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Abstract

Nicotine dependence is a chronic and difficult to treat disorder. While environmental stimuli
associated with smoking precipitate craving and relapse, it is unknown whether smoking cues are
cognitively processed differently than neutral stimuli. To evaluate working memory differences
between smoking-related and neutral stimuli, we conducted a delay-match-to-sample (DMS) task
concurrently with functional magnetic resonance imaging (fFMRI) in nicotine dependent
participants. The DMS task evaluates brain activation during the encoding, maintenance, and
retrieval phases of working memory. Smoking images induced significantly more subjective
craving, and greater midline cortical activation during encoding in comparison to neutral stimuli
that were similar in content yet lacked a smoking component. The insula, which is involved in
maintaining nicotine dependence, was active during the successful retrieval of previously viewed
smoking vs. neutral images. In contrast, neutral images required more prefrontal cortex-mediated
active maintenance during the maintenance period. These findings indicate that distinct brain
regions are involved in the different phases of working memory for smoking-related vs. neutral
images. Importantly the results implicate the insula in the retrieval of smoking-related stimuli,
which is relevant given the insula’s emerging role in addiction.
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Introduction

Nicotine dependence is a major cause of preventable mortality leading to approximately
440,00 annual deaths in the United States (CDC, 2008). To address this health crisis, it is
critical to study factors maintaining nicotine addiction such as reactivity to smoking-related
cues, which can trigger craving and relapse (Caggiula et al., 2002). Smoking cue-reactivity
has been extensively studied by passively exposing nicotine dependent individuals to
smoking cues while evaluating brain reactivity using functional magnetic resonance imaging
(FMRI; Engleman et al., 2012; Franklin et al., 2007; Janes et al., 2010). Less clear are the
cognitive processes underlying smoking cue-reactivity, such as the memory for smoking
cues. Specifically, we focused on identifying differences in brain activity during working
memory for smoking and neutral stimuli. Using the standard working memory delay-match-
to-sample (DMS) task (LoPresti et al., 2008; Schon et al., 2004, 2008), nicotine dependent
participants were shown smoking-related and neutral images concurrently with fMRI. The
DMS task permits the assessment of brain activation during the encoding, maintenance, and
retrieval phases of working memory for smoking-related images and neutral images that
serve as a control condition.

The insula is one brain region we hypothesize to play a greater role in the recognition of
smoking vs. neutral stimuli due to this region’s role in nicotine dependence, memory, and
awareness of visceral states. The insula has been implicated in maintaining nicotine
dependence (Nagvi et al., 2007), as well as associations between visceral drug effects and
drug-related stimuli (Conteras et al., 2012; Forget and Le Foll, 2010; Janes et al., 2010).
Specifically, insula inactivation disrupts drug cue/drug effect associations leading to a
reduction in conditioned place preference (Conteras et al., 2012) and a reduction in cue-
induced nicotine self-administration (Forget and Le Foll, 2010). More broadly, the insula
has been implicated in various forms of memory (Xie et al., 2012, Levens and Phelps et al.,
2010 Ross and Slotnick, 2008, Miranda and Bermudez-Rattoni, 2007; Bermudez-Rattoni et
al., 2005; Bermudez-Rattoni and McGaugh, 1991) and the integration of affective states
with cognition (Wager and Feldman Barrett, 2005). The link between the insula and nicotine
dependence, drug/cue associations, and memory in general, suggests that the insula may
play a key role in smoking-related cognitive processes such as memory.

The insula was initially suggested to be part of the sensory system due to its involvement in
visceral and somatosensory functions (Penfield and Faulk, 1955; Mesulam and Mufson
1982). Since then, the insula’s participation in specific visceral processes was expanded to
include interoception, which Craig (2008, pg. 273) defines as “the ongoing status of all
tissues and organs of the body, including skin, muscle, and visera”. Thus, the insula plays a
more global role in all bodily feelings ranging from sensations linked to cardiovascular
function (Critchley et al., 2004) to more complex sensations related to emotion (Craig, 2008,
2002) and the desire to smoke (Naqvi et al., 2007). The insula’s link with interoception in
general suggests that this region may facilitate memory for stimuli associated with a range
of visceral states including stimuli related to the visceral effect of nicotine. While this
research focuses on the insula, the current study also allows for the identification of
additional brain regions that may preferentially play a role in the memory for smoking
stimuli.
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Eighteen nicotine-dependent smokers (8 men/10 women, 2 Left-handed) between the ages
of 18-33 completed all study measures at the McLean Imaging Center of McLean Hospital.
Inclusion criteria included: reported smoking = 10 cigarettes/day over the past 6 months and
were moderately to heavily nicotine dependent as measured by the Fagerstrom test for
nicotine dependence (FTND; Fagerstrom, 1978). Participants were assessed by the
Structured Clinical Interview for DSM (SCID) and met criteria for current nicotine
dependence. Potential participants were excluded if they had a lifetime diagnosis of the
following conditions: organic mental disorder, bipolar or unipolar depression, or
schizophrenia spectrum disorder. Participants were excluded for current substance use
disorder other than nicotine dependence. Smokers also were excluded for pregnancy, current
psychotropic drug use, recent drug use or excessive alcohol use. Participants were recruited
using online advertisements and fliers posted in the Boston metropolitan area. All
participants provided both verbal and written informed consent prior to participating in the
study and the institutional review board at McLean Hospital approved this study.

