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How the Brain Wants What the Body Needs: The Neural Basis
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Discontinuing unhealthy behaviors, such as overeating or drug use, depends upon an individual's ability to overcome the influence of
environmental reward cues. The strength of that influence, however, varies greatly depending upon the intemal state of the body.
Characterizing the relationship between interoceptive signaling and shifting drug cue valuation provides an opportunity for understanding the
neural bases of how changing intemal states alter reward processing more generally. A total of 17 cigarette smokers rated the pleasantness
of cigarette pictures when they were nicotine sated or nicotine abstinent. On both occasions, smokers also underwent functional magnetic
resonance imaging (fMRI) scanning while performing a visceral interoceptive attention task and a resting-state functional connectivity scan.
Hemodynamic, physiological, and behavioral parameters were compared between sated and abstinent scans. The relationships between
changes in these parameters across scan sessions were also examined. Smokers rated cigarette pictures as significantly more pleasant while
nicotine abstinent than while nicotine sated. Comparing abstinent with sated scans, smokers also exhibited significantly decreased mid-insula,
amygdala, and orbitofrontal activity while attending to interoceptive signals from the body. Change in interoceptive activity within the left
mid-insula predicted the increase in smoker’s pleasantness ratings of cigarette cues. This increase in pleasantness ratings was also correlated
with an increase in resting-state functional connectivity between the mid-insula and the ventral striatum and ventral pallidum. These findings
support a model wherein interoceptive processing in the mid-insula of withdrawal signals from the body potentiates the motivational

INTRODUCTION

It is part of the human condition that we struggle to dis-
continue unhealthy, but rewarding, behaviors. Be it dieting,
smoking cessation, or any number of other unhealthy
behaviors, humans share a common weakness: while sated,
the prospect of quitting seems easy, but while starved, it feels
nearly impossible. During these deprivation states, the
reward cues in the environment exert a powerful hold,
destroying resolve and provoking relapse. In short, the same
stimulus—a cookie or a cigarette—can have very different
incentive value depending on our body’s physiological state.
It is for this reason that many theoretical accounts of
addiction assert that the physiological and interoceptive
symptoms of withdrawal serve to undermine cessation
efforts by increasing the motivational salience of reward
(ie, drug or food) cues (Droutman et al, 2015; Koob and
Volkow, 2010; Naqvi and Bechara, 2010; Paulus et al, 2009).
This process is thought to result from at least two sets of
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salience of reward cues through the recruitment of hedonic ‘hot spots” within the brain's reward circuitry.
Neuropsychopharmacology (2017) 42, 822-830; doi:10.1038/npp.2016.128; published online 17 August 2016

computations in the brain. First, the body’s current
physiological state of withdrawal is compared with stored
representations of the body at homeostasis. The aversive
interoceptive state that results from this computation is
sometimes referred to as a ‘body prediction error’ (Paulus
et al, 2009). Second, the reward values of substances that can
relieve this aversive interoceptive state, and consequently
move the body back toward homeostasis, are adjusted
upward. The increase in a stimulus’ reward value because
of its potential to move the body’s physiological state toward
homeostasis is often referred to as ‘positive alliesthesia’
(Cabanac, 1971). This positive alliesthesia for homeostati-
cally relevant substances—such as food, drugs, and alcohol—
thereby increases the likelihood of behaviors to procure those
substances (Paulus et al, 2009). In short, the failure to reduce
consumption of unhealthy rewards is grounded in how the
bodily experience of withdrawal potentiates the value of
reward stimuli and reward-related cues. Given the centrality
of positive alliesthesia to addiction, it is important to
delineate the specific brain processes that underlie the shift
in reward cue valuation as a function of shifting interoceptive
experience.

