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Abstract

Rationale—While nicotine addiction is characterized by both structural and functional
abnormalities in brain networks involved in salience and cognitive control, few studies have
integrated these data to understand how these abnormalities may support addiction.

Objectives—(1) To evaluate grey matter density and functional connectivity of the anterior
insula in cigarette smokers and never-smokers and (2) characterize how differences in these
measures related to smoking behavior.

Methods—We compared structural MRI (grey matter density via voxel-based morphometry) and
seed-based functional connectivity MRI data in 16 minimally deprived smokers and 16 matched
never-smokers.

Results—Compared to controls, smokers had lower grey matter density in left anterior insula
extending into inferior frontal and temporal cortex. Grey matter density in this region was
inversely correlated with cigarettes smoked per day. Smokers exhibited negative functional
connectivity (anti-correlation) between the anterior insula and regions involved in cognitive
control (left lateral prefrontal cortex) and semantic processing / emotion regulation (lateral
temporal cortex), whereas controls exhibited positive connectivity between these regions.

Conclusions—There were differences in the anterior insula, a central region in the brain’s
salience network, when comparing both volumetric and functional connectivity data between
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cigarette smokers and never smokers. Volumetric data, but not the functional connectivity data,
was also associated with an aspect of smoking behavior (daily cigarettes smoked).

Keywords
salience; executive function; nicotine addiction; functional connectivity; voxel-based morphometry

Introduction

Dysfunction in brain systems mediating salience is critical for the development of
addictions, including nicotine addiction. The anterior insula is the primary node of the
salience network (Menon and Uddin, 2010; Seeley et al., 2007). The salience network
interfaces with cognitive control neurocircuitry, including lateral prefrontal cortex (PFC), to
control interpretation of internal biological and external environmental cues, including
emotional responses and associated goal-directed behaviors (Buhle et al., 2013; Kalivas and
Volkow, 2005; Whitney et al., 2011). Abnormalities have been reported in both the structure
and functional architecture of cigarette smoker’s brains in these areas, even when at rest and
not engaged in goal-directed behavior (Brody et al., 2004; Clewett et al., 2014; Gallinat et
al., 2006; Janes et al., 2012; Kuhn et al., 2012; Lerman et al., 2014; Morales et al., 2014;
Sutherland et al., 2013a; Sutherland et al., 2013b; Sutherland et al., 2012; Zhang et al.,
2011a; Zhang et al., 2011b).

Previous structural (volumetric, diffusion-tensor imaging) and functional connectivity MRI
studies have found abnormalities in several other brain regions and networks, in addition to
anterior insula and lateral PFC, implicated in nicotine addiction, including, but not limited
to, brain stem structures (e.g., ventral tegmental area), thalamus, striatum, areas of cortex
(e.g., ventromedial PFC, anterior cingulate cortex), and cerebellum (see Goriounova and
Mansvelder, 2012; Pan et al., 2013; Schuman-Olivier et al., 2014; Sutherland et al., 2012 for
recent a meta-analysis and reviews). These different brain regions and networks have been
shown to relate to different aspects of smoking behavior, most commonly lifetime exposure
to nicotine and severity of nicotine dependence. However, there is considerable variability
across studies, both in the brain regions and networks that differentiate smokers from non-
smokers and in the brain-smoking behavior relationships observed within smokers (see
Franklin et al., 2014 and Sutherland et al., 2012 for further discussion of this issue).

Most human functional connectivity magnetic resonance imaging (MRI) studies in tobacco
smokers have focused on effects within the default mode network and its interactions with
other regions/networks, e.g., (Cole et al., 2010), with 4.5 — 24 hours of abstinence, when
withdrawal symptoms may influence brain function, e.g., (Hong et al., 2009; Lerman et al.,
2014; Sutherland et al., 2013b), or using data-driven analytic approaches (e.g., Independent
Component Analysis) to explore large-scale network properties that do not provide the
spatial localization of hypothesis-driven seed-based functional connectivity analysis, e.g.,
(Breckel et al., 2013; Janes et al., 2014). Only one published multimodal neuroimaging
study to date compared combined structural (voxel-based morphometry and diffusion-tensor
imaging) and resting state fMRI in smokers and non-smokers (Zhang et al., 2011b). In this
study, there were differences in several PFC brain networks that correlated with smoking
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cue-induced brain function; however, there was convergence on one particular region,
dorsolateral PFC, which emerged when combining both the structural and functional data
(Zhang et al., 2011b). This highlights one potentially important role for multi-modal
neuroimaging studies: structural data can be used to inform which brain region(s) to select
as seed regions for brain activation and connectivity studies that can address questions about
function and the relationship to processes of relevance to addiction.