Participant Assessments

Lifetime tobacco use was assessed by pack-years (packs of cigarettes smoked per day x
years as a smoker), while smoking was measured by expired carbon monoxide (CO; Micro
Smokerlyzer 11, Bedfont Scientific Instruments) immediately prior to scanning.

Functional Neuroimaging

Scans were acquired on a Siemens Trio 3 Tesla scanner (Erlangen, Germany) with a 32-
channel head coil. Multiplanar rapidly acquired dual echo gradient-echo structural images
used the following parameters (TR = 2.1's, TE 3.3 ms, slices = 128, matrix = 256 x 256, flip
angle = 7°, resolution = 1.0 mm x 1.0 mm % 1.33 mm) and gradient echo echo-planar
images were acquired using the following parameters (TR =2 s, TE = 30 ms, matrix = 64 x
64, flip angle = 75°, 37 3.5 mm slices with a 0.35mm gap). To standardize the time since a
cigarette was last smoked, all participants smoked one of their own cigarettes immediately
following the informed consent. MRI scanning began approximately 1.5 h after smoking.

Delay Match to Sample Task

The delay-match-to-sample task is a standard working memory task, which followed a
design similar to our previous work (LoPresti et al., 2008; Schon et al., 2004, 2008). During
the DMS task, participants were shown a sample image (2 s), followed by a 10 s delay, and
then a test image (2 s). Consistent with our prior work (LoPresti et al., 2008; Schon et al.,
2004, 2008), the duration of the delay period was kept fixed as different delay lengths result
in different activation patterns (Elliot and Dolan, 1999). Using a fiber optic response button
box, participants were asked to determine whether the test image matched or did not match
the sample image. Responses were recorded during the test image presentation. Each trial
was separated by a jittered inter-trial interval (IT1) that ranged from 6 — 14 s, at 2 s intervals
with an average of 10 s (Fig. 1). During fMRI scanning, participants performed the DMS
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task with 6 runs comprised of 16 trials each. During each run half of the trials were the
match condition and the other half were the non-match condition. Match and non-match
trials were equally divided into smoking or neutral image types such that in each run there
were 4 smoking match, 4 smoking non-match, 4 neutral match, and 4 neutral non-match
trials with a total of 24 of each trial type presented across the 6 runs. Prior to scanning,
participants viewed the directions for the task and performed a practice version of the task
during which only neutral images were used; these neutral images were not subsequently
displayed during the in-scanner task. Smoking and neutral images were comprised of images
from various sources including the International Smoking Image Series (Gilbert and
Rabinovich, 1999) and those used in our prior work (Janes et al., 2010) and by Kober et al.,
2010. To control for visual characteristics all images were converted to gray scale. The
smoking images represented people smoking, hands holding cigarettes, and items such as
cigarettes. The neutral images, which lacked the smoking element, were matched for content
and included images of people, hands holding objects such as paintbrushes, and items such
as pens. Except in the case of match trials, where the sample and target images were
identical, each image shown during the DMS task was novel. Seventy-two unique smoking
and seventy-two unique neutral images were shown during the DMS task. The DMS task
was presented using E-prime 2.0 software (Psychology Software Tools) and data on
behavioral performance (accuracy and reaction time) were collected.

fMRI preprocessing

Analysis of fMRI data was conducted with FSL 4.1.9 (FMRIB Software Library; Analysis
Group, FMRIB; Oxford, UK www.fmrib.ox.ac.uk/fsl). Within FSL, preprocessing was
implemented using FEAT 5.98 (FMRI Expert Analysis Tool) using the following steps:
motion correction using MCFLIRT, slice time correction using Fourier-space time series
phase-shifting, spatial smoothing (6mm full with half max), non-brain removal using the
brain extraction tool (BET) and high pass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with sigma = 50 s). Image registration was first carried out using
FMRIB’s Linear Image Registration Tool (FLIRT) and further refined using FMRIB’s
Nonlinear Image Registration Tool (FNIRT). Images were warped to Montreal Neurological
Institute atlas (MNI) space and resampled to 2 mm isotropic voxels.