Many of the physiological signals indicating the state of the
body, such as the somatic symptoms of drug withdrawal,
reach the brain via the visceral afferent pathway that relays
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peripheral visceral signals through the vagus nerve to the
nucleus of the solitary tract (nTS) in the medulla (Craig,
2002). Visceral afferent projections are then relayed through
the pons and the thalamus to their primary cortical
destination in granular-dysgranular regions of the posterior/
mid-insula and frontoparietal operculum (Pritchard et al,
1986). In humans, the involvement of this region of the
insula in interoception is demonstrated in neuroimaging
studies of direct visceral stimulation (Cameron, 2002; Paulus
et al, 2012; Wang et al, 2008), as well as interoceptive
attention to visceral signals (Simmons et al, 2013a). The
insula’s role in interoception and homeostatic signaling likely
underlies its involvement in the aversive interoceptive state
of craving. For example, altered insula activity has often been
observed in neuroimaging studies of drug craving and drug
cue reactivity (Naqvi and Bechara, 2009; Tang et al, 2012;
Wang et al, 2007) as well as in hunger-related responses to
food cues (Malik et al, 2008; Porubska et al, 2006; Simmons
et al, 2013b). In rodent models, inactivation of interoceptive
regions of the insula has been demonstrated to disrupt
nicotine self-administration (Forget et al, 2010), and in
humans, lesions of the insula are associated with the
dramatic cessation of cigarette craving and the disruption
of smoking addiction (Naqvi et al, 2007). The insula also has
significant anatomical connectivity to the ventral striatum
(Fudge et al, 2005), and this may explain its involvement in
the hedonic component of taste perception (Small, 2010).
This evidence suggests a strong link between the activity of
the interoceptive insula, the subjective experience of craving,
and the hedonic processing of sensory stimuli.

The insula’s role in addiction, however, is not simply to
represent interoceptive withdrawal signals. The insula is a
functionally heterogeneous region, as repeatedly demon-
strated in human neuroimaging meta-analyses (Kurth et al,
2010) and experimental studies (Simmons et al, 2013a), and
as such, the regions of the insula previously implicated in
drug cue reactivity and craving may not be specifically
involved in interoceptive awareness. Rather, their activation
may reflect greater focal attention (Nelson et al, 2010) or
stimulus salience (Menon and Uddin, 2010; Touroutoglou
et al, 2012) attributed to drug-related cues, especially during
craving states. Similarly, the heterogeneous functional
organization of the insula makes it somewhat more difficult
to interpret the neuropsychological evidence showing loss of
craving after insula lesions (Naqvi et al, 2007). Does the loss
of craving arise from diminished interoceptive awareness of
physiological signals associated with nicotine withdrawal, or
diminished stimulus salience and attention to smoking cues?
Unfortunately, few neuroimaging studies have examined the
relationship between drug craving and brain activity
associated with interoception, particularly within the insular
cortex.

Given the strong theoretical connection between the
insula, interoceptive processing, craving, and the psycho-
pathology of addiction (Droutman et al, 2015; Garavan,
2010; Naqvi and Bechara, 2010; Paulus et al, 2009), the
mid/posterior insula would seem a likely candidate to be
the critical mediator of positive alliesthesia, linking visceral
interoceptive signals from the body to altered reward
valuations. Nicotine addiction provides a model system for
testing this hypothesis. Tobacco use is responsible for
480,000 deaths in the United States every year and is
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the leading preventable cause of death in the country
(Bauer et al, 2014). In nicotine-addicted individuals, nicotine
withdrawal results in a host of aversive physiological changes
in the viscera (eg, decreased heart rate and blood pressure,
muscular tension, and gastrointestinal discomfort; Kenny
and Markou, 2001; Morrell et al, 2008). We predict that the
perception of these physiological changes should result in
altered activity within the interoceptive insula, in proportion
to the degree of nicotine withdrawal. This altered insula
activity should in turn lead to a corresponding increase in
the hedonic value for smoking-related stimuli, through the
insula’s connectivity to classic mesolimbic reward brain
regions. To evaluate these predictions we recruited cigarette
smokers to perform a task in which they provided ratings of
the expected pleasantness associated with smoking cigarettes
depicted in photographs. They performed this task on two
separate days, on which they were either nicotine sated or
nicotine abstinent. Smokers also underwent functional
magnetic resonance imaging (fMRI) scanning on both days,
during which they performed a task requiring interoceptive
attention to visceral sensations as well as a resting scan for
the examination of resting-state functional connectivity.

