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Abstract: Addiction to cigarettes presents with considerable health risks
and induces high costs on healthcare resources. While the majority of
cigarette smokers endorse the desire to quit, only a small percentage of
quit attempts lead to full abstinence. Failure to achieve abstinence may
arise from maladaptive reactivity in fronto-striatal regions that track
positive and negative wvalence outcomes, thus biasing the choice to smoke
in the presence of alternative, non-drug reinforcement. Alternatively,
long-term nicotine abstinence may reveal neural substrates of adaptive
valence outcome processing that promote and maintain smoking cessation.
The present study set out to examine the neural correlates of operant
response outcomes in current smokers, ex-smokers and matched controls
using a monetary incentive delay task during functional MRI. Here we
report that compared to controls, both current smokers and ex-smokers
showed significantly less activation change in the left amygdala during
positive response outcomes, and in the anterior cingulate cortex, during
both positive and negative response outcomes. Ex-smokers, however,
demonstrated significantly greater activation change compared to smokers
and controls in the right amygdala during negative response outcomes.
Activation change in the anterior cingulate cortex and middle frontal
gyrus of smokers were significantly negatively correlated with nicotine
dependence and cigarette pack-years. These results suggest a pattern of
shared and divergent reactivity in current smokers and ex-smokers within
corticolimbic regions that track both positive and negative operant
response outcomes. Exaggerated adaptive processing in ex-smokers may
promote long-term smoking cessation through amplified negative valence
outcome monitoring.
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*Response to Reviewers

Editor

Comment: First, | found the brackets indicating significance to be confusing in Figures 1a
and 1b; namely, they seem to indicate group differences rather than condition differences.
Perhaps bracketing the relevant comparison (e.g., gain vs neutral) would improve
readability.

Response: We have now changed the bracket to a straight line, which hopefully indicates
that it's the conditions rather the groups that show an effect. We have also changed the
legend text related to figure 1 as follows:

Figure 1. MID task performance in the control, ex-smoker and current smoker groups
showing A) mean percentage accuracy which was greater on the Loss compared to Neutral
(*p<0.05) and Gain compared to Neutral (**p<0.01) trials; and B) mean reaction time which
was faster on the Gain compared to Neutral (*p<0.05) trials only. Data were analyzed using
a 3 (Condition: Neutral vs. Loss vs. Gain) x 3 (Group: Control vs. Ex-smoker vs. Smoker)
analysis of variance. Data are expressed as means + SEM.

We have also changed the text related to figure 1 in the results as follows:

Figure 1a shows the mean MID accuracy (% ‘hits”) for the three conditions in the three
groups. A three (Group: Control vs. Ex-smoker vs. Smoker) by three (Condition: Neutral vs.
Loss vs. Gain) analysis of variance showed that there was a significant effect of condition
(F=5.6; df=111, 2; p<0.01), with less accuracy on neutral compared to loss (p<0.05) and
gain (p<0.01) trials. There was no effect of group (F=0.5; df=111, 2; p=0.6) and no condition
X group interaction (F=0.09; df=111, 4; p=0.99). Figure 1b shows the mean MID reaction
time (milliseconds) for the three conditions in the three groups. There was a significant effect
of condition (F=2.6; df=111, 2; p<0.05), with faster response reaction time on the gain
compared to neutral (p<0.05) trials only. There was no effect of group (F=1.4; df=111, 2;
p=0.3) and no condition x group interaction (F=0.1; df=111, 4; p=1.0).

Comment: A more serious issue is the number of correlations performed and whether the
correlations were corrected for multiple comparisons

Response: We did not correct for multiple comparisons with our correlation analyses. We
did, however, only perform correlations between the smoking demographics of dependency
(FTND) and dose (pack-years) and those regions where smokers had significantly less
activation change on the MID task. This was a total of 20 correlations, which would have
meant a Bonferonni correction of 0.0025. Our correlation p values exceeded this value, and
therefore, would not have been significant using this correction.

Reviewer #1

Nestor and colleagues present results from a study comparing brain activity associated with
reward-related outcomes in current cigarette smokers, former cigarette smokers, and
controls without a history of smoking. The study addresses a topic that is both conceptually
and clinically significant, as many important questions remain about the factors that
contribute to successful smoking cessation and/or that change as a function of discontinuing
cigarette use. In addition, the study uses an experimental task that has been widely used
and is well characterized, increasing the potential interpretability and impact of the work. The
manuscript is also generally well written and appropriately concise. Notwithstanding these
strengths, the manuscript had some notable limitations, listed below, most of which are
readily addressable.



Comment: The most significant limitation, in my opinion, is the small size of the groups
included in the study. The field of human brain imaging (especially fMRI research) has been
justifiably criticized in recent years for being replete with severely underpowered studies,
which has implications for both the accuracy of parameter estimates within studies and the
reliability of findings across studies. The ideal remedy for this issue would be to collect data
from more participants, but | understand that doing so may not be feasible for various
reasons. The authors do mention the small sample sizes as a limitation of the study, so | am
not sure whether more can and should be done to address this issue.

Response: We do acknowledge the small sample sizes (especially in the ex-smoker group)
that might curtain the generalizability of our results. Unfortunately, we are not in a position to
collect any more data, which would be the ideal course of action to expand on our results.
We further acknowledge this when referring to the ex-smoker results (under Increased
activation during negative operant response outcomes in ex-smokers) as follows:

These results may be seen as tentatively pointing towards possible ex-smoker effects that
need to be addressed in a larger sample, and in a hypothesis-driven manner.

Comment: | was also somewhat unsure about how to interpret the key findings of the study
in light of the analytic approach used by the authors. The authors indicate that they
collapsed across conditions (i.e., gain, loss, and neutral outcomes) for each of the "operant
response outcome types" (i.e., hits and misses) because there were no group differences
when the conditions were compared separately. If | understand correctly, this would have
resulted in the collapsing of gain and neutral outcomes for hit trials (gaining a potential
reward and avoiding a potential loss, respectively) and the collapsing of neutral and loss
outcomes for miss trials (failing to gain a potential reward and incurring a potential loss,
respectively). Given the psychological and subjective differences across these possibilities,
as well as previous research indicating that they are associated with divergent patterns of
brain activation, | was not sure what the implications of collapsing across these four
possibilities would be in terms of making sense of the results. The authors recognize this
issue and note the following in the Limitations section of the manuscript: "Our findings also
represented group differences across the conditions (gain, loss and neutral), as we were
unable to detect any group differences on the conditions independently. This may also
necessitate a cautious interpretation of the findings, as we cannot unequivocally state how
the positive and negative response outcomes on each of the conditions contributed to the
group differences reported herein." It would be useful for the authors to further elaborate on
the implications of the analysis strategy that they used and clarify more precisely how
caution should be exercised when interpreting their findings.

Response: We have now further elaborated on the implications of our analysis strategy in
the limitations section of the discussion as follows:

Our findings also represented group differences across the conditions (e.g., gain hit, loss hit,
neutral hit), as we were unable to detect any group differences on the conditions
independently. While the reported group differences do make it difficult to disentangle the
possible differential effects of outcome, a conflation according to valence may still exploit
similar processes during goal directed behaviour. There is evidence, for example, that
successfully avoiding an aversive outcome is associated with a similar neural profile to being



rewarded (Kim et al., 2006; Seymour et al.,, 2005b), with stimuli that signal successful
avoidance known to positively reinforce (Morris, 1975). This opponent process may likewise
be attributed to negative valence, where the termination of a positive state would become
aversive, and thus elicit a similar neural response. Our results, however, still necessitate a
cautious interpretation, as we cannot unequivocally state how the valence outcomes on each
condition individually contributed to our reported group differences.

Comment: The manuscript relies fairly heavily on what has been referred to as "reverse
inference" (inferring psychological states/processes from patterns of fMRI activity) when
interpreting the fMRI results. As | am sure the authors are aware, the limitations of this
strategy have been highlighted in the literature in recent years. The manuscript would be
strengthened by bolstering the validity of the reverse inferences that are made (e.g., by
using a "quantitative reverse inference approach" in which they use a large database to
derive information about the probability of the relevant terms being used across studies
given activation of the regions of interest) or, if this is not possible, perhaps reducing their
emphasis in the discussion.

Response: Investigators do tend to ascribe specific psychological significance to activations
on the basis of prior reports that claim engagement of the associated brain region by a
particular functional process. We have, therefore, reduced the use of reverse inferences in
our discussion where possible.

Comment: The authors note the possibility that their results "represent disruptions to a
dACC-amygdala functional network that tracks some form of prediction error signalling in
both current smokers and ex-smokers." This is a very interesting possibility. It was not clear
why this idea was not examined using connectivity analyses, as presumably it would have
been possible to do so with the available data.

