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ABSTRACT

Aims Adolescents with substance use disorders (SUD) exhibit hyposensitivity to pleasant internally generated (interoceptive) stimuli and hypersensitivity to external rewarding stimuli. It is unclear whether similar patterns exist for aversive
interoceptive stimuli. We compared activation in the insular cortex and other brain regions during the anticipation and
experience of aversive stimuli between adolescents with SUD and those without. Design Cross-sectional experimental
study with two groups. Participants Adolescents (ages 15–17 years) with an alcohol or marijuana SUD (n = 18) and
healthy comparison subjects (CON, n = 15). Participants were recruited by distributing ﬂyers at local high schools.
Setting Keck Imaging Center, University of California San Diego, CA, USA. Measurements Behavioral and neural
responses to a continuous performance task with inspiratory breathing load recorded during an fMRI session.
Questionnaires assessed life-time drug use, anxiety, sensation-seeking, impulsivity, affect and bodily awareness. Visual
analog scales assessed drug craving and breathing load responses. Findings Across subjects, experience of breathing load
elicited greater bilateral anterior and posterior insula (AI and PI, respectively) activation than anticipation (F(1,31) = 4.16,
P < 0.05). SUD exhibited greater left AI and bilateral PI activation during breathing load than anticipation,
compared with CON (F(1,31) = 4.16, P < 0.05). In contrast, CON showed greater activation during anticipation than
breathing load in left PI, compared with SUD (F(1,31) = 4.16, P < 0.05). Conclusions Adolescents with alcohol and
marijuana substance use disorders may be hypersensitive to aversive interoceptive stimuli.
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INTRODUCTION
Adolescence is an important time for exploring and risktaking, which can involve experimentation with drugs.
Among US 12th-graders, 68% have consumed alcohol and
46% have tried marijuana [1]. Given that substance use duringadolescence increases risk for adulthood addiction [2–5],
investigating potential risk markers for addiction may
help to develop treatment targets and early interventions
aimed at changing processing of visceral bodily sensations; for example, by mindfulness meditation [6].
Interoception [7,8], the processing of internal bodily
sensations, is thought to moderate impaired decision processes that may drive addiction [9–13]. Adolescents may
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use substances to either amplify or dampen the inﬂuence
of bodily sensations on decision-making. For example, an
adolescent feeling nervous about attending a party may
drink alcohol to reduce bodily sensations of anxiety. One
characteristic of addiction is an impaired interoceptive system, causing inaccurate registration or correction of bodily
sensations. Interoception is important for homeostasis
[7,8], driving approach or avoidance of stimuli and allocating resources to regain perceived equilibrium [14]. One’s
predicted versus actual internal state (i.e. body prediction
error [11]) may motivate the individual to take substances
to feel better or to avoid withdrawal [9].
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Insular cortex is a critical neural substrate for
interoception and addiction [13,15–17]. Individuals with
nicotine, marijuana and cocaine use disorders show increased insular reactivity to drug-related cues [18–20]. Research demonstrates that: (a) alcohol-dependent teenagers
exhibit insular hyperactivity to alcohol cues [21]; and (b)
insular alcohol cue response predicts increased drinking
and alcohol-related problems in college students [22]. In
contrast, studies involving non-drug cues reveal that lower
insula activation is linked to adolescent alcohol/nicotine
substance use disorders (SUD) within the context of
decision-making tasks and/or non-drug rewards [23–25].
Taken together, individuals with SUD appear to exhibit insular hypersensitivity to substance-related stimuli, but
hyposensitivity in other contexts.
Interoception research indicates that hedonic aspects of
drinking moderate left insula white matter volume and frequency of binge drinking in adolescents [26]. Further,
cigarette-smoking teenagers show an exposure-dependent
decrease in right insular cortical thickness [27]. Adults
with SUD exhibit anterior insula (AI) attenuation during
anticipation and experience of a soft brush stroke to the
palm/forearm as a pleasant interoceptive manipulation
[28]. In contrast, adolescents with SUD exhibit AI hyperactivity during soft touch, suggesting that neural patterns of
interoceptive responsiveness might differ in early versus
chronic stages of SUD [29]. Although hedonic aspects of
interoception have been investigated with cued reward
paradigms, less is known about links between aversive
interoception and SUD in adolescents. Investigating aversive stimuli is crucial, considering discomfort experienced
by addicted users during withdrawal, which might trigger
future use.
An inspiratory breathing load paradigm [30–32] was
used to investigate aversive interoception in adults with
SUD and showed lower insular and/or anterior cingulate
cortex (ACC) activation during breathing load than
controls [30,31], suggesting that the aversive interoceptive system is hyporesponsive. Given that adolescents
exhibit exaggerated brain activation for pleasant stimuli
(decreased insula activation for adults [28] versus increased activation for adolescents [29]), adolescents with
SUD may show a hyper-reactive interoceptive response to
aversive stimuli. In support of this assertion, adolescents
at high risk for alcohol problems are more sensitive to
negative stimuli and more motivated to drink alcohol in
negative emotion-arousing situations than low-risk
adolescents [33].
Another aspect of aversive stimuli is anticipation of
negative events, where predictability can lessen psychological impact. Inability to anticipate an aversive stimulus
could reﬂect an inhibitory control deﬁcit linked to SUD development [34]. Studies show that adolescents who: (a)
fail to anticipate aversive events are more likely to be
© 2015 Society for the Study of Addiction