MATERIALS AND METHODS
Participants

A total of 17 native English-speaking daily cigarette smokers
(9 female; age: (mean (SD)) =33 (9); range =22-51) partici-
pated in this study. Smokers ranged from low to high levels of
nicotine dependence (Fagerstrom Test for Nicotine Depen-
dence: mean (SD)=4 (2); range=1-8) and smoked 16 (9)
cigarettes per day (range=10-45). Exclusion criteria
included significant psychiatric and neurological history,
current psychotropic medication use, and conditions that are
contraindicated for magnetic resonance imaging. See the
Supplementary Methods for more details on participant
inclusion/exclusion criteria. All subjects received compensa-
tion for their participation and provided written informed
consent as approved by Western Institutional Review Board.

Experimental Design

Participants were scanned on two separate days, at least
7 days apart. Before nicotine-abstinent sessions, participants
were instructed to not smoke or use any nicotine product for
at least 4h. This duration of nicotine abstinence has been
demonstrated as sufficient to induce the early physiological
and psychological symptoms of nicotine withdrawal (Morrell
et al, 2008). During nicotine-sated sessions, participants
smoked as normal before arrival for the study, with their last
cigarette occurring ~ 5 min before the beginning of the brain
scan. The order of nicotine-sated and nicotine-abstinent
scans was counterbalanced across participants. Before
scanning, participants completed the Questionnaire of
Smoking Urges (QSU) to assess current craving. Immedi-
ately before both scan sessions, subjects’ levels of exhaled
carbon monoxide (CO) were measured using a handheld CO
meter in order to verify smoking status and quantify recent
cigarette consumption.

On both scan days, participants received a series of
structural MRI and fMRI scans (Supplementary Figure S1).
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While undergoing the fMRI scans, both groups of partici-
pants performed (1) an 8-min eye-open resting scan, (2) the
Interoceptive Attention (IA) task, and (3) the Smoking
Pleasantness (SP) task.

Interoceptive attention task. The IA task was composed of
three 550s fMRI scans, during which the participants
performed two experimental conditions, the interoception
condition and the exteroception condition (Supplementary
Figure S2). During the interoception condition, the words
‘HEART, ‘STOMACH, and ‘BLADDER’ were individually
presented on the screen for 10 s and subjects were instructed
to focus their attention on interoceptive sensations from that
organ. For example, upon seeing the word ‘HEART’, subjects
focused on how intensely they could feel the sensation of their
heart beating. Upon seeing the word ‘STOMACH’ or
‘BLADDER;” subjects focused on the fullness of their stomach
or bladder. During the exteroception control condition, the
word ‘TARGET” was presented in the middle of the screen
and the word alternated from black to a lighter shade of gray
every second. The subjects were instructed to focus their
attention on the intensity of these color changes. Immediately
after one-half of the trials of each condition, subjects were
given a 5s response period to make ratings, using an MR-
compatible scroll-wheel, of the intensity of visceral sensations
or the intensity of the color change of visual targets (with ‘I’
indicating little sensation/color change, ‘4’ indicating moder-
ately intense sensation/color change, and 7’ indicating an
extremely intense sensation/color change), during the preced-
ing trial. Each condition trial was separated by a variable-
duration interstimulus interval lasting between 2.5 and 22.5 s
(mean interval = 6.7 s), during which time subjects saw only a
black fixation mark against a white background. By compar-
ing internally directed with externally directed attention, this
task utilizes the ‘attentional spotlight’ effect, the ability of
attention focus to amplify the signal within primary cortical
regions associated with a particular sensory modality, such as
sight, sound, or touch (Brefczynski and DeYoe, 1999; Jancke
et al, 1999; Johansen-Berg et al, 2000). This task has previously
been used to identify interoceptive regions of the insula in
healthy subjects (Avery et al, 2015; Simmons et al, 2013a) and
to identify differences in interoceptive insula activity in clinical
populations with major depressive disorder (Avery et al, 2014)
and anorexia nervosa (Kerr et al, 2016). Immediately
following each task scanning run, subjects reported current
levels of cigarette craving (on a 1-to-9 scale) using the scroll
wheel. See the Supplementary Methods for more IA task and
stimulus presentation details.