fMRI data analysis

Included in the general linear model at the first level of analysis were ten regressors, each
convolved with a gamma hemodynamic response function, corresponding to sample, delay,
ITI, test match, and test non-match periods for the smoking and neutral conditions. Only the
test periods were divided into match or non-match conditions, as participants were unable to
predict whether a trial was a match or non-match condition prior to the test phase. Sample,
delay, and ITI regressors were constructed using boxcar functions of length equal to the
duration of the event. Test regressors were modeled as boxcars of length equal to the
participant’s reaction time for that specific trial. Confound regressors were also included to
remove incorrect trials (omission and commission), to model motion effects using 6 motion
regressors, and to remove data spikes.
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Contrasts were created between the smoking and neutral image conditions at the sample,
delay, test match and test non-match periods. Memory encoding activity was equated with
the sample period while maintenance and retrieval activity were equated with the delay
period and test period respectively. First level results were combined (across runs) using a
second level fixed effects analysis. Results averaged over each run for each subject where
analyzed at the third level (group) using a mixed model. At the group level, multiple
comparisons were corrected to p < 0.05 using a cluster-based threshold across the entire
brain Z = 2.3 (Worsley et al, 2001).

Subjective Image Ratings

Results

Following scanning, participants were again shown the smoking and neutral images and
were asked to rate them on three measures. Each image was evaluated on a 5-point scale for
affective valence, arousal, and craving. Subjective ratings for the average of all smoking vs.
neutral images were compared using repeated measures ANOVA followed by post-hoc
paired t-tests.

Participant Demographics

Participants were 25.06 + 4.75 (mean + standard deviation) years old with 15.22 + 2.08
years of education. Participants had moderate to high nicotine dependence as measured by
the FTND (6.27 = 1.02) and 6.38 + 4.69 pack-years of tobacco cigarette use. Prior to
scanning participants had expired CO levels at 25.67 + 13.11 ppm, confirming recent
cigarette use.

Delay match to sample behavioral performance

On average across all trial types, subjects performed at or near ceiling (0.95 + 0.07 accuracy,
Table 1). Repeated-measures ANOVA on mean accuracy showed no main effect of image
type, but did reveal a significant effect of test condition (F = 4.8, p < 0.05), and an
interaction of image type and test condition (F = 9.6, p < 0.01). Post hoc analysis revealed
that smokers were significantly less accurate when performing the smoking image non-
match condition relative to the neutral image non-match condition (t (17) = 3.3, p < 0.01) and
relative to the smoking test match condition (t (17) = 2.3, p < 0.05). However, while subjects
performed significantly worse on the smoking non-match condition, their average accuracy
was still high for this trial type (0.92 + 0.01). There was no influence of image type
(smoking/neutral) or test condition (match/non-match) on reaction time.

Subjective image ratings

There was a significant main effect of image type (smoking/neutral, F = 7.2, p < 0.01) and
rating type (affect/arousal/craving, F = 12.7, p < 0.01) and an interaction between image and
rating (F = 21.1, p < 0.001). Post hoc t-tests revealed that participants reported significantly
greater levels of cigarette craving when viewing smoking vs. neutral images (t (17)=7.1, p<
0.0001). Subjective ratings for affect and arousal did not differ between smoking and neutral
images.

Addict Biol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Janes et al. Page 6

Functional Magnetic Resonance Imaging Results

DMS Encoding Period—During the sample period, significant activation was clearly
evident for the smoking > neutral contrast in cortical midline structures including the medial
prefrontal cortex (mPFC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC),
and precuneus. Activation was also found bilaterally in the frontal pole, extrastriate cortex
and temporal gyrus, the right IFG and the cerebellum. (Fig. 2., Table 2, pgorrected < 0.05). No
significant activation was revealed for the neutral > smoking contrast during encoding.

DMS Maintenance Period—Memory maintenance was assessed during the delay period,
which revealed that there was significant activation for the neutral > smoking contrast in
bilateral ventrolateral (VLPFC) and right dorsolateral prefrontal cortex (DLPFC) and right
putamen (Fig. 2., Table 2, peorrected < 0.05). No significant activation was apparent for the
smoking > neutral contrast during maintenance.