alcohol- and nicotine-dependent [34] and (b) do not take
advantage of the predictability of aversive stimuli (considered poor modulators) have more SUDs than good modulators [35]. Lack of cognitive control in adolescent SUD
can be explained by a less mature cognitive control system
and a hyperactive reward system [36–38]. This dualprocess model [39] suggests that top–down cognitive control limitations result in reduced ability to regulate
bottom-up urges.
To examine whether SUD adolescents possess a dysfunctional aversive interoceptive system, the present investigation used functional magnetic resonance imaging
(fMRI) to examine insula activation in adolescents with
current alcohol or marijuana SUD. It was hypothesized
that: (a) SUD adolescents would show greater insular activation during the experience of breathing load than
healthy controls and (b) SUD would exhibit greater ACC
and prefrontal cortex activation than controls, as insula integrates activity from ACC and dorsolateral pre-frontal cortex (DLPFC [7,8]), both of which play a role in aversive
interoceptive processing in healthy individuals [40] and
adults with SUD [30].
METHODS
Participants
The University of California San Diego Human Research
Protections Program approved this study. Written informed
consent was provided by one parent or legal guardian of
the adolescent participant, who provided assent. Adolescents (aged 15–17 years) were recruited by distributing
ﬂyers at local high schools. Adolescents were screened by
telephone to rule out: life-time Diagnostic and Statistical
Manual of Mental Disorders [41] Axis I psychiatric disorder
independent of SUD; current use of psychoactive medications; history of major neurological or medical disorder,
head trauma with loss of consciousness > 5 minutes,
learning disability, serious physical health problems; complicated or premature birth; fMRI contraindications (e.g. irremovable metal); left handedness, non-correctable vision
or hearing problems and prenatal alcohol/drug exposure.
Participants were compensated $180 for their
participation.
Fifteen SUD (nine male, six female) and 18 healthy controls (CON; eleven male, seven female) participated in this
study. SUD were deﬁned by: (a) current endorsement of
≥2 DSM-5 [41] SUD criteria for either alcohol or marijuana
and (b) alcohol or marijuana use within the last 3 months.
The primary diagnosis for 27% of SUD was alcohol use disorder; the other 73% endorsed marijuana use disorder. The
number of SUD criteria endorsed ranged from 2–8
[mean = 3.4; standard deviation (SD) = 2.0]. CON had very
limited life-time alcohol/marijuana uses and no other illicit
drug use (see Table 1). Although most research has focused
Addiction, 110, 2025–2036
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Table 1 Subject characteristics by group.
CON n = 18

SUD n = 15

Characteristics

Mean

SD

Mean

Age
Education
BSMSS
Estimated verbal IQ
YSR internalizing t-score
YSR externalizing t-score

16.50
10.67
48.5a
111.22
45.00
44.94

0.62
0.59
12.12
13.98
10.36
10.22

16.60
10.67
51.18b
110.40
53.27
58.33

Demographics
Female
Caucasian
Hispanic

n

%
38.90
83.33
16.70

n

Questionnaires
Barratt Impulsivity Scale
Sensation Seeking Scale
Body Awareness Questionnaire
STAI-T Trait
PANAS positive
PANAS-negative