In this study, we collected structural and resting state functional MRI data to investigate
differences in brain structure (grey matter density, using voxel-based morphometry or VBM)
and functional connectivity (using a region-of-interest, seed-based approach) in never-
smokers and minimally-deprived (~1 hour abstinent) cigarette smokers. We correlated these
brain measures with smoking behavior (lifetime exposure to nicotine and severity of nicotine
dependence) in cigarette smokers. We used an exploratory, whole-brain approach to identify
regional clusters in the structural MRI data where there were group differences between
smokers and never-smokers to guide selection of regions of interest (ROISs) for the functional
connectivity analyses (see the Materials and Methods section for further details). We
expected to find differences in brain structure and functional connectivity between smokers
and never-smokers in networks, like the salience network, that may underlie the high
motivational potency and salience of nicotine and control of smoking behavior through this
mechanism.

Materials and Methods

Participants

Thirty-two participants (16 non-deprived, non-treatment-seeking cigarette smokers and 16
never-smoking control participants) were included in the study (see Table 1 for participant
characteristics). Data for control participants was selected from healthy controls from an
existing dataset (Doehrmann et al., 2013). Participants were selected for inclusion in the
study such that there were no group differences in age, gender, or education (all ps>.1).
Participants in the never-smoking, control group responded ‘no’ to the question: ‘Have you
ever smoked cigarettes?’. Data collection occurred on the same MRI machine during a
similar time period for both groups and the protocols for MRI data acquisition and analysis
were identical. Eligible participants were aged 18-55 years, right-handed, and had normal or
corrected-to-normal visual acuity. Exclusion criteria included inability to speak or
understand the English language; being pregnant; serious unstable medical illness;
cerebrovascular or cardiovascular illness; lifetime history of psychiatric disorder,
developmental disability, or substance use disorder other than nicotine or caffeine in the past
12 months per Structured Clinical Interview for the DSM-IV (SCID) (First, 2007). Smokers
were enrolled if they reported smoking an average of >10 cigarettes/ day for at least the past
6 months and had expired CO >10 ppm at screening, reported no smoking cessation plan
within the next 30 days, and had normal affect by self report (positive affect > 12.5 and
negative affect < 29.1) on the Positive and Negative Affect Scale; PANAS (Watson et al.,
1988). Participants were recruited via online advertisements and flyers in the greater Boston
area and provided written informed consent prior to study procedures, which were approved
by the Massachusetts General Hospital and Massachusetts Institute of Technology
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institutional review boards in accordance with the ethical standards established by the 1964
Declaration of Helsinki.

Imaging procedures

Scanning procedures were conducted at the Martinos Imaging Center at the Massachusetts
Institute of Technology. Scanning began approximately 1 hour after participants arrived at
the center. Upon arrival, participants in the smoking group were monitored while they
smoked a cigarette prior to beginning study activity to standardize the time since last
cigarette. Data were acquired on a 3T TrioTim Siemens scanner using a 32-channel head
coil. First, T1-weighted whole brain anatomical images (MPRAGE sequence, 256x256
voxels, 1x1.3-mm in-plane resolution, 1.3-mm slice thickness) were collected. Participants
then underwent a resting functional MRI scan of 6.2 min with the instructions “relax and
keep your eyes open and fixated on the crosshair”. Resting images were obtained in 67 2-
mm thick transverse slices, covering the entire brain (interleaved EPI sequence, T2*-
weighted images; repetition time = 6 s, echo time = 30 ms, flip angle = 90, 67 slices with
2x2x2 mm voxels). Online prospective acquisition correction (PACE) was applied to the EPI
sequence.