Response: The analyses presented (collapsing across valence type) were not suitable for
capturing a modelled prediction error, as we did not probe the BOLD response related to
fluctuating reward and loss predictions on a trial-by-trial basis. Therefore, we believe that this
type of connectivity analysis would not be suitable for probing a dACC-amygdala functional
network related to prediction error signalling for further investigation.

The highlights bullets may need to be revised slightly in light of the two preceding comments.

Comment: A fairly minor point: the goals of the study may be overstated slightly. The
introduction states that "the present study set out to examine the effects of both current and
previous nicotine exposure on corticolimbic correlates of operant response outcomes” and
that one aim was to determine "whether divergent reactivity to positive and negative
outcomes represents an adaptation in specific brain networks that might promote long-term
smoking cessation through compensatory outcome monitoring." As the authors to allude to
at one point, the design of the study does not provide strong conclusions to be drawn
regarding the extent to which observed group effects are caused by differences in smoking
behavior, contributed to differences in smoking behavior, or something else (e.g., some
combination or epiphenomenon). It may be useful to tweak the language in the introduction
slightly, as well as perhaps specifically note this constraint in the limitations section.



Response: We have now amended the text related to the aims of the current study at the
end of the introduction as follows:

Specifically, we aimed to elucidate whether 1) current smokers and ex-smokers demonstrate
shared or divergent reactivity compared to controls in the neural substrates of tracking
positive and negative operant response outcomes, and 2) whether divergent reactivity to

positive and negative outcomes distinguishes ex-smokers from current smokers.

Reviewer #2

This paper examines the divergent neural processing of outcome in monetary incentive
delay (MID) task between smokers, ex-smokers and non-smokers. The authors found lower
activation in corticolimbic regions in current smokers and, to a lesser degree, in ex-smokers
compared to non-smokers during outcome processing in both gain and loss conditions.
During loss processing ex-smokers had higher activation in left amygdala compared to
current smokers and non-smokers. Also, signal change in the medial frontal gyrus during
gain processing reversely correlated with nicotine dependency and signal change in the
anterior cingulate during loss processing reversely correlated with cigarette-pack-years.
These findings are interesting and the study has the potential to contribute to the field. Below
are the issues that should be addressed to maximize study impact.

Comment: 1st highlight point (Maladaptive neural reactivity to non-drug operant response
outcomes may bias the choice to smoke) doesn't seem relevant since no evidence of how
outcome processing may relate to decision choice is provided in the current work

Response: We have now changed this to:

Maladaptive neural reactivity to non-drug operant response outcomes may promote the
continuation of addiction-related behaviours, such as smoking.

Comment: An introduction section seems underdeveloped and does not provide proper
framing for the findings. Specifically:

1. Addictive properties of nicotine on motivational brain networks are mentioned, but neither
networks nor addictive properties are specified.

Response: We have now changed this in the introduction to:

The reinforcing effects of nicotine (Brody et al., 2006; Domino et al., 2012; Tuesta et al.,
2011), particularly in brain regions involved in motivation and reward processing (prefrontal
cortex and striatum) in humans (Brody et al., 2004), are likely to be complicit in this failure to
achieve abstinence.

Comment: 2. 'Maladaptive reactivity in brain networks that track the salience value of non-
drug reward' is mentioned but not explained -the network and the direction of divergence are
not specified.



Response: We have now changed this in the introduction to:

Recidivism in nicotine addiction may arise from maladaptive reactivity in fronto-
striatal regions, whereby there are neural deficits when processing non-drug outcomes. For
example, deprived smokers who exhibit the weakest ventral striatal responses to monetary
reward are more likely to subsequently choose smoking over monetary reinforcement
(Wilson et al., 2014). Similarly, fronto-striatal regions in nicotine-deprived smokers show a
more pronounced response during smoking compared to monetary reward anticipation
(Sweitzer et al., 2014). These disturbances in the reward processing may bias the choice to
smoke in the presence of alternative, non-drug reinforcement.

Comment: 3. In the 2d paragraph in the introduction: 'Diminished responses during reward
outcomes may trigger reactions that are characterized by a heightened motivation during the
anticipation of rewards.' The motivation for this logic is unclear. Although citations are
offered, they are not properly discussed to support this claim; perhaps the more detailed
review of existing literature would clarify this.

Response: We have now reviewed some of this literature in more detail in the introduction
as follows:

Indeed this dissociation has been observed in several populations. Cigarette
smokers, for example, show increased ventromedial prefrontal cortex activation during loss
anticipation of monetary incentives, but decreased activation in the inferior frontal gyrus
during the receipt of monetary gains (Martin et al., 2014). Similar patterns of anticipation and
outcome divergence have also been reported in binge-eating disorder patients, with
increased fronto-striatal activation during loss and gain anticipation, but decreased activation
to loss and reward notifications (Balodis et al., 2013). Pathological gamblers have also
demonstrated similar differences in response to anticipation and outcomes, showing a hyper
responsiveness in the ventral striatum during loss anticipation, but a hypo responsiveness
during successful loss avoidance (Romanczuk-Seiferth et al., 2015). These findings,
therefore, appear to suggest that in some addiction populations there is a divergence in
reactivity between the anticipation and delivery of non-drug reinforcement in fronto-striatal
regions, possibly due to deficits in valence outcome processing. Furthermore, for those who
do achieve full abstinence, there may be adaptations in fronto-striatal regions that represent
a neural substrate for promoting long-term cessation. These adaptations are represented by
an amplified valence outcome monitoring that promotes the control over addiction-related
behaviours (Garavan et al., 2005), even in the presence of heightened and sustained
“‘wanting” of rewards.

Comment: 4. The authors discuss ‘outcome salience’ but it is not clear from the paper
whether they just referring to outcome processing and use the word 'salience’ referring to
reward/loss value or specifically focus on salience processing. If the later, salience network
should be discussed (Udin, 2014), if the earlier, than proper term should be used in order not
to confuse the reader.

Response: We have now changed salience to valence throughout the manuscript, as we
think this is a more appropriate term given that the outcomes were negative (loss) and
positive (gain) in their valence.

Comment: 5. The 'adaptations in specific brain networks that represent a neural substrate
for promoting long-term cessation through compensatory outcome monitoring that promotes
the control over addictive behaviors' are discussed without naming the networks and neural
components.



Response: We have now changed this in the introduction to:

Hyperactivity in lateral and medial prefrontal regions that sub-serve inhibitory control
functioning and error monitoring have been reported in ex-smokers (Kroenke et al., 2015;
Nestor et al., 2011). This may suggest that the emergence of amplified prefrontal cognitive
functioning is necessary for successful abstinence in addiction. Therefore, similar
adaptations that are represented by an amplified valence outcome monitoring may also
promote the control over addiction-related behaviours (Garavan et al., 2005), even in the
presence of heightened and sustained “wanting” of rewards.

Comment: The MID task description is unclear. Participants' goal, task flow (the outcome of
each possible subject's action) are not defined. The reader is required to find the cited
papers that describe the task in order to understand the reported experiment.

Response: We have now generated a supplementary figure showing the Monetary MID task
structure. This will hopefully complement the description of the task in the methods section.



*Highlights (for review)

e Maladaptive neural reactivity to non-drug operant response outcomes may
promote the continuation of addiction-related behaviours, such as smoking.

e Current and ex-smokers show less neural reactivity to positive and negative
operant response outcomes.
e Ex-smokers show more amygdala reactivity to negative operant response

outcomes.

e Exaggerated negative valence outcome processing in ex-smokers may
promote long-term smoking cessation.
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Shared and divergent neural reactivity to non-drug operant response outcomes in
current smokers and ex-smokers.

Liam J Nestor® 2, Ella McCabe?, Jennifer Jones', Luke Clancy® Hugh Garavan*

'School of Psychology and Institute of Neuroscience, Trinity College Dublin, Dublin,
Ireland

2Neuropsychopharmacology Unit, Centre for Psychiatry, Imperial College London,
UK

3TobaccoFree Research Institute Ireland, DIT, Dublin, Ireland

“Department of Psychiatry, University of Vermont, Burlington, Vermont, USA

Abstract

Addiction to cigarettes presents with considerable health risks and induces high
costs on healthcare resources. While the majority of cigarette smokers endorse the
desire to quit, only a small percentage of quit attempts lead to full abstinence.
Failure to achieve abstinence may arise from maladaptive reactivity in fronto-striatal
regions that track positive and negative valence outcomes, thus biasing the choice
to smoke in the presence of alternative, non-drug reinforcement. Alternatively, long-
term nicotine abstinence may reveal neural substrates of adaptive valence outcome
processing that promote and maintain smoking cessation. The present study set out
to examine the neural correlates of operant response outcomes in current smokers,
ex-smokers and matched controls using a monetary incentive delay task during
functional MRI. Here we report that compared to controls, both current smokers and
ex-smokers showed significantly less activation change in the left amygdala during
positive response outcomes, and in the anterior cingulate cortex, during both
positive and negative response outcomes. Ex-smokers, however, demonstrated
significantly greater activation change compared to smokers and controls in the right
amygdala during negative response outcomes. Activation change in the anterior
cingulate cortex and middle frontal gyrus of smokers were significantly negatively
correlated with nicotine dependence and cigarette pack-years. These results
suggest a pattern of shared and divergent reactivity in current smokers and ex-
smokers within corticolimbic regions that track both positive and negative operant
response outcomes. Exaggerated adaptive processing in ex-smokers may promote
long-term smoking cessation through amplified negative valence outcome
monitoring.
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Introduction

Addiction to cigarettes presents with considerable health risks (Bartal, 2001) and
induces high costs on healthcare resources (Leistikow et al., 2000). While the
majority of cigarette smokers endorse the desire to quit, reported abstinence rates
after twelve months are in the modest region of 5-17% (Hughes et al., 2008), with
the vast majority relapsing to smoking within a week of cessation (Zhu et al., 2012).

