+PLAC, ABS+PLAC) interaction for sustained inhibitory control (All
Trial blocks4Go Only blocks) in the left occipital cortex encompassing
1189 voxels, Zmax= 4.18, peak voxel at − 22, − 86, 40. (b) Mean percentage
of signal change extracted from left occipital cluster, plotted by group across
SAT+PLAC and ABS+PLAC conditions. Error bars represent SEM.

ADHD, smoking withdrawal, and inhibitory control
MM Sweitzer et al

854

Neuropsychopharmacology



parietal cortex, superior frontal gyrus, OCC, and insula
(Zmax= 4.99; k= 50 270 voxels; peak voxel=− 22, − 50, 68;
Supplementary Figure S3; Supplementary Table S4). No
interaction between Group and MPH was observed.

Correlation with Task Performance. Given the above-
observed effects, we evaluated correlations between absti-
nence or MPH-induced changes in BOLD activation and task
performance. As shown in Figure 4, positive correlations
between abstinence-induced changes in inhibitory control
accuracy and BOLD signal were observed in the full sample
in multiple brain regions, including bilateral OCC and
insula, right superior parietal cortex, and temporal gyrus
(Supplementary Table S5). In these brain regions, decreased
accuracy during smoking abstinence was associated with
decreased BOLD signal. Group differences in the pattern of
correlation were not observed nor were negative correlations.
No correlations were observed between MPH-induced
changes in task performance and BOLD activation.

Transient inhibitory control. Task Effects. The contrast of
No-Go4Rare-Go trials was associated with activation in
superior parietal lobule, DLPFC, precentral gyrus, IFG, and
frontal pole. Activation tended to be greater in the right than
the left hemisphere. Bilateral activations were also observed
in OCC, precuneus, middle temporal gyrus, supplementary
motor area, anterior and posterior cingulate, putamen,
anterior insula, and left cerebellum (Supplementary Table
S6; Supplementary Figure S4).

Effects of Smoking Abstinence. No main effects of smoking
condition or interactions with group were observed.

Effects of Methylphenidate. Administration of MPH (ABS
+MPH4ABS+PLAC) resulted in increased No-Go4Rare-
Go activation in a large cluster encompassing medial PFC,
orbitofrontal cortex, and subgenual ACC extending to left
hippocampus/parahippocampal gyrus (Zmax= 4.08;
k= 11 546 voxels; peak voxel= 14, 34, − 6) and a cluster in
precuneus/posterior cingulate (Zmax= 3.76; k= 1286 voxels;
peak voxel=− 20, − 50, 22) (Supplementary Figure S5).
Furthermore, a significant Group (ADHD, Control) by
Condition (ABS+MPH, ABS+PLAC) interaction was ob-
served in the left putamen (Zmax= 3.19; k= 1201 voxels; peak

voxel=− 20, 10, − 6) (Figure 5a). Post hoc analysis of BOLD
signal extracted from this region (Figure 5b) indicated that
MPH increased BOLD signal in the ADHD group relative to
the ABS+PLAC condition (Po0.001), whereas a non-
significant trend in the opposite direction was observed for
Controls (P= 0.06).

DISCUSSION

This study is the first to examine the effects of smoking
abstinence and methylphenidate on inhibitory control
among smokers with and without ADHD, allowing us to
probe the neurobiological mechanisms underlying comor-
bidity between smoking and ADHD. Our results provided
compelling preliminary evidence that abstinence from
smoking is associated with decreased activation in the
OCC during sustained inhibitory control among ADHD
smokers compared with non-ADHD smokers. Moreover, we
found that abstinence-induced decreases in OCC activation
were associated with decrements in inhibitory control
performance in both ADHD and non-ADHD smokers.
We hypothesized that ADHD smokers would exhibit

decreased task-related activation throughout key fronto-
parietal regions, including rIFG and ACC, which have
previously been shown to be involved in inhibitory control,
during abstinence relative to both satiated and MPH
conditions. Although the Go/No-Go task reliably recruited
multiple regions throughout expected circuitry, group-by-
abstinence interaction effects were restricted to OCC—an
unexpected finding. However, recruitment of OCC is
frequently observed in fMRI studies of inhibitory control
(Watanabe et al, 2002; Simmonds et al, 2008), and activation
in this region has been proposed to be the result of top–down
modulation of visual processing from fronto-parietal regions

Figure 4 Whole-brain correlations between abstinence-induced changes
in No-Go trial accuracy (ABS+PLAC− SAT+PLAC difference for NoGo
percent correct) and abstinence-induced changes in sustained inhibitory
control (ABS+PLAC− SAT+PLAC difference for All Trial4Go Only block
effects), shown in blue. Significant clusters of activation were observed in the
left lateral occipital cortex (13 980 voxels, Zmax= 4.65, peak voxel at − 18,
− 84, 40); left planum polare/central opercular cortex (2541 voxels,
Zmax= 3.85, peak voxel at − 56, − 8, 4); and right insula (1269 voxels,
Zmax= 4.83, peak voxel at 32, 12, 2). Activation map overlayed on occipital
cortex cluster exhibiting group-by-abstinence condition interaction for
sustained inhibitory control (Figure 3a), shown in red. Areas shown in green
represent overlap between blue and red activation maps. A full color version
of this figure is available at the Neuropsychopharmacology journal online.