Voxel-based morphometry analysis

\oxel-based morphometry (VBM) analysis was performed using the default approach
implemented in the VBMB8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) within SPM8
(http://www.fil.ion.ucl.ac.uk/spm/) running on MATLAB R2010b (Mathworks). The VBM8
toolbox steps include bias correction, tissue classification and affine registration. The affine
registered grey matter (GM) and white matter (WM) segmentations were used to build a
customized DARTEL (diffeomorphic anatomical registration through exponentiated lie
algebra) template (Ashburner, 2007). Then warped GM and WM segments were created.
Modulation was applied in order to preserve the volume of a particular tissue within a voxel
by multiplying voxel values in the segmented images by the Jacobian determinants derived
from the spatial normalization step. Finally, images were smoothed with a full-width half-
maximum kernel of 8 mm. Whole-brain, independent-samples t-tests were used to compare
GM density between smokers and non-smokers. The resulting maps were thresholded using
a height threshold of p<.001, and an extent threshold of FWE-corrected p < 0.05) combined
with a nonstationary smoothness correction (cluster extent = 768; (Hayasaka and Nichols,
2004)).

fMRI data preprocessing

Functional data were slice-time corrected, realigned and resliced, and smoothed with a 6-
mm kernel in SPM8 (Wellcome Department of Imaging Neuroscience, London, UK; http://
www.fil.ion.ucl.ac.uk/spm). NMormalization:. cortical reconstruction and parcellation of the
anatomical images was performed with FreeSurfer, v5.1.0 (Dale et al., 1999), the accuracy
of which was verified manually via visual inspection. FreeSurfer and FSL, v5.0 (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/) were used to coregister participants’ mean functional and
high-resolution anatomical images. These tools were also used to create an anatomical mask
consisting of intracranial voxels only for subsequent fMRI analyses. The functional and
structural data were then normalized to MNI space using Advanced Normalization Tools
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(ANTS) v.1.9.y (Avants et al., 2009). First, a custom group template was created from each
subject’s structural image. Next, the custom group template was normalized to the MNI1152
1 mm T1 template from FSL (Smith et al., 2004). Finally, the functional data were warped to
the custom group template in MNI space (for normalization details, see (Perrachione and
Ghosh, 2013)). This approach to normalization led to superior registration results (i.e., better
localization of function and larger effects sizes) when compared to a standard normalization
routine in SPM8 on an independent dataset (data not shown).

Head motion and artifact detection

Participant head motion, as measured by the mean translation in X, y, z directions, did not
differ between smokers (mean = .24mm + .11) and controls (mean = .23mm £ .16; p = .814).
To address the spurious correlations in resting-state networks caused by head motion across
participants, we identified problematic time points during the scan using Artifact Detection
Tools (ART, http://www.nitrc.org/projects/artifact_detect/). Specifically, an image was
defined as an outlier (artifact) image if the head displacement in X, y, or z direction was
greater than .5mm from the previous frame, or if the rotational displacement was greater
than .02 radians from the previous frame, or if the global mean intensity in the image was
greater than 3 standard deviations from the mean image intensity for the entire resting scan.
The number of outlier images did not differ between smokers (mean = 1.00 + 1.75) and
controls (mean = 1.44 + 3.14; p = .630). Outlier images were modeled in the first level
general linear model (GLM). Each outlier was represented by a single regressor in the GLM,
with a 1 for the outlier time point and 0 elsewhere.

Functional connectivity analysis

Functional connectivity analysis was performed using a seed-driven approach with in-house,
custom software “CONN” (Chai et al., 2012; Whitfield-Gabrieli and Nieto-Castanon, 2012).
We created an ROI mask in SPM8 from the grey matter cluster primarily in left anterior
insula extending into inferior frontal and lateral temporal cortices that differentiated smokers
from never-smokers based on the VBM analysis (details in the Results section below). Given
the inconsistency in the literature with respect to the role of laterality of insula structure/
function in nicotine addiction (Sutherland et al., 2013a; Zhang et al., 2011a), we also created
bilateral anterior insula ROIs as 5x5x5 mm?3 cubes centered at voxel locations described by
Cauda and colleagues (Cauda et al., 2011) (Fig. 2).