This continued use in the face of adversity is a powerful testimony to the effects of
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disturbances in the reward processing may bias the choice to smoke in the

presence of alternative, non-drug reinforcement.

We have previously reported that current smokers and ex-smokers,
compared to controls, demonstrate heightened fronto-striatal activation during gain

and loss anticipation (Nestor et al., 2016a), supporting previous research findings in

2
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nicotine addiction (Martin et al., 2014). We proposed that this may represent a
sensitization by nicotine within this circuitry of smokers, that triggers the excessive
“wanting” of rewards in response to non-drug cues (Berridge et al.,, 1998). This
excessive “wanting” during anticipation may also arise from a dissociation from
consummation or receipt of rewards, where there is a diminished response in
regions that process incentive outcomes. Diminished responses during reward
outcomes may trigger reactions that are characterized by a heightened motivation

during the anticipation of rewards. Indeed this dissociation has been observed in

several populations. Cigarette smokers, for example, show increased ventromedial

prefrontal cortex activation during loss anticipation of monetary incentives, but

decreased activation in the inferior frontal gyrus during the receipt of monetary gains

(Martin et al., 2014). Similar patterns of anticipation and outcome divergence have

also been reported in _binge-eating disorder patients, with increased fronto-striatal

activation during loss and gain_anticipation, but decreased activation to loss and

reward notifications (Balodis et al., 2013). Pathological gamblers have also

demonstrated similar differences in response to anticipation and outcomes, showing

a_hyper responsiveness in the ventral striatum during loss anticipation, but a hypo

responsiveness during successful loss avoidance (Romanczuk-Seiferth et al., 2015).

These findings, therefore, appear to suggest that in some addiction populations

there is a divergence in reactivity between the anticipation and delivery of non-drug

reinforcement in fronto-striatal regions, possibly due to deficits in valence outcome

processing. Hyperactivity in lateral and medial prefrontal regions that sub-serve

inhibitory control functioning and error monitoring have been reported in ex-smokers

(Kroenke et al., 2015; Nestor et al., 2011). This may suggest that the emergence of

amplified prefrontal cognitive functioning is necessary for successful abstinence in
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addiction. Therefore, similar adaptations that are represented by an amplified

valence outcome monitoring may also promote the control over addiction-related

behaviours (Garavan et al., 2005), even in the presence of heightened and

sustained “wanting” of rewards.

Therefore, the present study set out to examine the effects of both current and-
previous nicotine exposure on corticolimbic correlates of operant response
outcomes. Here we compared current smokers, ex-smokers and demographically

matched healthy controls using a monetary incentive delay task. Specifically, we

Formatted: Justified, Line spacing
Double
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aimed to elucidate whether 1) current smokers and ex-smokers demonstrate shared

or _divergent reactivity compared to controls in the neural substrates of tracking

positive _and negative operant response outcomes, and 2) whether divergent

reactivity to positive and negative outcomes distinguishes ex-smokers from current

smokers.

Results
Demographics

The groups did not significantly differ on age, years of education, verbal
intelligence, gender distribution or alcohol use history. The ex-smoker group had
been abstinent from nicotine, on average, 84.8 weeks (range: 52-180 weeks) at the
time of testing (see Table 1 in supplementary materials for a more detailed

description of group demographics).
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Behaviour

Figure 1a shows the mean MID accuracy (% “hits”) for the three conditions in the«

three groups. A three (Group: Control vs. Ex-smoker vs. Smoker) by three

(Condition: Neutral vs. Loss vs. Gain) analysis of variance showed that there was a

significant_effect of condition (F=5.6; df=111, 2; p<0.01), with less accuracy on

neutral compared to loss (p<0.05) and gain (p<0.01) trials. There was no effect of

group (F=0.5; df=111, 2; p=0.6) and no condition x group interaction (F=0.09;

df=111, 4; p=0.99). Figure 1b shows the mean MID reaction time (milliseconds) for

the three conditions in the three groups. There was a significant effect of condition

(F=2.6; df=111, 2; p<0.05), with faster response reaction time on the gain compared

to neutral (p<0.05) trials only. There was no effect of group (F=1.4; df=111, 2; p=0.3)

and no condition x group interaction (F=0.1; df=111, 4; p=1.0).

-Insert Figure 1 about here-

Functional MRI
We collapsed across conditions (gain, loss, neutral) for each of the operant
response outcome types (“Hit” and “Miss”) separately, as we did not detect any

significant group differences on the conditions independently.

Positive operant response outcomes

[Formatted: Font: Not Italic

[Formatted: Line spacing: Double
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There were five clusters that showed a group effect in the ROl mask,
comprising the anterior cingulate cortex (ACC: 733 voxels; x=4; y=14; z=26;
Zsa=4.71; p<0.0001; smoker<control, p<0.0001gonferroni; €X-smoker<control,
pP<0.001gonferroni); right amygdala (353 voxels; x=20; y=-6; z=-20; Zsx=3.37; p<0.001;
smoker<control, p<0.001gonferroni; SMoker<ex-smoker, p<0.0001lgonterroni - Fig2A);
frontal pole (347 voxels; x=48; y=40; z=20; Zs=5.38; p<0.001; smoker<ex-smoketr,
P<0.05g0nterroni); Middle frontal gyrus (MFG: 325 voxels; x=36; y=20; z=40; Zsa=7.23;
p<0.001; smoker<control, p<0.05gonterroni; SMoker<ex-smoker, p<0.001lgonferroni —
Fig2C) and the left amygdala (153 voxels; x=-28; y=-10; z=-14; Z=4.66; p<0.05;

smoker<control, p<0.01gonferroni; €X-smoker<control, p<0.05gonferroni - Fig2B).

-Insert Figure 2 about here-

Negative operant response outcomes

There were also five clusters that showed a group effect, comprising the ACC
(374 voxels; x=2; y=-4; z=32; Zsa=5.07; p<0.0001; smoker<control, p<0.001gonserroni;
ex-smoker<control, p<0.001gonterroni — Fig3C); frontal pole (297 voxels; x=48; y=40;
z=20; Zgx=4.12; p<0.0001; smoker<ex-smoker, p<0.001gonferroni); right amygdala
(194 voxels; x=22; y=-4; z=-22; Zsa=5.01; p<0.01; ex-smoker>control,
P<0.05g0nterroni; €X-smoker>smoker, p<0.001lgonterroni — FIg3A); orbitofrontal cortex
(OFC: 168 voxels; x=-24; y=28; z=-18; Zu.=4.37; p<0.01; smoker<control,
P<0.05g0nterroni - Fig3B) and the left inferior frontal gyrus (IFG: 157 voxels; x=-34;
y=26; z=20; Zqa=5.43; p<0.01; smoker<control, p<0.0001gonferroni; SMoker<ex-

smoker, p<0.01 gonferroni)-
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-Insert Figure 3 about here-

Correlations

There were several significant negative correlations between smoking
demographics in the smoker group, and their mean percentage BOLD change
(collapsed across the gain, loss and neutral conditions) during the outcome types.
FTND scores were negatively correlated with the mean BOLD signal change in the
MFG (r(13) =.-52; p<0.05 - Fig4A), with a trend for a negative correlation with ACC
BOLD signal change (r(13) =.-48; p<0.07), during positive operant response
outcomes. Cigarette pack-years was negatively correlated with ACC BOLD signal
change (r(13) =.-61; p<0.05 - Fig4B), with a trend for a negative correlation with right
amygdala BOLD signal change (r(13) =.-49; p<0.07), during negative response

outcomes. There were no significant correlations detected in the ex-smoker group.

-Insert Figure 4 about here-

Discussion

We compared activation changes elicited by operant response feedback
during a monetary incentive delay task in demographically matched controls, current
smokers and ex-smokers. Here we observed a pattern of shared and divergent
reactivity in smokers and ex-smokers, compared to controls, within corticolimbic
regions that track both positive and negative operant response outcome feedback.