Mean
58.00c
14.72
81.17
33.44
27.67
12.50

SD
12.02
3.79
20.22
9.82
7.97
3.99

% Drug use
% Used alcohol in life-time
% Used alcohol in past week
% Used marijuana in life-time
% Used marijuana in past week
% Used other drugs in life-time
% Used other drugs in past week

n
6
1
2
0
0
0

Life-time drug use
Life-time alcohol use
Life-time marijuana use
Life-time other drug use

Mean
2.44
0.28
0

7
15
3

SD

2

P

df

t/χ

31
31
29
31
31
31

0.92
0.00
0.64
0.16
2.23
3.92

0.65
1.00
0.53
0.88
0.03
0.00

%
33.3
80
20

1
1
1

0.11
0.06
0.06

0.74
0.81
0.81

Mean
60.64b
25.14b
79.13
39.27
27.67
13.73

SD
9.14
6.05
14.19
11.44
6.04
4.74

28
30
31
31
31
31

0.67
5.97
0.33
1.57
0.00
0.81

0.51
0.00
0.75
0.13
1.00
0.42

%
33.3
5.6
11.1
0
0
0

n

%
100
66.7
100
66.7
73.3
0.0

1
1
1
1
1

15.71
13.75
25.88
17.22
19.8

0.00
0.00
0.00
0.00
0.00

d

d

d

SD
5.26
0.96
0.00

Mean
108.33
351.87
45.20

U
0.00
4.50
36.00

Z

5
12
3

15
10
15
10
11
0

0.63
0.90
11.14
16.58
10.90
9.20

SD
105.37
284.49
75.02

0.52
4.84
4.27

P
0.00
0.00
0.00

a
n = 17. bn = 14. cn = 16. d No statistics because ‘other drugs used in past week’ is a constant. CON = control group; SUD = Substance Use Disorder group;
BSMSS = Barratt Simpliﬁed Measure of Social Status; YSR = Youth Self-Report; STAI-T = State–Trait Anxiety Inventory; PANAS = Positive and Negative Affect Schedule; SD = standard deviation; U = Mann–Whitney U-test result.

on the effects of stimulants on the insula, alcohol and marijuana users are included in this study, as methamphetamine use is not as prevalent among 12th-graders [1].
Our sample was considered sufﬁcient to detect a medium
effect size, using a similar study with an experimental task
in SUD and CON adolescents as an estimate [29]. Participants completed a clinical assessment session, which included self-report questionnaires, and abstained from
substance use at least 72 hours prior to their fMRI session.
Abstinence was conﬁrmed by self-report, urine toxicology
and breathalyzer screens.

Clinical interview session
The Semi-Structured Assessment for Drug Dependence
and Alcoholism (SSADDA [42]) was used to assess life-time
DSM-5 substance use history and SUD diagnoses, which
© 2015 Society for the Study of Addiction

were conﬁrmed by a psychiatrist (M.P.P.) and psychologist
(S.F.T.). The time-line follow-back (TLFB [43]), a retrospective calendar-based measure, was used to assess substance
use for the past 30 days.
Questionnaires were administered to assess characteristics known to correlate with SUD, including the Sensation
Seeking Scale (SSS-V [44]), Barratt Impulsiveness Scale
(BIS-11 [45]) and Youth Self Report (YSR [46]). Barratt
Simpliﬁed Measure of Social Status (BSMSS [47]) was completed using parental responses to measure socio-economic
status (SES). The Positive and Negative Affect Schedule
(PANAS [48]) was used to measure affect, and trait anxiety
with the State–Trait Anxiety Inventory (STAI-T [49]). Verbal IQ was measured with the Wide Range Achievement
Test 4 (WRAT4 [50]). The Body Awareness Questionnaire
(BAQ [51]) measured attentiveness to non-emotive bodily
processes. Substance craving was measured with a 10Addiction, 110, 2025–2036
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cm visual analog scale (VAS) ranging from ‘no craving’ to
‘most craving ever experienced’.
fMRI session: aversive inspiratory breathing load paradigm
This continuous performance task (CPT) requires participants to anticipate and experience an aversive interoceptive
stimulus (see Fig. 1). Subjects wore a nose clip and breathed
through a mouthpiece with a non-re-breathing valve (2600
series; Hans Rudolph, Inc., Shawnee, KS, USA). Breathing
equipment was attached to the scanner head coil eliminating the need for subjects to contract mouth muscles. A hose
connected the mouthpiece to the inspiratory resistance load
of 40 cmH2O/l/sec, which consisted of a sintered bronze disk
in a Plexiglas tube. This disk partially limits the airﬂow
through the breathing tube, producing the resistance load.
Padding between the coil and headphones was used to keep
the subjects’ heads snug in the coil to minimize movement.
Prior to scanning, participants were given task instructions, experienced 60-sec segments of various breathing
loads (no load, 10, 20 and 40 cmH2O/l/sec), and then
completed VAS ratings of breathing load on a 10 cm scale,
from ‘not at all’ to ‘extremely’ on 16 dimensions (see
Table 2 [32,52]). These loads were used prior to the scan
to investigate whether increased load altered VAS and
familiarize participants with equipment. After the scan,
participants were asked to complete VAS ratings for breathing
load experienced during the CPT.
Participants performed the CPT with intermittent inspiratory breathing load during fMRI recording. Subjects were
asked to respond quickly and accurately to the orientation