Physiological and other spurious sources of noise were estimated and regressed out using the
anatomical CompCor method (aCompCor; (Behzadi et al., 2007)). Global signal regression,
a widely used preprocessing method that mathematically introduces negative correlations
(Murphy et al., 2009), was not used. The anatomical image for each participant was
segmented into white matter (WM), grey matter, and cerebrospinal fluid (CSF) masks using
SPMB8. To minimize partial voluming with grey matter, the WM and CSF masks were eroded
by one voxel, which resulted in substantially smaller masks than the original segmentations
(Chai et al., 2012). The eroded WM and CSF masks were then used as noise regions of
interest (ROI). Based on previous results (Chai et al., 2012), five principal components of
the signals from WM and CSF noise ROIs were removed with regression. Previous results
showed that a CompCor signals were considerably different from the global signal, as
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regressing out higher order principal components of the global signal diminished both
positive and negative correlations whereas regressing out aCompCor signals resulted in
stronger anticorrelations and eliminated spurious correlations (Chai et al., 2012). A temporal
band-pass filter of 0.009 Hz to 0.08 Hz was applied to the time series. Residual head motion
parameters (3 rotation and 3 translation parameters, outliers identified by ART, plus another
6 parameters representing their first-order temporal derivatives) were regressed out.

First-level correlation maps were produced by extracting the residual blood oxygen level—-
dependent (BOLD) time course from each seed and computing Pearson’s correlation
coefficients between that time course and the time course of all other voxels. Correlation
coefficients were converted to normally distributed z-scores using the Fisher transformation
to allow for second-level General Linear Model analyses. For these analyses, we used the
time courses for three seed regions: the VBM-based left anterior insula ROI and the bilateral
anterior insula ROIs from (Cauda et al., 2011). To examine differences in connectivity
between groups, first-level connectivity maps from each seed for each participant were
entered into a group-level whole-brain Analysis of Covariance (ANCOVA) models with grey
matter density values from the cluster that differentiated groups from the VBM analysis (left
anterior insula extending into lateral prefrontal and temporal cortices) and total intracranial
volume (TIV) as covariates in two independent ANCOVA models. We included regional
grey matter density and TIV as covariates in these analyses in order to determine whether
regional and/or global structural MRI differences account for significant variance in the
models when functional connectivity is compared between groups. In all analyses, reported
clusters survived a height threshold of uncorrected p < .05, and an extent threshold of FWE-
corrected p < .05 at the cluster-level. Due to the modest sample size in each group, we also
used data simulation to test the reliability of our results via bootstrapping (resampling with
replacement) to test the reliability of any group differences in VBM or functional
connectivity with the anterior insula (and adjacent structures) seeds (Supplementary
Information).

Pearson product-moment correlations were calculated to test the association between
structural and functional connectivity MRI data in all participants and with smoking
behavior (severity of nicotine dependence via Fagerstrom Test of Nicotine Dependence,
FTND; pack-years smoking; and number of cigarettes smoked per day) in smokers only.
Analyses were performed with SPSS Version 21.0 (SPSS 21, IBM Corp. Released 2012.
IBM SPSS Statistics for Mac, Version 21.0. Armonk, NY: IBM Corp.).

morphometry (VBM)

Compared to never-smokers, smokers had significantly lower grey matter density in a cluster
primarily in left anterior insula extending into inferior frontal gyrus and lateral temporal
cortex (MNI coordinates: x = =34, y = 22, z = 14, cluster extent = 768; Fig. 1). There were
no other group differences in grey matter density (all ps> .05).
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Functional connectivity