Activation differences in some of these regions were also found to negatively
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correlate with nicotine dependence and cigarette use in current smokers. The group
differences were also identified in the absence of group differences in behavioural
performance, potentially discounting this as confounding the neural reactivity

differences observed during the operant response outcomes.

Reduced activation change during operant response outcomes in current smokers
This study observed that current smokers had significantly reduced activation
change in a number of corticolimbic regions during operant response outcomes.
Notably, there was a reduced response in the right amygdala and middle frontal
gyrus (MFG) during positive operant response outcomes compared to controls and
ex-smokers. There is evidence that the amygdala encodes stimulus value (Jenison
et al., 2011), responds to reward outcomes, (Ernst et al., 2005), and is involved in
salience processing (Belova et al.,, 2007; Pessoa et al., 2010). Amygdala
disturbances also play a role in addiction (Lesscher et al., 2012; See et al., 2003),
with our findings possibly suggesting a disturbance in this region in current smokers.
The MFG is also involved in representing and integrating reward information
(Watanabe et al.,, 2007), with evidence for diminished activation in addiction
populations (Ersche et al., 2005; Paulus et al., 2002), including smokers (Nestor et
al.,, 2011). The current study additionally revealed MFG attenuation in response to
positive operant response outcomes in current smokers that was also negatively

correlated with the level of reported nicotine dependence.

The current study showed that current smokers showed a reduced activation
change in the medial orbitofrontal cortex (OFC) compared to controls during

negative response outcomes. We previously reported (Nestor et al.,, 2016a) that
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there were increased responses in a region of the lateral OFC, compared to
controls, in the same sample of current smokers and ex-smokers during both loss
and gain (but not neutral) anticipation, suggesting some type of heightened
motivational drive during the expectancy of non-drug rewards. The present finding,
observed during negative operant outcomes, however, appears to suggest divergent
reactivity to anticipatory versus receipt phases of incentive processing in current
smokers - representing some type of disturbance in negative valence outcome
monitoring. Current smokers also showed a reduced activation change in the inferior
frontal gyrus (IFG) compared to both controls and ex-smokers during negative
response outcomes, pointing to disturbances in both ventral and dorsal cortical

regions in this group.

Reduced activation change during operant response outcomes in current smokers
and ex-smokers

This study reports that during both positive and negative operant response
outcomes, ex-smokers, and to a greater degree, current smokers, showed less
activation change in the anterior cingulate cortex (ACC). Disturbances in ACC
functioning have been reported in addiction (Goldstein et al., 2002; Peoples, 2002;
Volkow et al., 2002), that have been shown to extend into abstinence (Nestor et al.,
2016b). Interestingly, these differences were observed in the dorsal ACC (dACC)
region, known to be involved in motivation (Kouneiher et al., 2009) and also
prediction error signalling (Wallis et al., 2010). We also observed a reduced
activation change in the left amygdala during positive operant response outcomes in
current smokers and ex-smokers. The amygdala and dACC, interestingly, are also
connected (Beckmann et al., 2009), with the possibility that our findings represent

9
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disruptions in dACC-amygdala connectivity in both current smokers and ex-
smokers. Significantly, the level of reported cigarette use (pack-years) in smokers
was also found to significantly predict ACC attenuation during negative operant

response outcomes.

Increased activation during negative operant response outcomes in ex-smokers

The monitoring of one's behavioural outcomes during nicotine abstinence
may be especially important when there is a need to detect errors, particularly those
that might induce smoking relapse. The neural substrates of behavioural monitoring
in addiction may have implications for abstinence, as they may elucidate specific
adaptations that promote the control over addiction-related behaviours (Garavan et
al., 2005). Therefore, the ability of ex-smokers to remain abstinent may be related to
the amplified monitoring of performance errors. Here we report that in response to
negative operant response outcomes, ex-smokers demonstrated a significantly
greater activation change compared to smokers and controls in the right amygdala.
This was in contrast to the observed attenuation in the left amygdala during positive
operant response outcomes, where ex-smokers showed a similar effect to smokers.
This divergence in amygdala responding may suggest they exhibit a bias in the
tracking of negative valance outcomes. The amygdala does respond to negative
feedback (Klavir et al., 2013) and is involved in prediction error signalling (Meder et
al., 2016; Seymour et al., 2005a), which may be amplified in ex-smokers. This
amplification following smoking cessation may potentially contribute to nicotine

abstinence through heightened error encoding. These results may be seen as

tentatively pointing towards possible ex-smoker effects that need to be addressed in

a larger sample, and in a hypothesis-driven manner.

10
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Limitations of the current study involve small sample sizes, particularly in the ex-
smoker group, and the low-moderate nicotine dependency range in current
smokers. The relatively modest levels of dependency, for example, may curtail the
generalizability of the current findings to greater levels of nicotine dependence that

are reported in older adults. Our findings also represented group differences across

[Formatted: Font: Not Italic

the conditions (e.g., gain hit, loss hit, neutral hit), as we were unable to detect any

group differences on the conditions independently. While the reported group

differences do make it difficult to disentangle the possible differential effects of

outcome, a conflation according to valence may still exploit similar processes during

goal directed behaviour. There is evidence, for example, that successfully avoiding

an_aversive outcome is associated with _a similar neural profile to being rewarded

(Kim_et_al., 2006; Seymour et al., 2005b), with stimuli that signal successful

avoidance known to positively reinforce (Morris, 1975). This opponent process may

likewise be attributed to negative valence, where the termination of a positive state

would become aversive, and thus elicit a similar neural response. Our results,

however, still necessitate a cautious interpretation, as we cannot unequivocally state

how the valence outcomes on each condition individually contributed to our reported

group differences.

Conclusion
Despite the limitation of a small sample size, and the low-moderate nicotine

dependency, this study has provided some preliminary evidence for a pattern of

11
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shared and divergent reactivity in current smokers and ex-smokers within
corticolimbic regions that track positive and negative operant response outcomes.
We propose that exaggerated processing in ex-smokers may promote long-term
smoking cessation through amplified negative valence outcome monitoring, that

appears to remain disrupted in current smokers.
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Methods and Materials
Participants

For a more comprehensive description of the material and methods, please
see Nestor et al. (2016a), which used the same cohorts reported herein, to examine
differences in loss and reward anticipation. Briefly, 15 current cigarette smokers, 10
ex-smokers and 15 controls completed the study. A semi-structured interview, as
used in previous behavioural and functional imaging studies (Carey et al., 2015;
Nestor et al., 2016a) was conducted to screen participants for past or present
histories of psychiatric or neurological illness. Any potential participant describing

any major life-time psychiatric event or brain injury (e.g., head trauma resulting in a

12
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loss of consciousness, seizure or stroke) or any familial psychiatric history (i.e.

sibling, parent or grandparent) was considered ineligible for the study.

Current smokers were required to have regularly consumed tobacco (=10
cigarettes/day) for the previous 2 years in order to be eligible. Ex-smokers were
required to have regularly consumed tobacco (=10 cigarettes/day) for at least two
years, but be nicotine abstinent for at least 12 months at the time of testing. Control
participants were required to have never smoked cigarettes. Smoking abstinence in
ex-smokers and controls was confirmed by measuring expired carbon monoxide
(CO) in parts per million (ppm) during the screening process. Cigarette smokers
each smoked ad lib approximately 15 minutes prior to scanning in order to avoid the
potential confounds of withdrawal and/or craving on MID task performance. All
participants were right-handed as confirmed by the Edinburgh Handedness
Inventory (Oldfield, 1971) during the screening process. All participants completing
the study were neurologically normal (as confirmed by a registered radiologist who
examined each structural MRI). All research participants provided informed consent

and were financially compensated.

Questionnaires

The National Adult Reading Test (NART) (Nelson et al., 1978) was
administered to all participants during the screening procedure to assess verbal
intelligence, as was the Beck Depression Inventory (BDI) to assess mood (Beck et

al., 1996). Information concerning alcohol and drug use was obtained from all

13
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participants using a questionnaire taken from the Addiction Severity Index Lite-CF
(McLellan et al., 1992). During the screening procedure, the Fagerstrom test of
nicotine (Heatherton et al., 1991) dependence (FTND) was administered to
smokers. The FTND was also administered to ex-smokers, retrospectively, in order
to match their previous levels of nicotine dependence (when they were active
smokers) to current smokers. The rationale for this was to eliminate previous
dependency levels in ex-smokers as a potential contributing factor to neural
differences with smokers. The Shiffman-Jarvik smoking withdrawal questionnaire
(SIWQ) (Shiffman et al., 1976) and the urge to smoke (UTS) scale (Jarvik et al.,
2000) were also administered to smokers prior to scanning to assess craving and

withdrawal.