Table 2 Visual Analogue Scale (VAS) scores for breathing load.
CON n = 18

SUD n = 15

VAS item

Mean

SD

Mean

SD

d.f. t

Pleasant
Unpleasant
Intense
Tingling
sensations
Fear of losing
control
Faintness
Fear of dying
Unreality
Hot/cold
ﬂushes
Trembling
Choking
Fear of going
crazy
Abdominal
distress
Chest pain
Palpitations
Sweating
Dizziness

2.16
5.54
3.62
1.93

1.72
2.97
3.11
2.83

1.16
5.86
4.36
1.44

1.13
3.01
2.62
1.98

30
30
30
30

2.01
0.29
0.71
0.56

1.21

1.93

1.51

2.18

30

0.42 0.68

1.53
0.37
0.94
0.66

2.32
1.10
1.43
1.35

0.99
0.54
0.67
0.24

1.71
1.83
1.88
0.46

30
30
30
22

0.73
0.33
0.47
1.21

0.42
0.46
0.41

1.12
1.13
1.12

0.91
0.89
0.49

1.82
2.08
1.56

30
30
30

0.93 0.36
0.75 0.46
0.18 0.86

0.75

1.82

0.71

1.68

30

0.07 0.95

0.61
0.48
0.36
1.16

1.35
1.22
1.16
1.89

0.81
0.71
0.11
1.19

1.88
1.78
0.23
1.83

30
30
30
30

0.36
0.42
0.80
0.05

P
0.05
0.77
0.48
0.58

0.47
0.75
0.64
0.24

0.73
0.68
0.43
0.96

VAS = Visual Analogue Scale; CON = control group; SUD = substance use
disorder group; SD = standard deviation; the variable hot/cold ﬂushes had
unequal variances.

(left or right) of the arrow with the button box. Brieﬂy,
background color served as a breathing load cue. Blue
indicated no breathing load, and a yellow background
indicated a one in four (25%) chance of experiencing the
load (see Fig. 1). Subjects experienced three conditions:
(1) baseline: task performed with a blue background;
(2) anticipation: a yellow background indicated a 25%
chance of a breathing load; and (3) breathing load: participant experiences 40 sec of resistive loaded breathing. Both
response accuracy and reaction time (RT) were obtained.
CO2 levels of respiration were recorded via nasal cannula
at a rate of 40 Hz. Event-related fMRI data collection
parameters are explained in detail elsewhere [31].