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

ABS+MPH ABS+PLAC

egnah
Clangi

S
%

n e
matu

P
L

ADHD
Control

x = -24 z = 4 y = -6

p < 0.001

p =

p = 0.02

0.02

Figure 5 (a) Significant group (ADHD, Control) by methylphenidate
condition (ABS+MPH, ABS+PLAC) interaction for transient inhibitory
control (No-Go trials4Rare-Go trials) in left putamen encompassing 1201
voxels, Zmax= 3.19, peak voxel at − 20, 10, − 6. (b) Mean percentage of
signal change extracted from left putamen cluster, plotted by group across
ABS+MPH and ABS+PLAC conditions. Error bars represent SEM.

ADHD, smoking withdrawal, and inhibitory control
MM Sweitzer et al

855

Neuropsychopharmacology



involved in inhibitory and attentional control (Parks and
Madden, 2013). This perspective is supported by findings
that attention-modulated activation of visual cortex and
performance on a visual discrimination task are directly
correlated with structural connectivity with fronto-parietal
regions (Bennett et al, 2012; Greenberg et al, 2012). Thus, in
the context of the inhibitory control task in present study,
such activation may reflect increased attentional demands
required for successful visual discrimination during All-Trial
blocks compared with simple motor performance during Go-
Only blocks.
Our results also indicated that greater abstinence-induced

decrements in No-Go trial accuracy correlated with
abstinence-induced attenuation of OCC activation. That is,
decreased OCC activation during abstinence was directly
associated with a decline in behavioral performance, across
both diagnostic groups. This finding provides further
support for the role of OCC in inhibitory control and
attentional processes and its disruption during smoking
abstinence and suggests that this should be an important area
of further study.
Although not typically a primary focus of investigation in

studies of ADHD, converging evidence suggests a potential
role for OCC in core attentional deficits in the disorder.
Neuroimaging studies have routinely observed group differ-
ences between ADHD and control subjects in OCC
activation in addition to other regions during tasks of
inhibition or attention (see Castellanos and Proal, 2012 for a
review). In addition, anatomical studies have observed
decreased gray matter volume in primary visual cortex
among adults with ADHD relative to controls (Ahrendts
et al, 2011), and decreased cortical thickness across multiple
regions, including PFC and OCC, was observed among
persistent relative to remitted ADHD among adults in a 33-
year longitudinal study (Proal et al, 2011). Furthermore,
several studies have found evidence of altered structural
(Pironti et al, 2014) and functional (Cocchi et al, 2012)
connectivity between OCC and frontal regions among adults
with ADHD vs controls.
Long-range reciprocal connections between PFC and

visual cortex have been shown to be under dopaminergic
control (Noudoost and Moore, 2011), and cocaine selectively
increases extracellular dopamine in visual cortical regions
responsible for processing visual stimuli (Muller and Huston,
2007). In the present study, administration of MPH—which
increases extracellular dopamine and norepinephrine levels
via blockade of catecholamine transporters (Volkow et al,
2005; Hannestad et al, 2010)—improved behavioral perfor-
mance and robustly increased inhibitory control-related
brain activation for both ADHD and non-ADHD smokers,
including in some OCC regions shown to be attenuated
among ADHD smokers during ABS+PLAC. Together, these
findings suggest the possibility that smoking withdrawal in
ADHD smokers may exacerbate deficits in dopamine
transmission mediating attentional control in visual cortex
and that MPH may help to offset these deficits.
MPH administration also robustly increased transient

inhibitory control-related activation throughout PFC in both
groups, whereas similar effects were observed in the putamen
only for ADHD smokers. These results are remarkably
consistent with a previous study demonstrating robust MPH-
induced increases in inhibitory control-related activation

throughout PFC in both ADHD and control boys, but
opposing effects of MPH in the caudate and putamen, such
that striatal activation was increased by MPH in the ADHD
group but decreased in the control group (Vaidya et al,
1998). Such effects may be due to MPH’s affinity for
norepinephrine transporter binding in the PFC, leading to
increased norepinephrine transmission in these regions
(Berridge et al, 2006; Engert and Pruessner, 2008). By
contrast, dopaminergic effects in the striatum may vary as a
function of baseline dopamine activity or underlying deficits
(Vaidya et al, 1998; Engert and Pruessner, 2008). However,
given nonspecific effects of MPH on catecholamine trans-
mission, further research is needed to disentangle the
contribution of specific catecholamine transmission on
withdrawal or MPH effects among smokers with ADHD.
Although a main effect of smoking abstinence was not