Monetary Incentive Delay Task (MID)

We used a “monetary incentive delay task” (MID), which was based on that
originally employed by Knutson (Knutson et al., 2001) and which we have previously
used to assess the neural correlates of reward processing in cannabis users (Nestor
et al., 2010) and smokers (Nestor et al.,, 2016a) — see Supplementary Figure 1.
While being scanned participants performed the MID task, during which they
anticipated potential monetary gain, loss or no potential monetary outcome. During
each trial, participants viewed one of three coloured squares (cue) that indicated the
potential to gain fifty cent (green square), lose fifty cent (red square) or experience
no financial outcome (blue square - here referred to as the neutral condition)
following their response to an upcoming visual target. Each cue was presented for a
variable duration (2-8 sec), after which participants made a button press response

upon the presentation of a visual target (star located within a circle). Participants

14
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received feedback (1500 ms) following their response to the visual target, after
which there was an end fixation period (2-8 sec) before the commencement of the
next trial. Responses to the visual target falling within (“hits”) or outside (“misses”) a
400ms response deadline received feedback appropriate for that particular trial. We
chose this 400 ms time frame in order to yield accuracy levels at ~50%, which would
serve to maintain the participant’s interest in the task. Therefore, participants had
four hundred milliseconds to respond to the visual target in order to be successful on
a gain, loss or neutral trial. There were a total of 27 trials in each condition (gain,
loss, and neutral), with each trial lasting between six and eighteen seconds. The
MID was composed of three runs, with each run lasting 340 seconds. The order of
trials within each run was randomised. Dependent measures derived from the data
included mean percentage accuracy and reaction time for the gain, loss and neutral
conditions. The task was programmed and run using E-Prime version 1.1

(Psychology Software Tools, Pittsburgh, USA).

Functional MRI (fMRI) Data Acquisition

All scanning was conducted on a Philips Intera Achieva 3.0 Tesla MR system
(Best, The Netherlands) equipped with a mirror that reflected the visual display,
which was projected onto a panel placed behind the participants' head outside the
magnet. The mirror was mounted on the head coil in each participant’s line of vision.
Each scanning sequence began with a reference scan to resolve sensitivity
variations. A parallel sensitivity encoding (SENSE) approach with a reduction factor
of 2 was utilised for all T1-weighted image acquisitions (Pruessmann et al., 1999).
180 high-resolution T1- weighted anatomic MPRAGE axial images (FOV 230 mm,

thickness 0.9 mm, voxel size 0.9x0.9x0.9) were then acquired (total duration 325 s),
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to allow subsequent activation localization and spatial normalization. Functional data
were acquired using a T2* weighted echo-planar imaging sequence collecting 32
non-contiguous (10% gap) 3.5 mm axial slices covering the entire brain (TE=35 ms,
TR=2000 ms, FOV 224 mm, 64x64 mm matrix size in Fourier space). Functional

scans had a total duration of 340 s per run.

fMRI Data analyses
Data pre-processing and statistical analysis were conducted using FEAT
(fMRI Expert Analysis Tool) from the FMRIB Software Library (FSL 4.1.7,

www.fmrib.ox.ac.uk/fsl). Pre-statistical processing was as follows: motion correction

utilizing FMRIB’s Linear Image Registration Tool (MCFLIRT); non-brain matter
removal using Brain Extraction Tool (BET); spatial smoothing with a 6-mm full-width
half maximum Gaussian kernel; mean-based intensity normalization; nonlinear high-
pass temporal filtering (Gaussian-weighted least squares straight line fit, with sigma
= 25.0 sec). For each participant, first level whole-brain mixed-effects analyses were
performed by modelling, separately, the gain, loss and neutral positive (“hit”) operant
response outcome periods, and the gain, loss and neutral negative (“miss”) operant
response outcome periods (stick functions for each of the feedback period
regressors were convolved with the haemodynamic response function). First level
whole-brain mixed-effects analyses were also performed by modelling the MID
anticipation periods (i.e., gain, loss and neutral) as explanatory variables within the
context of the general linear model on a voxel-by-voxel basis (variable boxcar
functions for the anticipation period regressors were convolved with the
haemodynamic response function), the results of which have been previously

reported (Nestor et al., 2016a). The end fixation period of the task served as the
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implicit baseline. Therefore, all reported differences between groups are for
activation changes versus the baseline period. Registration was conducted through
a two-step procedure, whereby EPI images were first registered to the high-
resolution T1 structural image, then into standard (Montreal Neurological Institute,

MNI avgl52 template) space, with 12-parameter affine transformations.

As corticolimbic regions are critical neural substrates for the processing of
non-drug rewards in humans (Knutson et al., 2001; O'Doherty et al., 2001), with
evidence for both hypoactivity and hyperactivity to non-drug rewards in these
regions in addiction populations, including current smokers (Martin et al., 2014;
Nestor et al., 2016a; Sweitzer et al., 2014; Wilson et al., 2008), we took an a priori
region of interest (ROI) approach in our search for group differences during the
operant response outcomes. Here we restricted this search to the nucleus
accumbens (NAcc), amygdala, caudate, putamen, insula, inferior frontal gyrus, and
the anterior cingulate, dorsolateral and orbitofrontal cortices, bilaterally. These
regions were taken from the Harvard-Oxford cortical and subcortical structural atlas
and grouped together into one ROI mask. Higher-level between-group analyses
(one-way ANOVAs) were conducted using FLAME (FMRIB's Local Analysis of
Mixed Effects) collapsing across conditions (gain, loss, neutral) for each of the
operant response outcome types (“hit” and “miss”) separately. These analyses were
conducted as we did not detect any significant group differences on the conditions
independently. Significant clusters in this ROl mask of a priori regions were
determined by thresholding at Z>2.3 with a corrected cluster significance threshold

of p<0.05.
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Other Statistics

For analyses conducted on the MID behavioural data, we performed three
(Group: Control vs. Ex-smoker vs. Smoker) by three (Condition: Neutral vs. Loss vs.
Gain) analyses of variance. For follow-up post hoc analyses on the mean BOLD
signal change from the ANOVA group effect clusters, we conducted Bonferroni pair-
wise comparisons to examine which groups significantly differed from one another.
Correlations between smoking demographics and mean BOLD signal change from
the zF-statistic clusters were assessed using Spearman's rho correlations. All these

analyses were conducted using the R statistical software package (2013).
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Abstract

Addiction to cigarettes presents with considerable health risks and induces high
costs on healthcare resources. While the majority of cigarette smokers endorse the
desire to quit, only a small percentage of quit attempts lead to full abstinence.
Failure to achieve abstinence may arise from maladaptive reactivity in fronto-striatal
regions that track positive and negative valence outcomes, thus biasing the choice
to smoke in the presence of alternative, non-drug reinforcement. Alternatively, long-
term nicotine abstinence may reveal neural substrates of adaptive valence outcome
processing that promote and maintain smoking cessation. The present study set out
to examine the neural correlates of operant response outcomes in current smokers,
ex-smokers and matched controls using a monetary incentive delay task during
functional MRI. Here we report that compared to controls, both current smokers and
ex-smokers showed significantly less activation change in the left amygdala during
positive response outcomes, and in the anterior cingulate cortex, during both
positive and negative response outcomes. Ex-smokers, however, demonstrated
significantly greater activation change compared to smokers and controls in the right
amygdala during negative response outcomes. Activation change in the anterior
cingulate cortex and middle frontal gyrus of smokers were significantly negatively
correlated with nicotine dependence and cigarette pack-years. These results
suggest a pattern of shared and divergent reactivity in current smokers and ex-
smokers within corticolimbic regions that track both positive and negative operant
response outcomes. Exaggerated adaptive processing in ex-smokers may promote
long-term smoking cessation through amplified negative valence outcome
monitoring.
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Introduction

Addiction to cigarettes presents with considerable health risks (Bartal, 2001)
and induces high costs on healthcare resources (Leistikow et al., 2000). While the
majority of cigarette smokers endorse the desire to quit, reported abstinence rates
after twelve months are in the modest region of 5-17% (Hughes et al., 2008), with
the vast majority relapsing to smoking within a week of cessation (Zhu et al., 2012).
This continued use in the face of adversity is a powerful testimony to the effects of
nicotine dependence, demonstrating its reinforcing effects. The reinforcing effects of
nicotine (Brody et al., 2006; Domino et al., 2012; Tuesta et al., 2011), particularly in
brain regions involved in motivation and reward processing (prefrontal cortex and
striatum) in humans (Brody et al., 2004), are likely to be complicit in this failure to
achieve abstinence. Recidivism in nicotine addiction may arise from maladaptive
reactivity in fronto-striatal regions, whereby there are neural deficits when
processing non-drug outcomes. For example, deprived smokers who exhibit the
weakest ventral striatal responses to monetary reward are more likely to
subsequently choose smoking over monetary reinforcement (Wilson et al., 2014).
Similarly, fronto-striatal regions in nicotine-deprived smokers show a more
pronounced response during smoking compared to monetary reward anticipation
(Sweitzer et al., 2014). These disturbances in the reward processing may bias the

choice to smoke in the presence of alternative, non-drug reinforcement.