fMRI data analysis
Single-subject image analysis pathway

Figure 1 Inspiratory breathing load
© 2015 Society for the Study of Addiction

fMRI data were pre-processed with the Analysis of Functional NeuroImages (AFNI) software package (Cox,
1996). GE slices were reconstructed into AFNI BRIK format. A temporal region containing the largest span with
fewest voxel-wise outliers was used as a three-dimensional
(3D) registration baseline. Six motion parameters (dx, dy,
dz, roll, pitch, yaw) were obtained across the time–series.
Addiction, 110, 2025–2036
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Data were checked visually to ensure repetitions with
movement were removed. Motion parameters were used
as regressors to adjust EPI intensity changes due to motion
artifacts. The functional EPI underwent automatic
co-registration to the high-resolution anatomical image
and was inspected visually to conﬁrm successful
alignment. New outliers were generated based on whether
a given time-point greatly exceeded the mean number of
voxel outliers for the time–series. Deconvolution was
performed to determine breathing load task decision phase
activations. Six movement regressors, a baseline/linear
drift regressor, and two decision-making regressors
(anticipation, breathing load) were convolved with a
modiﬁed hemodynamic response function [53–55]. The
baseline task condition served as the baseline for this
analysis. A Gaussian spatial ﬁlter [4 mm full width at half
maximum (FWHM)] was used to blur data to account for
anatomical differences. Automated Talairach transformations were applied to anatomical images and EPIs were
transformed subsequently into Talairach space. Percentage
signal change (PSC) was determined by dividing the signal
for each regressor of interest (anticipation, breathing load)
by the baseline regressor and multiplying by 100. Five
participants were excluded because of excessive movement
during fMRI (n = 2), anatomical abnormality (n = 1), or
fMRI acquisition errors (n = 2), leaving a total of
33 participants.
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Brain–behavior relationships
PSC (for brain regions with a signiﬁcant group × condition
interaction) were correlated within-group with life-time
drug use, drug craving, STAI-T, BAQ, PANAS, BIS, SSS-V,
YSR and VAS scores. These nine variables were correlated
with six brain regions using SPSS version 22.0 (IBM Corp.,
Armonk, NY, USA), resulting in 51 comparisons. No
Bonferroni corrections were applied, as correlations were
considered exploratory.
Behavioral data analysis
SPSS version 22.0 (IBM Corp.) was used to analyze reaction time (RT) and accuracy using a repeated-measures
analysis of variance (ANOVA) to examine within-subject
differences as a function of condition (with baseline
subtracted) and between-subject group differences. Preand post-VAS breathing ratings were examined using
independent-samples t-tests between groups. CO2 levels
during anticipation and breathing load (with baseline
subtracted) and between-subject group differences were
examined using a repeated-measures ANOVA.
RESULTS
Subject characteristics
Demographics

Group-level analyses
For each voxel, a linear mixed effects (LME) model was
computed in R [56], using maximum likelihood estimation
(MLE) to examine group differences in brain activation.
Group (CON, SUD) and condition (anticipation, breathing
load) were modeled as ﬁxed factors, and subject was a random factor. The dependent measure was PSC. A threshold
adjustment method based on Monte-Carlo simulations was
used to guard against identifying false positive areas of activation. Based on AFNI AlphaSim, a voxel-wise P < 0.01
was associated with a 768 μl volume threshold (wholebrainmask; 12 contiguous voxels) for a clusterwise probability of P < 0.05 (two-sided). To examine a priori predictions,
masks for bilateral insula and ACC, deﬁned by the
Talairach atlas [57], were employed with a minimum cluster volume of 384 μl (six contiguous voxels) for P < 0.05
(two-sided) corrected for multiple comparisons. Anticipation and breathing load activation were both initially compared to baseline activity. The group main effect is the
difference between CON and SUD across all conditions.
The condition main effect examines anticipation versus
breathing load. The group × condition interaction examines between-group differences in anticipation and
breathing load, and within-group differences between
anticipation and breathing load.
© 2015 Society for the Study of Addiction

Groups did not differ signiﬁcantly in age, gender, education, verbal IQ or ethnicity. SUD endorsed higher
sensation-seeking, internalizing and externalizing
scores than CON, but groups did not differ on impulsivity
(see Table 1). SUD reported greater life-time substance
use than CON (see Table 1). Pre-scan VAS ratings showed
that, across participants, responses were affected signiﬁcantly by breathing load for pleasantness (F(2,64) = 5.8,
P < 0.01), unpleasantness (F(1.62, 51.84) = 5.01, P < 0.02)
and intensity (F(2,64) = 4.36, P < 0.02). SUD had more
life-time cigarette use [mean = 164.43, standard error
(SE) = 73.76] than CON (mean = 0.17, SE = 0.17; t(13),
P = 0.04). Multiple regressions predicting brain activation
during breathing load within SUD using alcohol, marijuana and cigarette use as predictors found no signiﬁcant
effect of cigarette use on blood–oxygen-level dependent
(BOLD) response. For post-scan VAS ratings, SUD rated
breathing load as less pleasant (mean = 1.16, SD = 1.13)
than CON (mean = 2.16, SD = 1.72; t(30), P = 0.05;
see Table 2).
Behavioral responses
RT was similar for anticipation (mean = 645.98, SE = 21.84)
and breathing load (mean = 630.63, SE = 29.00) for all
participants (F(1,24) = 0.81, P = 0.38) and did not differ
Addiction, 110, 2025–2036
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between groups for both anticipation (meanCON = 645.62,
SECON = 32.92; meanSUD = 646.47, SESUD = 27.35) and
breathing load (meanCON = 627.06, SECON = 44.58;
meanSUD = 634.02 , SESUD = 31.29), F(1,24) = 1.84, P = 0.19.
No signiﬁcant interaction between group and condition
emerged (F(1,24) = 0.05, P = 0.82). Groups were equally
accurate (> 97% correct on average) (F(1,25) = 0.003,
P = 0.97). There was a trend for both groups to be less
accurate during anticipation (98.9%) than breathing
load (99.4%; F(1,25) = 4.24, P = 0.05). There was no
group × condition interaction effect (F(1,25) = 0.20,
P = 0.67).
CO2 levels
CO2 output did not differ between groups (F(1,24) = 0.29,
P = 0.64); however, CO2 was lower during breathing load
than anticipation across participants (F(1,24) = 19.29,
P < 0.01). No group by condition interaction effect
emerged (F(1,24) = 0.23, P = 0.64), replicating prior work
using this breathing paradigm [30,31,58]. CO2 was not
correlated signiﬁcantly with breathing load PSC in any
brain region from group LME analyses.
BOLD response contrast
Condition and group main effects
Across subjects, the region of interest (ROI) analysis
showed that loaded breathing elicited greater bilateral