observed for No-Go accuracy, whole-brain correlation
analyses revealed multiple brain areas in which decreased
activation during abstinence was associated with abstinence-
induced decrements in performance. This pattern was
consistent across both groups and included areas of OCC,
discussed above, as well as regions including bilateral insula,
right superior parietal cortex, and superior temporal gyrus.
The insula, in particular, has been repeatedly implicated in
studies of nicotine dependence (Janes et al, 2010; Addicott
et al, 2015), as well as studies of inhibitory control (Xue et al,
2008), and has been proposed as a primary region linking
interoceptive awareness and cognitive control processes.
Previous studies have demonstrated an association between
weaker functional connectivity within a network containing
the insula and other regions involved in motor planning and
cognitive control and greater likelihood of relapse during a
smoking quit attempt (Janes et al, 2010; Addicott et al, 2015).
Although speculative, the current results are consistent with
a role for the insula in response inhibition among smokers,
which may be contribute to deficits in cognitive control
during withdrawal.
The present findings also raise questions about the clinical

utility of MPH as a smoking cessation aid. Our results
suggested that nicotine withdrawal and MPH have opposing
neuromodulatory effects, but we observed a lack of robust
effects of MPH on subjective craving and withdrawal. These
findings are consistent with the results of recent randomized
controlled trials evaluating MPH and another stimulant
(lisdexamfetamine dimesylate), which have observed nega-
tive results on smoking outcomes despite improvements in
ADHD symptoms (Winhusen et al, 2010; Kollins et al, 2014).
However, individual differences in efficacy of MPH as a
smoking cessation adjunct have been observed among
ADHD smokers (Covey et al, 2011), raising the possibility
that MPH might improve inhibitory control and smoking
outcomes among a subset of ADHD smokers, potentially
those with greater disruptions in visual attention. Further-
more, it is worth noting that all of these studies included
concurrent treatment with nicotine patch, whereas our study
did not examine effects of MPH under satiated conditions.
Thus it is unclear whether MPH may improve outcomes in a
subset of ADHD smokers attempting to quit without the aid
of nicotine replacement.
The present study had several strengths, including

evaluation of neurocognitive function across three separate
pharmacological conditions, comprehensive diagnostic
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assessment for both ADHD and control groups, and use of
medication wash-out period prior to testing. However,
several limitations are also noted. Given the clinical sample
and use of repeated sessions, sample size within each group
was relatively small, limiting conclusions that can be drawn
without further replication. Sample size also prevented
examining the effects of medication treatment history, which
could have contributed to residual effects in the ADHD
group despite the medication wash-out period. Unintended
group differences in racial composition presented an
additional potential confound. We did not examine ADHD
subtypes or sex differences, which may be important
considerations for future studies, particularly given the
moderating role of ovarian hormones in nicotine reinforce-
ment and ADHD symptoms (Van Voorhees et al, 2012).
Finally, our study design did not allow us to examine dose–
response effects of MPH or effects of prolonged exposure,
and lack of a satiation+MPH condition prevented determi-
nation of whether MPH effects were specific to abstinence or
reflected drug effects more broadly.
Although beyond the scope of the present analyses, an

important future direction will be to determine whether
differences in visual attention in OCC are reflective of
broader differences in functional connectivity with fronto-
parietal regions involved in cognitive control. Furthermore, it
will be important to evaluate whether the effects of
abstinence on neural markers of inhibitory control generalize
to smoking-related contexts or are predictive of cessation
outcomes in this patient population. For example, dimin-
ished activation in OCC during attentional control of visual
stimulus processing may lead to greater attentional bias to
smoking cues (Janes et al, 2010), thereby predisposing
ADHD smokers to relapse. It is important to note that the
extent to which response inhibition in the context of the Go/
No-Go task relates to inhibitory control and decision-making
in real-world contexts is unclear. However, recent work has
demonstrated an association between BOLD activation
during the Go/No-Go task and ability to refrain from
smoking in both laboratory and real-world settings (Froeliger
et al, 2017), suggesting an important link with clinical
outcomes. Additional research is needed to clarify how
common or dissociable mechanisms underlying different
aspects of inhibitory control confer vulnerability to smoking
among individuals with ADHD.
Overall, our findings provide important preliminary

evidence on potential neurobiological mechanisms under-
lying comorbidity between smoking and ADHD. Specifically,
abstinence from smoking is associated with decreased
activation in OCC during sustained inhibition among
ADHD smokers compared with non-ADHD smokers that
is associated with inhibitory control performance. These
findings advance our understanding of ADHD–smoking
comorbidity and suggest important areas for future investi-
gation, including replication in a larger sample, functional
connectivity analysis, and examining association between
neurocognitive mechanisms and smoking behavior.
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