We have previously reported that current smokers and ex-smokers,
compared to controls, demonstrate heightened fronto-striatal activation during gain
and loss anticipation (Nestor et al., 2016a), supporting previous research findings in

nicotine addiction (Martin et al., 2014). We proposed that this may represent a

2
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sensitization by nicotine within this circuitry of smokers, that triggers the excessive
‘wanting” of rewards in response to non-drug cues (Berridge et al., 1998). This
excessive “wanting” during anticipation may also arise from a dissociation from
consummation or receipt of rewards, where there is a diminished response in
regions that process incentive outcomes. Diminished responses during reward
outcomes may trigger reactions that are characterized by a heightened motivation
during the anticipation of rewards. Indeed this dissociation has been observed in
several populations. Cigarette smokers, for example, show increased ventromedial
prefrontal cortex activation during loss anticipation of monetary incentives, but
decreased activation in the inferior frontal gyrus during the receipt of monetary gains
(Martin et al., 2014). Similar patterns of anticipation and outcome divergence have
also been reported in binge-eating disorder patients, with increased fronto-striatal
activation during loss and gain anticipation, but decreased activation to loss and
reward notifications (Balodis et al., 2013). Pathological gamblers have also
demonstrated similar differences in response to anticipation and outcomes, showing
a hyper responsiveness in the ventral striatum during loss anticipation, but a hypo
responsiveness during successful loss avoidance (Romanczuk-Seiferth et al., 2015).
These findings, therefore, appear to suggest that in some addiction populations
there is a divergence in reactivity between the anticipation and delivery of non-drug
reinforcement in fronto-striatal regions, possibly due to deficits in valence outcome
processing. Hyperactivity in lateral and medial prefrontal regions that sub-serve
inhibitory control functioning and error monitoring have been reported in ex-smokers
(Kroenke et al., 2015; Nestor et al., 2011). This may suggest that the emergence of
amplified prefrontal cognitive functioning is necessary for successful abstinence in

addiction. Therefore, similar adaptations that are represented by an amplified
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valence outcome monitoring may also promote the control over addiction-related
behaviours (Garavan et al., 2005), even in the presence of heightened and

sustained “wanting” of rewards.

Therefore, the present study set out to examine the effects of both current and
previous nicotine exposure on corticolimbic correlates of operant response
outcomes. Here we compared current smokers, ex-smokers and demographically
matched healthy controls using a monetary incentive delay task. Specifically, we
aimed to elucidate whether 1) current smokers and ex-smokers demonstrate shared
or divergent reactivity compared to controls in the neural substrates of tracking
positive and negative operant response outcomes, and 2) whether divergent
reactivity to positive and negative outcomes distinguishes ex-smokers from current

smokers.

Results
Demographics

The groups did not significantly differ on age, years of education, verbal
intelligence, gender distribution or alcohol use history. The ex-smoker group had
been abstinent from nicotine, on average, 84.8 weeks (range: 52-180 weeks) at the
time of testing (see Table 1 in supplementary materials for a more detailed

description of group demographics).
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Behaviour

Figure 1a shows the mean MID accuracy (% “hits”) for the three conditions in
the three groups. A three (Group: Control vs. Ex-smoker vs. Smoker) by three
(Condition: Neutral vs. Loss vs. Gain) analysis of variance showed that there was a
significant effect of condition (F=5.6; df=111, 2; p<0.01), with greater accuracy on
loss compared to neutral (p<0.05) and gain compared to neutral (p<0.01) trials.
There was no effect of group (F=0.5; df=111, 2; p=0.6) and no condition X group
interaction (F=0.09; df=111, 4; p=0.99). Figure 1b shows the mean MID reaction
time (milliseconds) for the three conditions in the three groups. There was a
significant effect of condition (F=2.6; df=111, 2; p<0.05), with faster reaction time on
the gain compared to neutral (p<0.05) trials only. There was no effect of group
(F=1.4; df=111, 2; p=0.3) and no condition x group interaction (F=0.1; df=111, 4;

p=1.0).

-Insert Figure 1 about here-

Functional MRI

We collapsed across conditions (gain, loss, neutral) for each of the operant

response outcome types (“Hit” and “Miss”) separately, as we did not detect any

significant group differences on the conditions independently.

Positive operant response outcomes

There were five clusters that showed a group effect in the ROI mask,

comprising the anterior cingulate cortex (ACC: 733 voxels; x=4; y=14; z=26;
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Zsia=4.71; p<0.0001; smoker<control, p<0.0001gonferroni; €X-Smoker<control,
P<0.001gonterroni); right amygdala (353 voxels; x=20; y=-6; z=-20; Zsx=3.37; p<0.001;
smoker<control, p<0.001lgonferroni; SMoker<ex-smoker, p<0.0001gonferroni - FIg2A);
frontal pole (347 voxels; x=48; y=40; z=20; Zsx=5.38; p<0.001; smoker<ex-smoker,
P<0.05gonferroni); Middle frontal gyrus (MFG: 325 voxels; x=36; y=20; z=40; Zsa=7.23;
p<0.001; smoker<control, p<0.05gonferroni; SMoker<ex-smoker, p<0.001gonferroni —
Fig2C) and the left amygdala (153 voxels; x=-28; y=-10; z=-14; Zs=4.66; p<0.05;

smoker<control, p<0.01gonferroni; €X-smoker<control, p<0.05gonterroni - FIg2B).

-Insert Figure 2 about here-

Negative operant response outcomes

There were also five clusters that showed a group effect, comprising the ACC
(374 voxels; x=2; y=-4; z=32; Zx=5.07; p<0.0001; smoker<control, p<0.001gonferroni;
ex-smoker<control, p<0.001gonterroni — FIg3C); frontal pole (297 voxels; x=48; y=40;
z2=20; Zsa=4.12; p<0.0001; smoker<ex-smoker, p<0.001gonterroni); right amygdala
(194 voxels; x=22; y=-4; 2z=-22; Zsa=5.01; p<0.01; ex-smoker>control,
P<0.05gonferroni; €X-smoker>smoker, p<0.001gonferroni — Fig3A); orbitofrontal cortex
(OFC: 168 voxels; x=-24; y=28; z=-18; Zua=4.37; p<0.01; smoker<control,
P<0.05gonterroni - FIg3B) and the left inferior frontal gyrus (IFG: 157 voxels; x=-34;
y=26; z=20; Za=5.43; p<0.01; smoker<control, p<0.0001gonferroni; SMoker<ex-

smoker, p<0.01 gonferroni)-

-Insert Figure 3 about here-
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Correlations

There were several significant negative correlations between smoking
demographics in the smoker group, and their mean percentage BOLD change
(collapsed across the gain, loss and neutral conditions) during the outcome types.
FTND scores were negatively correlated with the mean BOLD signal change in the
MFG (r(13) =.-52; p<0.05 - Fig4A), with a trend for a negative correlation with ACC
BOLD signal change (r(13) =.-48; p<0.07), during positive operant response
outcomes. Cigarette pack-years was negatively correlated with ACC BOLD signal
change (r(13) =.-61; p<0.05 - Fig4B), with a trend for a negative correlation with right
amygdala BOLD signal change (r(13) =.-49; p<0.07), during negative response

outcomes. There were no significant correlations detected in the ex-smoker group.

-Insert Figure 4 about here-

Discussion

We compared activation changes elicited by operant response feedback
during a monetary incentive delay task in demographically matched controls, current
smokers and ex-smokers. Here we observed a pattern of shared and divergent
reactivity in smokers and ex-smokers, compared to controls, within corticolimbic
regions that track both positive and negative operant response outcome feedback.
Activation differences in some of these regions were also found to negatively
correlate with nicotine dependence and cigarette use in current smokers. The group

differences were also identified in the absence of group differences in behavioural
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performance, potentially discounting this as confounding the neural reactivity

differences observed during the operant response outcomes.

Reduced activation change during operant response outcomes in current smokers
This study observed that current smokers had significantly reduced activation
change in a number of corticolimbic regions during operant response outcomes.
Notably, there was a reduced response in the right amygdala and middle frontal
gyrus (MFG) during positive operant response outcomes compared to controls and
ex-smokers. There is evidence that the amygdala encodes stimulus value (Jenison
et al., 2011), responds to reward outcomes, (Ernst et al., 2005), and is involved in
salience processing (Belova et al., 2007; Pessoa et al., 2010). Amygdala
disturbances also play a role in addiction (Lesscher et al., 2012; See et al., 2003),
with our findings possibly suggesting a disturbance in this region in current smokers.
The MFG is also involved in representing and integrating reward information
(Watanabe et al.,, 2007), with evidence for diminished activation in addiction
populations (Ersche et al., 2005; Paulus et al., 2002), including smokers (Nestor et
al., 2011). The current study additionally revealed MFG attenuation in response to
positive operant response outcomes in current smokers that was also negatively

correlated with the level of reported nicotine dependence.