Smoking pleasantness task. During the SP task (Supple-
mentary Figure S2), subjects were presented with tobacco-
related images selected from the Geneva Smoking Pictures
database (Khazaal et al, 2012). The selected images consist of
two separate types of smoking cues: Product pictures that
depict various product-related cigarette cues such as cigarette
packs, cartons, or discarded cigarette butts, and Smoking
pictures that depict people in the act of smoking a cigarette.
The selected images were all previously normed for valence,
arousal, and dominance (Khazaal et al, 2012). During the
presentation of the tobacco-related images, the subject rated
on a 7-point scale ‘How pleasant would it be to smoke this
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cigarette right now?” On the response scale, ‘1’ was depicted
as ‘neutral’ and seven as ‘extremely pleasant.” The pleasantness
scale also included an ‘unpleasant’ option represented by
the letter X’ located below the number line. Subjects
were instructed to select the X’ if they believed it would be
unpleasant to smoke the depicted cigarette.

Magnetic Resonance Imaging

Functional and structural MR images were collected using a
General Electric Discovery MR750 (GE Healthcare, Milwau-
kee, WI) whole-body 3-Tesla MRI scanner. Pulse-oximetry
recordings were used to calculate heart rate during functional
scans. Functional imaging data were analyzed using the
AFNI software package. The IA task data were analyzed
at the subject level using a multiple linear regression
model with regressors for each task condition plus regressors
of noninterest (eg, subject motion parameters). See the
Supplementary Methods for details on imaging parameters
and preprocessing, subject-level statistical analysis, and heart
rate analysis.

Statistical Analyses

Behavioral and physiological data. Paired t-tests were used
to measure differences in the following measures between
nicotine-sated and nicotine-abstinent scans: behavioral assess-
ments, exhaled CO before scanning, visceral intensity and
cigarette craving ratings (during IA task), and average heart
rate during scanning. Smokers’ average pleasantness ratings
during the SP task were also calculated for both task sessions,
and the difference in average pleasantness rating (ASP;
abstinent-sated) was computed for each subject. Pearson’s
product-moment correlations were used to measure the
relationships between changes in behavioral and physiological
measures between sated and abstinent scans.

Imaging data. At the group level, the IA task data were
analyzed using a repeated-measures paired t-test created
using the whole-brain regression coefficients calculated
at the subject level for the smokers’ nicotine-sated and
nicotine-abstinent scan sessions. This test was designed to
identify brain regions that exhibit a difference in the
blood oxygenation level-dependent (BOLD) response to
interoceptive vs exteroceptive attention (heart, stomach,
and bladder interoception vs the exteroceptive attention
control) between abstinent and sated scans. All statistical
maps were cluster size corrected for multiple comparisons
(see Supplementary Materials for details).

Next, a series of region-of-interest (ROI) analyses were
performed to examine the relationship between abstinence-
induced differences in interoceptive activity and pleasantness
ratings of smoking pictures (ASP). Within each of the
brain regions identified in the IA task contrast map detailed
above (see Figure 1), the average regression coefficient for
interoceptive attention (heart, stomach, and bladder interocep-
tion) from both scans was extracted, the difference between
abstinent and sated scans was calculated (AIA), and Pearson’s
product-moment correlation was used to examine the relation-
ship between AIA and ASP. These ROI analyses were
Bonferroni corrected for multiple comparisons. Subsequently,
a mediation analysis was performed (Baron and Kenny, 1986)
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Interoceptive vs. Exteroceptive Attention:

Nicotine-Abstinent vs. Nicotine-Sated

(p<.05, corrected)

-10 t-value 10

Figure |

Nicotine abstinence decreases interoception-evoked brain activity within interoceptive and appetitive neurocircuitry. Daily cigarette smokers

exhibit decreased hemodynamic activity during interoceptive (vs exteroceptive) attention while in a nicotine-abstinent state, compared with that in a nicotine-
sated state, in multiple brain regions involved in appetitive and affective processing. Significantly decreased IA task activation was observed within a network of
limbic and paralimbic brain regions including the bilateral dorsal mid-insula, amygdala, and orbitofrontal cortex, regions that have been previously identified as

playing a key role in the experience of drug craving.

to determine whether AIA in left dorsal mid-insula (which was
significantly related to ASP) mediated the relationship between
ASP and the difference in exhaled carbon monoxide (ACO)
(see Supplementary Materials for details).