Anterior insula connectivity—There was a group difference in right anterior insula
correlation with a cluster consisting mostly of regions in right lateral prefrontal and temporal
cortices, but also extending into ventromedial PFC and anterior cingulate cortex (F(1,29) =
31.47, cluster-level FWE-corrected p < .001; see Fig. 2, Table 2). In never-smokers, there
was positive connectivity ({15) = 3.24, cluster-level FWE-corrected p = .006) between these
networks; however, these networks were anticorrelated in smokers ({15) = -3.10, cluster-
level FWE-corrected p=.007). The results were similar with or without VBM grey matter
density included as a covariate in the model. There were no group differences in left anterior
insula connectivity, either using the VBM-based ROI as a seed or the cubic ROI seed defined
using the Cauda et al., 2011 criteria (all ps> .05).

Brain-smoking behavior correlations

Lower grey matter density in the lower left insula / inferior frontal cortex / lateral temporal
cortex cluster from the VBM group difference was associated with a greater number of
cigarettes smoked per day, (/(14) = -.68, p=.004; Fig. 3). There were no correlations
between anterior insula network functional connectivity, VBM grey matter density, and
smoking behavioral characteristics (all ps>.1).

Discussion

Previous studies have described both structural and functional abnormalities in brain
networks involved in salience (anterior insula) and executive control (PFC) in cigarette
smokers, which may partly explain pathological smoking behavior (see Goriounova and
Mansvelder, 2012; Pan et al., 2013; Schuman-Olivier et al., 2014; Sutherland et al., 2012 for
recent reviews). In this study, we measured MRI-based brain structure and functional
connectivity in these regions / networks in acutely abstinent smokers and never-smokers and
assessed whether brain structural differences could be used to identify functional differences
and whether group differences in brain structure and functional connectivity correlated with
smoking behavior. We found that smokers had lower grey matter density in a region
comprising the left anterior insula and lateral PFC extending into lateral temporal cortex,
and lower grey matter density in this region was associated with more cigarettes smoked per
day. We observed group differences in functional connectivity, with never-smokers
exhibiting a positive correlation and smokers exhibiting an anti-correlation between the
right, but not left, anterior insula and right lateral PFC and temporal cortex extending into
ventromedial PFC and anterior cingulate cortex.

Nicotine exposure, beginning in adolescence, alters synaptic structure and function in the
insula and PFC, and this appears to be critical to the maintenance of ongoing smoking
behavior and development of nicotine addiction (Goriounova and Mansvelder, 2012; Naqgvi
et al., 2014; Slotkin, 2002). In this study, we found lower grey matter density in smokers
when compared to never-smokers, which is consistent with previous findings in smokers by
some (Brody et al., 2004; Gallinat et al., 2006; Zhang et al., 2011b), but not others (Franklin
et al., 2014; Morales et al., 2014; Zhang et al., 2011a). Inconsistencies in reported findings
may be due to methodological issues such as cross-sectional designs with modest sample
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sizes, and variations in definitions for smoking phenotypes (e.g., severity of nicotine
dependence, psychiatric and medical co-morbidities, etc.), duration of smoking abstinence,
MRI acquisition parameters and statistical methods for the analysis of the neuroimaging
data. See (Franklin et al., 2014; Sutherland et al., 2012) for further discussion of these
issues.