The current study showed that current smokers showed a reduced activation
change in the medial orbitofrontal cortex (OFC) compared to controls during
negative response outcomes. We previously reported (Nestor et al.,, 2016a) that
there were increased responses in a region of the lateral OFC, compared to

controls, in the same sample of current smokers and ex-smokers during both loss
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and gain (but not neutral) anticipation, suggesting some type of heightened
motivational drive during the expectancy of non-drug rewards. The present finding,
observed during negative operant outcomes, however, appears to suggest divergent
reactivity to anticipatory versus receipt phases of incentive processing in current
smokers - representing some type of disturbance in negative valence outcome
monitoring. Current smokers also showed a reduced activation change in the inferior
frontal gyrus (IFG) compared to both controls and ex-smokers during negative
response outcomes, pointing to disturbances in both ventral and dorsal cortical

regions in this group.

Reduced activation change during operant response outcomes in current smokers
and ex-smokers

This study reports that during both positive and negative operant response
outcomes, ex-smokers, and to a greater degree, current smokers, showed less
activation change in the anterior cingulate cortex (ACC). Disturbances in ACC
functioning have been reported in addiction (Goldstein et al., 2002; Peoples, 2002;
Volkow et al., 2002), that have been shown to extend into abstinence (Nestor et al.,
2016b). Interestingly, these differences were observed in the dorsal ACC (dACC)
region, known to be involved in motivation (Kouneiher et al., 2009) and also
prediction error signalling (Wallis et al., 2010). We also observed a reduced
activation change in the left amygdala during positive operant response outcomes in
current smokers and ex-smokers. The amygdala and dACC, interestingly, are also
connected (Beckmann et al., 2009), with the possibility that our findings represent
disruptions in dACC-amygdala connectivity in both current smokers and ex-
smokers. Significantly, the level of reported cigarette use (pack-years) in smokers

9
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was also found to significantly predict ACC attenuation during negative operant

response outcomes.

Increased activation during negative operant response outcomes in ex-smokers

The monitoring of one's behavioural outcomes during nicotine abstinence
may be especially important when there is a need to detect errors, particularly those
that might induce smoking relapse. The neural substrates of behavioural monitoring
in addiction may have implications for abstinence, as they may elucidate specific
adaptations that promote the control over addiction-related behaviours (Garavan et
al., 2005). Therefore, the ability of ex-smokers to remain abstinent may be related to
the amplified monitoring of performance errors. Here we report that in response to
negative operant response outcomes, ex-smokers demonstrated a significantly
greater activation change compared to smokers and controls in the right amygdala.
This was in contrast to the observed attenuation in the left amygdala during positive
operant response outcomes, where ex-smokers showed a similar effect to smokers.
This divergence in amygdala responding may suggest they exhibit a bias in the
tracking of negative valance outcomes. The amygdala does respond to negative
feedback (Klavir et al., 2013) and is involved in prediction error signalling (Meder et
al., 2016; Seymour et al., 2005a), which may be amplified in ex-smokers. This
amplification following smoking cessation may potentially contribute to nicotine
abstinence through heightened error encoding. These results may be seen as
tentatively pointing towards possible ex-smoker effects that need to be addressed in

a larger sample, and in a hypothesis-driven manner.

10
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Limitations of the current study involve small sample sizes, particularly in the
ex-smoker group, and the low-moderate nicotine dependency range in current
smokers. The relatively modest levels of dependency, for example, may curtail the
generalizability of the current findings to greater levels of nicotine dependence that
are reported in older adults. Our findings also represented group differences across
the conditions (e.g., gain hit, loss hit, neutral hit), as we were unable to detect any
group differences on the conditions independently. While the reported group
differences do make it difficult to disentangle the possible differential effects of
outcome in the conditions, a conflation according to valence may still exploit similar
processes during goal directed behaviour. There is evidence, for example, that
successfully avoiding an aversive outcome is associated with a similar neural profile
to being rewarded (Kim et al., 2006; Seymour et al., 2005b), with stimuli that signal
successful avoidance known to positively reinforce (Morris, 1975). This opponent
process may likewise be attributed to negative valence outcomes, where the
termination of a positive state would become aversive, and thus elicit a similar
neural response. Our results, however, still necessitate a cautious interpretation, as
we cannot unequivocally state how the valence outcomes on each condition

individually contributed to our reported group differences.

Conclusion

Despite the limitation of a small sample size, and the low-moderate nicotine
dependency, this study has provided some preliminary evidence for a pattern of
shared and divergent reactivity in current smokers and ex-smokers within
corticolimbic regions that track positive and negative operant response outcomes.

We propose that exaggerated processing in ex-smokers may promote long-term

11
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smoking cessation through amplified negative valence outcome monitoring, that

appears to remain disrupted in current smokers.
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Methods and Materials
Participants

For a more comprehensive description of the material and methods, please
see Nestor et al. (2016a), which used the same cohorts reported herein, to examine
differences in loss and reward anticipation. Briefly, 15 current cigarette smokers, 10
ex-smokers and 15 controls completed the study. A semi-structured interview, as
used in previous behavioural and functional imaging studies (Carey et al., 2015;
Nestor et al., 2016a) was conducted to screen participants for past or present
histories of psychiatric or neurological illness. Any potential participant describing
any major life-time psychiatric event or brain injury (e.g., head trauma resulting in a
loss of consciousness, seizure or stroke) or any familial psychiatric history (i.e.

sibling, parent or grandparent) was considered ineligible for the study.

12
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Current smokers were required to have regularly consumed tobacco (=10
cigarettes/day) for the previous 2 years in order to be eligible. Ex-smokers were
required to have regularly consumed tobacco (=10 cigarettes/day) for at least two
years, but be nicotine abstinent for at least 12 months at the time of testing. Control
participants were required to have never smoked cigarettes. Smoking abstinence in
ex-smokers and controls was confirmed by measuring expired carbon monoxide
(CO) in parts per million (ppm) during the screening process. Cigarette smokers
each smoked ad lib approximately 15 minutes prior to scanning in order to avoid the
potential confounds of withdrawal and/or craving on MID task performance. All
participants were right-handed as confirmed by the Edinburgh Handedness
Inventory (Oldfield, 1971) during the screening process. All participants completing
the study were neurologically normal (as confirmed by a registered radiologist who
examined each structural MRI). All research participants provided informed consent

and were financially compensated.

Questionnaires

The National Adult Reading Test (NART) (Nelson et al., 1978) was
administered to all participants during the screening procedure to assess verbal
intelligence, as was the Beck Depression Inventory (BDI) to assess mood (Beck et
al., 1996). Information concerning alcohol and drug use was obtained from all
participants using a questionnaire taken from the Addiction Severity Index Lite-CF
(McLellan et al., 1992). During the screening procedure, the Fagerstrom test of

nicotine (Heatherton et al., 1991) dependence (FTND) was administered to

13
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smokers. The FTND was also administered to ex-smokers, retrospectively, in order
to match their previous levels of nicotine dependence (when they were active
smokers) to current smokers. The rationale for this was to eliminate previous
dependency levels in ex-smokers as a potential contributing factor to neural
differences with smokers. The Shiffman-Jarvik smoking withdrawal questionnaire
(SIWQ) (Shiffman et al., 1976) and the urge to smoke (UTS) scale (Jarvik et al.,
2000) were also administered to smokers prior to scanning to assess craving and

withdrawal.

Monetary Incentive Delay Task (MID)

We used a “monetary incentive delay task” (MID), which was based on that
originally employed by Knutson (Knutson et al., 2001) and which we have previously
used to assess the neural correlates of reward processing in cannabis users (Nestor
et al.,, 2010) and smokers (Nestor et al., 2016a) — see Supplementary Figure 1.
While being scanned participants performed the MID task, during which they
anticipated potential monetary gain, loss or no potential monetary outcome. During
each trial, participants viewed one of three coloured squares (cue) that indicated the
potential to gain fifty cent (green square), lose fifty cent (red square) or experience
no financial outcome (blue square - here referred to as the neutral condition)
following their response to an upcoming visual target. Each cue was presented for a
variable duration (2-8 sec), after which participants made a button press response
upon the presentation of a visual target (star located within a circle). Participants
received feedback (1500 ms) following their response to the visual target, after
which there was an end fixation period (2-8 sec) before the commencement of the

next trial. Responses to the visual target falling within (“hits”) or outside (“misses”) a

14
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400ms response deadline received feedback appropriate for that particular trial. We
chose this 400 ms time frame in order to yield accuracy levels at ~50%, which would
serve to maintain the participant’s interest in the task. Therefore, participants had
four hundred milliseconds to respond to the visual target in order to be successful on
a gain, loss or neutral trial. There were a total of 27 trials in each condition (gain,
loss, and neutral), with each trial lasting between six and eighteen seconds. The
MID was composed of three runs, with each run lasting 340 seconds. The order of
trials within each run was randomised. Dependent measures derived from the data
included mean percentage accuracy and reaction time for the gain, loss and neutral
conditions. The task was programmed and run using E-Prime version 1.1

(Psychology Software Tools, Pittsburgh, USA).