Resting-state functional connectivity analysis. The left
dorsal mid-insula ROI, the only region that exhibited a
significant relationship between AIA and ASP, was used as a
seed region for the analysis of resting-state functional
connectivity. The average time course from this region during
the resting-state task was used to examine differences in
subjects’ resting-state functional connectivity between sated
and abstinent scans, with the difference in pleasantness ratings
(ASP) used as a covariate. This enabled the identification of
regions of the brain whose difference in functional con-
nectivity to the left dorsal mid-insula was predictive of the
difference in inferred pleasantness of smoking stimuli. The
resulting statistical map was cluster size corrected for multiple
comparisons (see Supplementary Methods).

RESULTS
Behavioral and Physiological Results

Behavioral and physiological correlates of nicotine craving.
Before nicotine-abstinent scans, smokers abstained from
smoking for an average (SD) of 7 (4) h. As expected, smokers’

exhaled CO levels were significantly lower when nicotine
abstinent than when nicotine sated (ACO: #(16)=-84,
p<0.001; Table 1) and self-reported cigarette craving,
measured before scanning (QSU) and by craving rating scale
(CRS) during scanning, was significantly higher when nicotine
abstinent than when nicotine sated (p<0.001; Table 1).
Consequently, smokers average pleasantness ratings for
tobacco-related images during the SP task were also sig-
nificantly greater while nicotine abstinent than while nicotine
sated (ASP: #(16)=3.5, p<0.003; Table 1). The increase in
cigarette cue pleasantness between scans was significantly
predicted by a decrease in cigarette consumption (measured by
exhaled CO: r (15) =—0.54; p <0.02; Supplementary Table S1)
and an increase in cigarette craving (measured by CRS:
r (15) =0.50, p <0.04; Supplementary Table S1). Between sated
and abstinent scans, clinical measures of depression or anxiety
did not change (p>0.28; Table 1). We did not observe any
significant relationships between nicotine dependence, as
measured by the Fagerstrom Test for Nicotine Dependence
(FIND), and differences in exhaled CO, heart rate, cigarette
craving, SP task ratings, or IA task activity (p>0.11;
Supplementary Table S2). See Supplementary Materials for
additional behavioral results.

Nicotine withdrawal was associated with altered physio-
logical activity and interoceptive experience. Smokers’
heart rates during scanning were significantly greater during
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Table |1 Behavioral and Physiological Differences Between Scan
Sessions

NA NS t(16) P

Time abstinent (h) 69+37 — — —
Exhaled CO (pp.m.) 140+89 332+ 143 -84 <0.001
Heart rate (BPM) 69.0+92 744+88 -54 <0.001
HDRS 23+18 29+26 —0.04 052
HARS 711 26+28 -06 0.28
QsuU 445+102 314110 49 <0.001
Craving (CRS) 60+2.1 35+ 14 58 <0.001
IA task ratings

Heart 34+09 3009 2.1 0.05

Stomach 36+ 13 3112 1.7 0.12

Bladder BRI 28+12 1.0 033
SP task ratings 46+ 1.1 38+ .1 35 0.003

Abbreviations: HDRS, Hamilton Depression Rating Scale; HARS, Hamilton
Anxiety Rating Scale; QSU, Questionnaire of Smoking Urges.