DMS Test Period—During the test period significant activation was found during the
smoking > neutral match contrast in the left insula extending into the inferior frontal gyrus
(IFG, Fig. 2., Table 2, peorrected < 0.05). No activation occurred during retrieval for the
neutral > smoking match contrast Additionally, no significant differences in activation were
found when comparing the smoking > neutral non-match condition.

Discussion

Supporting the insula’s role in the memory for smoking-related stimuli, the insula was
significantly more activated during the recognition of smoking vs. neutral images. Our
findings also indicate that drug-related and neutral memory processes differ as distinct
patterns of brain activity were observed during encoding, maintenance, and retrieval for
smoking vs. neutral stimuli. The smoking vs. neutral contrast revealed that greater brain
activity was present during encoding and retrieval whereas the maintenance phase was the
only period where the neutral vs. smoking contrast resulted in heightened brain activity.

Insula activity during recognition of addiction-related images

During the target match period for smoking-related versus neutral images, the left insula
extending into the adjacent IFG was more active. Specifically, both mid and anterior regions
of the insula were more active for the recognition of smoking images. Mid-regions of the
insula receive interoceptive information about the physical condition of the body, which is
then passed to more anterior sub-regions (Craig, 2008) to be used in higher-order processes
such as affect and cognition (Craig, 2008, Wager and Feldman Barrett, 2005). We suggest
the insula plays a greater role in memory for smoking-related vs. neutral images due to the
interoceptive states induced during the retrieval of smoking cues. In the current study,
smokers reported experiencing significantly more craving when viewing smoking vs. neutral
images. According to the somatic marker theory of addiction, cue-induced craving is
experienced due to the recall of drug-related interoceptive states, which are partly mediated
by the insula (Verdejo-Garcia and Bechara, 2009; Naqvi and Bechara, 2009).

Addict Biol. Author manuscript; available in PMC 2016 March 01.
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One possibility is that smoking cue-induced interoception leads to relatively more insula
involvement in smoking image recognition. The insula may aid interoceptive memory as this
brain region integrates internal states with external cognitive task demands (Farb et al.,
2012; Gu et al., 2013). Specifically, interoceptive states evoked by smoking-related images
may provide internal information that guides retrieval when a cue is externally presented a
second time as in the case of the target match condition. In fact, individuals who are more
aware of their internal states have an easier time remembering previously viewed affective
images. These same individuals do not show memory facilitation for neutral stimuli
(Pollatos and Schandry, 2008), suggesting that memory recognition is facilitated by the
internal states associated with specific stimuli.

During recognition of smoking vs. neutral images, the left but not right insula was
significantly active. While the bilateral insula has been implicated in nicotine dependence
(Naqvi et al., 2007; Janes et al., 2010), the left insula is beginning to emerge as playing a
more prominent role in nicotine dependence. Not only does the left insula of smokers have
larger gray matter density in comparison to non-smoker controls (Zhang et al., 2011), but
also an fMRI meta-analysis indicated that smoking cues result in consistent left insula
activity (Engleman et al., 2012). In relation to memory, the left insula is expressly involved
in matching a target image with a previously viewed image, but does not activate to simple
image repetition where recall is not required (Jiang et al., 2000). Finally, a meta-analysis
showed left lateralized insula activity during working memory (Wager and Smith et al.,
2003). Taken together these studies implicate the left insula in both smoking cue-reactivity
and recognition memory when sample and target images match. The current findings expand
the insula’s role to include memory retrieval of smoking-associated stimuli, which is inline
with preclinical work implicating the insula in memory for drug-cue associations (Contreras
etal., 2012).

During the test phase of the non-match condition, no brain activity differences were found
between smoking and neutral cues, indicating that similar strategies may have been used to
correctly identify novel images regardless of cue type. Insula activity during the smoking vs.
neutral match, but not non-match, condition is consistent with the finding that awareness of
somatic states leads to better recognition of previously viewed affective images, but not
neutral memory or correct rejections (Pollatos and Schandry, 2008).

Neutral memory relies on active maintenance

During the neutral vs. smoking delay contrast more activity was found in the DLPFC and
VLPFC, which play a primary role in actively maintaining the memory of stimuli across a
delay (Levy and Goldman-Rakic, 2000; Schon et al., 2008; Smith and Jonides, 1999;
Courtney et al., 1997; Owen et al., 2005; Wager and Smith, 2003; Curtis and D’Esposito,
2003). The putamen also was active during this contrast, which is consistent with other
reports of putamen activation during memory maintenance (Cairo et al., 2004). While the
insula facilitates memory retrieval for stimuli that induce craving, successful recall of
neutral memory may depend more on PFC-mediated active maintenance over the delay
period, suggesting that different brain-related processes are used for addiction-related vs.
neutral working memory. Alternatively, craving induced by smoking stimuli may have made
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it more difficult for participants to maintain neutral memory as craving may tax working
memory (Hoffman et al., 2012). Thus, due to cigarette craving induced by exposure to
smoking stimuli, participants may have required additional PFC resources to maintain
neutral memory during the delay period.