We also found group differences in functional connectivity between the right anterior insula
and the right lateral PFC and temporal cortex extending into ventromedial PFC and anterior
cingulate cortex with never smokers exhibiting a positive correlation and smokers exhibiting
an anti-correlation. The anterior insula interfaces with the brain’s reward system, including
the ventral tegmental area in the midbrain, nucleus accumbens, amygdala, and ventromedial
prefrontal cortex (including the medial orbitofrontal cortex) and appears to direct behavior
based on the salience of internal and external cues (Chikama et al., 1997; Naqvi and
Bechara, 2010; Postuma and Dagher, 2006). The anterior portion of the insula projects to the
ventral medial aspect of the striatum, including the nucleus accumbens, and has been
associated with reward, affective, and cognitive processes (Chikama et al., 1997; Sutherland
et al., 2012). Altered structure and function of the anterior insula has a critical, yet complex
role in addiction, with several theorized functions, including involvement in pathological
incentive salience, tracking withdrawal-associated bodily states, dysexecutive control of
addictive behavior, and orienting attention toward the internally-focused vs. externally-
focused mental states (Naqvi and Bechara, 2010; Naqvi et al., 2014; Naqvi et al., 2007,
Sutherland et al., 2012). The anterior insula has structural and functional connections with
the lateral PFC, which is a critical cognitive control node that appears to regulate salience
attribution to guide goal-directed behavior via higher-order executive functions (Goldstein
and Volkow, 2011). Lateral PFC directs attention to the relevant information necessary to
execute optimal goal-directed behavior (Sutherland et al., 2012). Although nicotine has
cognitive enhancing properties when administered acutely (Hahn et al., 2007), chronic
nicotine exposure leads to executive dysfunction, characterized by disrupted function and
connections between brain regions involved in cognitive control, including lateral PFC
(Goriounova and Mansvelder, 2012; Lerman et al., 2014; Sutherland et al., 2012). In the
context of addiction, dysregulation of lateral PFC-reward network connectivity may account
for the pathological salience attribution to nicotine and diminished voluntary control of
drug-seeking behavior that characterizes this disorder (Goldstein and Volkow, 2011).
Aberrant connectivity between anterior insula and lateral PFC may also explain the
increased bias to immediate rewards at the expense of later rewards that can characterize
those with addiction, and may explain, in part, the propensity for relapse (Clewett et al.,
2014).

Abnormalities in brain structure, e.g. (Gallinat et al., 2006) and function e.g. (McClernon et
al., 2008) in lateral temporal cortex have also been reported in relation to nicotine
dependence. Together, lateral PFC and temporal cortex appear to function as a semantic
cognition network with lateral temporal cortex involved in the semantic representation of
information (Hodges et al., 1992) and lateral PFC involved in the manipulation and control
of semantic information (Thompson-Schill et al., 1997; Whitney et al., 2011). These regions,
especially lateral temporal cortex, also play a crucial role in emotion regulation (Buhle et al.,
2013). It is not clear what role lateral temporal cortex may play in addiction and the data in
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the present study cannot definitely resolve this question; however, deficits in lateral temporal
cortex and PFC may contribute to the difficulty those with addiction have modifying
pathological emotional responses that contribute to maintenance of addictive behaviors. In
an independent sample, we found lower lateral temporal cortex activation when smokers
tried to utilize emotional regulation strategies while viewing smoking images and negative
correlation between LTC activation and self reported craving, (Stoeckel LE, 2014)
suggesting that ineffective modulation of pathological thought processes in the context of
internal and external cues may promote pathological substance use.

Finally, it is important to emphasize that the observed brain structure differences appear to
be independent of the differences in functional connectivity (i.e., these two measures were
not correlated). While grey matter density in left anterior insula was negatively correlated
with cigarettes smoked per day, anticorrelations between right anterior insula and right
lateral temporal cortex and PFC were not related to any of the smoking behavior data
collected. It is not clear why there were disparate findings with respect to laterality
differences in the volumetric and functional connectivity results. As mentioned previously,
the literature on the laterality of the insula and the contribution to nicotine addiction has
been somewhat inconsistent (Sutherland et al., 2013a; Zhang et al., 2011a). The functional
significance of the functional connectivity results, which did not correlate with the smoking
behavior data we collected in the current study, is also unclear at this time.

Limitations and caveats

In this study, we had a repetition time (TR) of 6 seconds, which is longer than most resting
state fMRI studies; however, this was chosen so that we could acquire high-resolution
whole-brain data (2mm isotropic voxels) without the use of parallel imaging. We believe this
did not impact the results of our data for two reasons. First, a previous study by Van Dijk
and colleagues found there was no significant difference in correlation strengths within and
between resting-state functional networks when comparing TR = 2.5 and 5 seconds resting
scans, and that correlation strengths stabilized with acquisition time of 5 min (TR =5) (Van
Dijk et al., 2010). Second, in the current and previous studies using the same acquisition
parameters (TR = 6 s; (Chai et al., 2014; Redcay et al., 2013), we observed the typical
resting-state network patterns observed in other studies in the literature.