Where appropriate, the table cells contain mean + SD. Values in bold font
indicate significant differences between abstinent and sated scan sessions.

nicotine-sated than nicotine-abstinent scans (Abstinent-
Sated: —5.5 BPM, #(16)=-5.4, p<0.001; Table 1 and
Supplementary Figure S3). Conversely, smokers rated the
intensity of their heartbeat sensations as higher during
nicotine-abstinent scans (#(16) =2.1, p=0.05; Table 1 and
Supplementary Figure S3). Stomach and bladder intensity
ratings were also increased between sated and abstinent
scans, but not significantly so (p>0.10; Table 1).

Altered interoceptive experience is positively related to
changes in reward cue value. The change in the self-
reported intensity of interoceptive sensations during the IA
task was positively related to the change in pleasantness
ratings during the SP task (r(15)=0.58, p<0.02; Supple-
mentary Table S1).

Functional Neuroimaging Results

Nicotine abstinence alters interoception-related brain
activity within interoceptive and appetitive neurocircuitry.
The effects of nicotine withdrawal on activity during the IA
task were observed in a network of limbic and paralimbic
brain regions including the bilateral mid-insula, bilateral
amygdala, and left and right lateral orbitofrontal cortex
(Figure 1 and Table 2). These regions all exhibited signifi-
cantly decreased hemodynamic activity for interoceptive vs
exteroceptive attention during nicotine-abstinent as com-
pared with nicotine-sated scans. Decreased activity during
nicotine abstinence was also observed in the left postcentral
gyrus and left supplementary motor area (Table 2).

Decreased interoceptive mid-insula activity during nicotine
abstinence is related to increased reward valuation for
cigarette cues. Of all of the regions identified above (see
Figure 1), only the left dorsal mid-insula exhibited a
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Table 2 Brain Regions Exhibiting Significantly Decreased
Interoceptive Activity during Nicotine Abstinence in Smoking
Participants

Side/location Peak Peak  Volume

coordinates® t(14) (mm?®)
X Y z

L postcentral gyrus -29 —41 455 -65 1921

L supp. motor area -6 —19 +46 -69 952

L dorsal mid-insula -36 +6 +16 -89 936

R dorsal mid-insula +32 48  +1I —-46 380

L lat. orbitofrontal cortex -20 +18 —14 -52 273

R amygdala +18 -1 —14 -50 273

R lat. orbitofrontal cortex +25 +24 - 14 —43 144

L amygdala -20 -3 -7 -39 107

Abbreviations: lat, lateral; supp., supplementary.
“All coordinates reported according to Talairach stereotaxic atlas.

significant relationship between the difference in BOLD
response to interoceptive attention (AIA) and the difference
in pleasantness ratings for smoking pictures (ASP) between
sated and abstinent scans (r(13) = — 0.70, r* = 0.49, P <0.004;
Figure 2 and Supplementary Table S3).

Interoceptive mid-insula activity partially mediates the
relationship between reduced cigarette consumption and
increased reward value for cigarette cues. Notably, the
AIA within the left dorsal mid-insula was significantly
positively related to ACO (r(13) =0.56, p<0.03; Figure 2 and
Supplementary Table S1). Because a significant relationship
also existed between ACO and ASP (Figure 2 and Supple-
mentary Table S3), a mediation analysis was conducted
(Baron and Kenny, 1986) Values in bold font indicate
significant differences between abstinent and sated scan
sessions. to determine whether the relationship between
these two variables was mediated by the change in
interoceptive activity in the left dorsal mid-insula. The
results of this analysis identified that AIA in the left dorsal
mid-insula partially mediates the relationship between
differences in exhaled CO and pleasantness ratings for
smoking pictures (Figure 2 and Supplementary Table S4).