Addiction-related images encoded as self-referential

Enhanced brain activity, primarily in cortical midline brain regions, was found during
encoding of smoking vs. neutral images. These cortical midline brain areas show strong
overlap other smoking cue-reactivity work (Engelman et al., 2012) and with patterns of
brain activity reported during self-referential processing (Heatherton et al., 2006, Macrae et
al., 2004, Moran et al., 2006, Northoff et al., 2006), which facilitates memory for stimuli
particularly relevant to the individual (Rogers et al., 1977; Fossati et al., 2004; Gutchess et
al., 2007; Turk et al., 2008). While the network of cortical midline structures is collectively
linked in self-referential processing, the mPFC specifically is implicated in the facilitation of
self-referential memory (Macrae et al., 2004). Medial PFC activation during encoding
predicts self-related memory (Macrae et al., 2004). Critically, mPFC damage abolishes the
ability of self-reference to enhance memory (Philippi et al., 2012). In relation to the current
findings, activation of cortical midline structures, and the mPFC in particular, suggests that
nicotine dependent individuals encode smoking images as self-referential. While plausible,
this interpretation requires independent confirmation.

Unfortunately, it is not possible to directly determine the mPFC’s contribution to successful
recognition of smoking cues using behavioral performance on the DMS task because
participants performed at or close to ceiling levels of accuracy when recalling both stimuli
types. While the current DMS task was designed to maximize the number of correct trials to
investigate brain activity differences between stimuli, future research involving more
difficult variations of the DMS task could test whether brain regions associated with self-
reference contribute to a memory advantage for smoking cues. However, we suggest that
smoking cues may be more effectively encoded relative to neutral cues given that greater
DLPFC and VLPFC activation was needed to maintain neutral vs. smoking memory. Future
research involving larger sample sizes also may be beneficial to determine whether
additional variables such as sex and smoking history impact memory for smoking stimuli.

Conclusions

The present results offer strong evidence that different brain areas are engaged during
working memory for smoking-related images. When smoking images are presented to
smokers, they are encoded as self-relevant, require less active maintenance across a delay,
and may rely on insula mediated internal states for their successful recognition. Our
previous work showed that insula reactivity to smoking stimuli was highest in relapse
vulnerable smokers (Janes et al., 2010). Combined with the current finding we suggest that
the insula’s involvement in retrieval of addiction-associated stimuli may facilitate relapse
vulnerability, which is in line with the somatic marker theory of addiction (VVerdejo-Garcia
and Bechara, 2009; Naqgvi and Bechara, 2009).
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MATCH?

ITI
6-14s

Fig 1.

Dglay match to sample task. During fMRI, participants were instructed to remember an
image over a 10 second delay. Participants were then asked to determine whether the image
shown during the Test period matched or did not match the image shown during the sample
period. Each block of image presentations was separated by a variable-length ITI. As the
image types could either be smoking or neutral there were four conditions; 1) smoking
match, 2) smoking non-match (as depicted in the figure), 3) neutral match, 4) neutral non-
match.
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Smoking > Neutral: Encoding

Fig 2.

Tc?p Panel Smoking > Neutral Encoding: Greater fMRI reactivity in midline cortical
structures during the encoding phase of smoking vs. neutral memory. Middle Panel Neutral
> Smoking Maintenance: Smokers have greater fMRI reactivity in the VLPFC and DLPFC
during the maintenance neutral vs. smoking memory. Bottom Panel Smoking > Neutral
Retrieval: Greater fMRI activity in the left insula and IFG during the test (retrieval) period.
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Delay-match-to-sample behavioral performance. Each trial type is listed followed by the mean + standard
deviation for accuracy and reaction time in ms. Smokers performed significantly worse on the non-match

smoking relative to the non-match neutral and match smoking trials.

Trial Type

Match Neutral
Match Smoking
Non-Match Neutral
Non-Match Smoking

Accuracy

Reaction Time (ms)

0.95 +/- 0.06
0.95 +/-0.08
0.97 +/-0.07
0.92 +/-0.01

880.7 +/- 149.8
867.1 +/- 164.9
885.5 +/- 165.6
891.7 +/-194.4
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