While we detected significant group anatomical and functional connectivity differences, our
power to detect individual and group differences between functional connectivity, grey
matter density, and smoking behavior was limited by the constraints of our sample size. It is
possible that the relatively less conservative voxel-wise approach we selected for the
functional connectivity vs. volumetric analysis could have resulted in an increased chance of
false positive findings for these analyses. We nevertheless employed a bootstrapping
procedure to ensure outliers in our limited sample size did not influence our results. Finally,
it is also possible that group differences between smokers and never smokers would have
been greater if the period of smoking abstinence were increased.
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Conclusions and Summary

In summary, we report lower grey matter density in anterior insula and adjacent brain
regions (inferior frontal and lateral temporal cortex) in cigarette smokers compared to never
smokers. Functional connectivity between the right insula and lateral PFC and temporal
cortex extending into ventromedial PFC and anterior cingulate cortex was lower in in
smokers compared to never-smokers, grey matter density in anterior insula was associated
with an aspect of smoking behavior (daily cigarettes smoked). This study has two major
contributions: (1) Structural MRI data was used to guide selection of ROIs for seed-based
functional connectivity analyses. Based on the VBM results, our functional connectivity
analysis was focused on the anterior insula. (2) This evidence from structural (volumetric)
and functional connectivity MRI data adds further support to the hypothesis that the anterior
insula plays an important role in nicotine addiction, in part, via disrupted connections with
lateral PFC and temporal cortex extending to ventromedial PFC and anterior cingulate
cortex, and lateral temporal cortex, an understudied region in the context of addiction and an
important area of future research focus. In particular, it will be interesting to determine the
role of lateral temporal cortex function in nicotine addiction, and whether the known roles
for lateral temporal cortex (representation of semantic information, emotion regulation) are
abnormal in individuals with nicotine addiction and/or whether exposure to nicotine and the
constituents of cigarettes lead to disruptions in these functions, which may promote
addictive behaviors and interfere with treatment success.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Lower grey matter density in left anterior insula, extending into inferior frontal gyrus and

lateral temporal cortex (red) in smokers vs. controls (FWE-corrected, cluster level, p < 0.05,
cluster extent = 768).
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Fig. 2.

Legft panel: bilateral anterior insula ROIs based on locations described by Cauda and
colleagues (Cauda et al., 2011) overlaid on a template brain in MNI space created from the
participant’s high-resolution anatomical data. White arrow points to the right anterior insula
seed. Right panel: top, medial and lateral view of the cluster showing different functional
connectivity with the right anterior insula seed between smokers and never-smokers (cluster-
level FWE-corrected p < .001); bottom, functional connectivity between the anterior insula
and the cluster shown above in smokers and never-smokers. Bars represent the average
connectivity (Fisher’s z) in each group. Error bars represent standard errors.
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Fig. 3.

Scatterplot displaying significant negative correlation between VBM-based grey matter
density (y-axis) and average number of cigarettes smoked daily (x-axis). Dotted lines
represent 95% confidence intervals.
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Table 1

Demographics& Smoking Characteristics in Study Participants

Smokers Controls
n=16 n=16
Agein yearsmean (SD) 37.94 (11.61) 34.19 (7.20)
Sex (males / females) 12/4 11/5
Education in yearsmean (SD) 14.44 (1.67) 15.25 (1.00)
FTND mean (SD) 4.44 (2.16) N/A
Pack-years of smoking mean (SD) 16.09 (12.17) N/A
Cigarettes per day mean (SD) 16.00 (4.84) N/A
Age of onset, daily smoking mean (SD)  17.97 (3.14) N/A
Years of smoking mean (SD) 17.63 (10.49) N/A

pvalue

n.s.
n.s.

ns.

N/A
N/A
N/A
N/A
N/A

FTND = Fagerstrom Test of Nicotine Dependence; pack-years = # of packs of cigarettes smoked per day x # years as a smoker

n.s. = not significant
N/A = not applicable
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