Increased mid-insula connectivity to reward neurocircuitry
is related to increased reward value for cigarette cues. The
resting-state time course from the left dorsal mid-insula
ROI (Figure 1) was used to examine differences in subjects’
resting-state functional connectivity between sated and
abstinent scans using the difference in SP task ratings as a
covariate. Specifically, abstinence-induced increase in the
pleasantness ratings for tobacco-related images was posi-
tively correlated to increased resting-state functional con-
nectivity between the left dorsal mid-insula and a region of
the left ventral striatum—which included the accumbens
area—as well as a region within the right ventral pallidum
(Figure 3 and Supplementary Table S5).
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Figure 2 Decreased interoceptive mid-insula activity during nicotine abstinence is related to positive alliesthesia for smoking pictures. Of all of the brain
regions identified in the IA task contrast (Figure 1), only the left dorsal mid-insula exhibited a significant relationship between the difference in BOLD response
to interoceptive attention (AIA) between sated and abstinent scans and the difference in pleasantness ratings for smoking pictures (ASP). Notably, both ASP
and AIA were also significantly related to the difference in exhaled carbon monoxide between scans (ACO). Importantly, AlA in the left dorsal mid-insula
partially mediates the relationship between ACO, a biomarker of cigarette consumption, and the change in pleasantness ratings for smoking pictures. This
indicates that, the greater the reduction in recent cigarette use, the greater the decrease in interoceptive insula activity, and the greater the increase in the

perceived pleasantness of smoking pictures.

DISCUSSION

Positive alliesthesia, that is, an increase in the reward value
of a sensory stimulus in response to changes in the
internal milieu of an organism, has been conceived as an
allostatic mechanism, increasing the incentive salience of
environmental cues for stimuli that can return the body to
homeostasis (Paulus et al, 2009). The insula’s involvement in
subjective interoceptive awareness of the body (Craig, 2002),
combined with evidence that insula lesions disrupt craving
(Naqvi et al, 2007), suggests that it would be the primary
cortical structure mediating the relationship between the
perception of aversive interoceptive states and the potentia-
tion of reward cues. Using nicotine craving in cigarette
smokers as a model system for positive alliesthesia, this is
precisely what we observed. During nicotine abstinence,
smokers exhibited decreased hemodynamic activity during
interoceptive attention to visceral signals within a network
of regions involved in viscerosensation, arousal, and reward,
including the bilateral orbitofrontal cortex, amygdala,

and the mid-insula. Activation of each of these regions
has been previously associated with exposure to both food
and smoking cues (McClernon et al, 2005 Tang et al,
2012), an association that may reflect their more general role
in the affective and motivational processing of sensory
stimuli (Kenny, 2011; Koob and Volkow, 2010). However,
only the change in interoceptive activity of the left dorsal
mid-insula predicted the increase in hedonic ratings for
cigarette cues during nicotine withdrawal. The increase in
reward valuation for cigarette cues was also predicted by an
increase in the left mid-insula’s functional connectivity to the
ventral striatum and ventral pallidum, two primary hedonic
hot spots within the brain’s reward circuitry (Haber and
Knutson, 2010). These findings heavily support the dorsal
mid-insula’s role as a critical neural mediator of positive
alliesthesia.

One account of the present findings comes from the
recently proposed Embodied Predictive Interoception Cod-
ing (EPIC) model that delineates the role of the mid-insula in
interoception (Barrett and Simmons, 2015). Specifically, the
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Increased interoceptive insula functional connectivity is related to positive alliesthesia for smoking pictures. The average time course from the left

dorsal mid-insula ROI (Figure 1) was used to examine differences in subjects’ resting-state functional connectivity between sated and abstinent scans, using the
change in average pleasantness ratings from the SP task as a covariate. Abstinence-induced increase in the pleasantness ratings of smoking images is significantly
related to increased dorsal mid-insula connectivity to the left ventral striatum and the right ventral pallidum. This suggests that processing in the mid-insula of
afferent withdrawal signals from the body amplifies the perceived hedonic value of smoking cues through increased connectivity to the subcortical brain

regions most directly implicated in the processing of salience and reward.