Functional MRI (fMRI) Data Acquisition

All scanning was conducted on a Philips Intera Achieva 3.0 Tesla MR system
(Best, The Netherlands) equipped with a mirror that reflected the visual display,
which was projected onto a panel placed behind the participants’ head outside the
magnet. The mirror was mounted on the head coil in each participant’s line of vision.
Each scanning sequence began with a reference scan to resolve sensitivity
variations. A parallel sensitivity encoding (SENSE) approach with a reduction factor
of 2 was utilised for all T1-weighted image acquisitions (Pruessmann et al., 1999).
180 high-resolution T1- weighted anatomic MPRAGE axial images (FOV 230 mm,
thickness 0.9 mm, voxel size 0.9x0.9x0.9) were then acquired (total duration 325 s),
to allow subsequent activation localization and spatial normalization. Functional data
were acquired using a T2* weighted echo-planar imaging sequence collecting 32

non-contiguous (10% gap) 3.5 mm axial slices covering the entire brain (TE=35 ms,
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TR=2000 ms, FOV 224 mm, 64x64 mm matrix size in Fourier space). Functional

scans had a total duration of 340 s per run.

fMRI Data analyses
Data pre-processing and statistical analysis were conducted using FEAT
(fMRI Expert Analysis Tool) from the FMRIB Software Library (FSL 4.1.7,

www.fmrib.ox.ac.uk/fsl). Pre-statistical processing was as follows: motion correction

utilizing FMRIB’s Linear Image Registration Tool (MCFLIRT); non-brain matter
removal using Brain Extraction Tool (BET); spatial smoothing with a 6-mm full-width
half maximum Gaussian kernel; mean-based intensity normalization; nonlinear high-
pass temporal filtering (Gaussian-weighted least squares straight line fit, with sigma
= 25.0 sec). For each participant, first level whole-brain mixed-effects analyses were
performed by modelling, separately, the gain, loss and neutral positive (“hit”) operant
response outcome periods, and the gain, loss and neutral negative (“miss”) operant
response outcome periods (stick functions for each of the feedback period
regressors were convolved with the haemodynamic response function). First level
whole-brain mixed-effects analyses were also performed by modelling the MID
anticipation periods (i.e., gain, loss and neutral) as explanatory variables within the
context of the general linear model on a voxel-by-voxel basis (variable boxcar
functions for the anticipation period regressors were convolved with the
haemodynamic response function), the results of which have been previously
reported (Nestor et al., 2016a). The end fixation period of the task served as the
implicit baseline. Therefore, all reported differences between groups are for
activation changes versus the baseline period. Registration was conducted through

a two-step procedure, whereby EPI images were first registered to the high-
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resolution T1 structural image, then into standard (Montreal Neurological Institute,

MNI avgl52 template) space, with 12-parameter affine transformations.

As corticolimbic regions are critical neural substrates for the processing of
non-drug rewards in humans (Knutson et al., 2001; O'Doherty et al., 2001), with
evidence for both hypoactivity and hyperactivity to non-drug rewards in these
regions in addiction populations, including current smokers (Martin et al., 2014;
Nestor et al., 2016a; Sweitzer et al., 2014; Wilson et al., 2008), we took an a priori
region of interest (ROI) approach in our search for group differences during the
operant response outcomes. Here we restricted this search to the nucleus
accumbens (NAcc), amygdala, caudate, putamen, insula, inferior frontal gyrus, and
the anterior cingulate, dorsolateral and orbitofrontal cortices, bilaterally. These
regions were taken from the Harvard-Oxford cortical and subcortical structural atlas
and grouped together into one ROI mask. Higher-level between-group analyses
(one-way ANOVAs) were conducted using FLAME (FMRIB's Local Analysis of
Mixed Effects) collapsing across conditions (gain, loss, neutral) for each of the
operant response outcome types (“hit” and “miss”) separately. These analyses were
conducted as we did not detect any significant group differences on the conditions
independently. Significant clusters in this ROl mask of a priori regions were
determined by thresholding at Z>2.3 with a corrected cluster significance threshold

of p<0.05.

Other Statistics
For analyses conducted on the MID behavioural data, we performed three

(Group: Control vs. Ex-smoker vs. Smoker) by three (Condition: Neutral vs. LOSS vs.
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Gain) analyses of variance. For follow-up post hoc analyses on the mean BOLD
signal change from the ANOVA group effect clusters, we conducted Bonferroni pair-
wise comparisons to examine which groups significantly differed from one another.
Correlations between smoking demographics and mean BOLD signal change from
the zF-statistic clusters were assessed using Spearman's rho correlations. All these

analyses were conducted using the R statistical software package (2013).
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Figure 1. MID task performance in the control, ex-smoker and current smoker groups showing A) mean percentage accuracy which was greater on the Loss
compared to Neutral (*p<0.05) and Gain compared to Neutral (**p<0.01) trials; and B) mean reaction time which was faster on the Gain compared to Neutral
(*p<0.05) trials only. Data were analyzed using a 3 (Condition: Neutral vs. Loss vs. Gain) x 3 (Group: Control vs. Ex-smoker vs. Smoker) analysis of variance.
Data are expressed as means + SEM.
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Figure 2. Follow-up Bonferroni pairwise comparisons on the mean BOLD signal change scores within the group ANOVA zF-statistic clusters for positive operant response
outcomes in A) the right amygdala (***p<0.001 - smoker<control & smoker<ex-smoker; B) the left amygdala (*p<0.05 - ex-smoker<control; **p<0.01 - smoker<control);
and C) the right middle frontal gyrus (*p<0.05 - smoker<control; ***p<0.001 - smoker<ex-smoker). The scale represents the colour (from dark to light yellow) of the cluster
voxels corresponding to the increasing zF-statistic that came from the initial mixed effects one-way ANOVA. Data are expressed as the mean of the gain, loss, neutral
conditions + SEM.
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Figure 3. Follow-up Bonferroni pairwise comparisons on the mean BOLD signal change scores within the group ANOVA zF-statistic clusters for negative
operant outcomes in A) the right amygdala (*p<0.05 - control<ex-smoker; **p<0.01 - smoker<ex-smoker); B) the left orbitofrontal cortex (*p<0.05 -
smoker<control); and C) the right anterior cingulate cortex (**p<0.01 — smoker<control & ex-smoker<control). The scale represents the colour (from dark to
light yellow) of the cluster voxels corresponding to the increasing zF-statistic that came from the initial mixed effects one-way ANOVA. Co-ordinates are
represented in Montreal Neurological Institute (MNI) space. Data are expressed as means of the gain, loss, neutral conditions + SEM.


http://ees.elsevier.com/bres/download.aspx?id=1593140&guid=f5bb4af8-c866-44a8-a3f8-f53c1db69298&scheme=1

Figure 4
Click here to download Figure: Figure 4.docx

A. B.
0.6 1 0.6 1
[
~ ~ [
S S 0.4-7 ’
e 041 @ o
c c
2 ® o s L
O o 0.2 1
© e o ©
c c
o 0.27 o =)
2 g ° z ® o o
o) [a] 0.0 .
- -
o [ J o o
- 0.0 ¢ - ‘ o
= .01 c
o o o -0.27
s o = [
-0.2- -0.4 -
I I I 1 I 1 I 1 I 1
1 2 3 4 5 6 0.0 0.5 1.0 1.5
FTND Score Cigarette Pack Years (Log10)

Figure 4. Showing negative correlations in the current smoker group between A) Fagerstrom Test of Nicotine Dependence (FTND) and right middle frontal
gryus mean BOLD signal change for positive operant response outcomes (r(13) = -.52, p<0.05); and B) Cigarette Pack Years (Log10) and right anterior
cingulate cortex mean BOLD signal change for negative operant response outcomes (r(13) = -.61, p<0.05).


http://ees.elsevier.com/bres/download.aspx?id=1593141&guid=0fb52bc8-00e3-4ce9-b0db-341ef9088b42&scheme=1

Electronic Supplementary Material (online publication only)
Click here to download Electronic Supplementary Material (online publication only): Supplementary Figure 1.docx


http://ees.elsevier.com/bres/download.aspx?id=1593142&guid=1be9189b-9e27-47ac-955d-d1b84e159457&scheme=1

Electronic Supplementary Material (online publication only)
Click here to download Electronic Supplementary Material (online publication only): Supplementary Table 1.docx


http://ees.elsevier.com/bres/download.aspx?id=1593146&guid=b19725ff-4968-4283-a043-0de852f11436&scheme=1