granular/dysgranular region of the mid-insula compares
ascending viscerosensory signals from the body with
interoceptive predictions about the body’s state, generated
by agranular visceromotor cortices (Barrett and Simmons,
2015). The differences between these signals, computed as
prediction errors, are returned to agranular visceromotor
cortices where they are used to update the computation of
subsequent interoceptive predictions. According to the EPIC
model, drug craving can be interpreted as a negative
prediction error arising from the deviation between the
brain’s predictions about the body’s prior physiological state,
given typical homeostatic drug levels, and its current
physiological (withdrawal) state. As in the generation of
negative reward prediction errors in the striatum (Schultz
et al, 1997), this negative interoceptive prediction error might
also be characterized by a decrease, rather than an increase,
in neural firing. Consistent with this theory, during nicotine
withdrawal, cigarette smokers exhibited significantly de-
creased mid-insula activity during interoceptive attention,
coupled with significant changes in physiological and
behavioral measures of interoceptive experience. Further-
more, the magnitude of this decrease in insula activity was
significantly related to the magnitude of cigarette abstinence,
measured by decrease in exhaled carbon monoxide, an
objective clinical biomarker of cigarette consumption. These
results support the mid-insula’s potential role in generating
these negative interoceptive prediction errors, as the greater
the degree of nicotine abstinence in these individuals, the
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greater the disturbance of interoceptive mid-insula activity.
Similar results have been observed using this same task in
patients with depression (Avery et al, 2014) and anorexia
(Kerr et al, 2016) who exhibit chronic somatic and visceral
complaints, but paradoxically exhibit less interoception-
evoked activity in these brain regions than healthy subjects
(Avery et al, 2014).

During each study visit, smokers were also asked to rate
the expected pleasantness of smoking cigarettes depicted in a
series of photographs. These pleasantness inferences, which
are themselves predictions of the interoceptive consequences
of smoking the depicted cigarettes, were significantly greater
during nicotine-abstinent as compared with nicotine-sated
sessions. The magnitude of this increase in hedonic ratings
was significantly related to the magnitude of cigarette
abstinence (measured by change in exhaled carbon mon-
oxide) as well as the magnitude of decreased left mid-insula
activity during interoception. Importantly, the relationship
between reduced cigarette consumption and increased
reward value for cigarette cues was partially mediated by
this change in interoceptive mid-insula activity. Moreover,
those individuals who exhibited the greatest increase in
hedonic ratings for smoking cues also exhibited the greatest
increase in resting-state functional connectivity between the
dorsal mid-insula and the ventral striatum and ventral
pallidum, the regions of the brain’s reward circuitry most
heavily implicated in hedonic experience (Haber and
Knutson, 2010). Taken together, these results suggest that



abstinence-induced alliesthesia for reward cues results from
the computation of a negative prediction error within the
mid-insula in response to afferent signals of withdrawal, and
the provision of these signals to striatopallidal reward
circuitry. The ventral striatum and ventral pallidum then
use this information to mark stimuli capable of returning
the body to homeostasis with greater motivational salience
(Wyvell and Berridge, 2000) and hedonic reward (Berridge
and Kringelbach, 2015; Smith et al, 2009).

The activity of the dorsal mid-insula has been associated
with cue reactivity for alcohol and multiple drugs of abuse
(Naqvi and Bechara, 2009), as well as homeostatically sensi-
tive responses to food pictures (Simmons et al, 2013b),
suggesting that the mid-insula’s role as a neural mediator of
positive alliesthesia extends beyond nicotine addiction
specifically. Consequently, the mid-insula may serve a more
general function of regulating the incentive salience attrib-
uted to all homeostatically relevant stimuli (ie, food, water,
addictive drugs) by connecting interoceptive signaling of
changes in the internal milieu to the brain’s intrinsic reward
circuitry. The necessity of this pathway for intact drug-
seeking behavior is supported by translational research in
rodents, where temporary inactivation of the interoceptive
insula disrupts drug-induced place preference (Contreras
et al, 2007) and drug self-administration (Forget et al, 2010),
and by clinical research in human patients identifying
that insula lesions disrupt addiction (Naqvi et al, 2007).
Similarly, in psychiatric disorders such as anorexia and
major depression, abnormal interoceptive insula activity is
associated with abnormal feeding behavior (Avery et al,
2014; Kerr et al, 2016; Simmons et al, 2016). Taken together,
the identification of this relationship between craving
and interoceptive activity in the insula may serve to identify
specific neural targets for interventions to help humans
discontinue unhealthy, but rewarding, behaviors (see
Supplementary Materials for limitations and additional
discussion).
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