AI and PI activation than anticipation (F(1,31) = 4.16,
P< .05; see Fig. 2). Table 3 indicates results from both
the ROI and whole brain analyses that loaded breathing induced a large change in BOLD response affecting several
areas of the brain (F(1,31) = 4.16, P < 0.05). Furthermore,
the whole brain analysis showed that CON exhibited
greater pre-central gyrus activation than SUD across
conditions (F(1,31) = 4.16, P < 0.05; see Table 3). There
was no group main effect for the insula or ACC.
Group × condition interaction
The whole brain analysis showed that groups differed by
condition in several regions. Generally, CON showed
greater activation during anticipation than SUD, whereas
during breathing load SUD showed greater activation
than CON (see Table 4). During anticipation, CON exhibited greater right PI activation than SUD. During breathing load, SUD showed greater activation than CON in
right PI, left parahippocampal gyrus and left superior temporal gyrus. Moreover, the ROI analysis showed that CON
exhibited greater left PI activation during anticipation
than SUD.
Within-group differences indicate that SUD showed
greater activation during breathing load than anticipation
in bilateral PI, left AI, left middle frontal gyrus and right
inferior frontal gyrus (see Figs 3 and 4). CON showed the
opposite pattern, with greater activation during anticipation than breathing load in left PI (see Fig. 3).

Figure 2 The main task effect showed greater bilateral insula activation during breathing load than anticipation across participants (F(1,31) = 4.16,
P < 0.05). Error bars reﬂect ± 1 standard error
© 2015 Society for the Study of Addiction
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Table 3 Task effect: functional magnetic resonance imaging (fMRI) results for main effect of condition and main effect of group.
Main effect of condition
Mask

Voxels

Volume (μl)

X

Y

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
rROI
rROI
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain

602
585
417
363
312
118
89
85
76
49
32
27
19
19
17
16
14
13
12
12
12

Whole brain

12

38 528
47
37 440
49
26 688
10
23 232
1
19 968
29
7552
39
5696
37
5440
1
4864
41
3136
26
2048
17
1728
5
1216
34
1216
9
1088
7
1024
48
896
21
832
56
768
31
768
2
768
13
Main effect of group
768
27

Z

L/R

BA

Center of mass

Result

7
8
70
17
42
0
2
14
25
46
5
50
37
12
61
48
0
45
52
95
17

26
26
17
58
13
12
9
26
9
9
2
58
36
43
2
21
38
12
3
2
9

L
R
L
R
R
R
L
L
L
L
R
L
L
L
L
R
L
L
L
L
L

Precentral gyrus
Precentral gyrus
Declive
Medial frontal gyrus
Caudate
Anterior and posterior insula
Anterior and posterior insula
Brain
Parahippocampal gyrus
Parahippocampal gyrus
Lentiform nucleus
Precuneus
Middle frontal gyrus
Paracentral lobule
Superior frontal gyrus
Superior temporal gyrus
Cingulate gyrus
Middle temporal gyrus
Middle frontal gyrus
Cuneus
Thalamus

Plug>Ant
Plug>Ant
Plug>Ant
Plug>Ant
Ant>Plug
Plug>Ant
Plug>Ant
Ant>Plug
Ant>Plug
Plug>Ant
Plug>Ant
Plug>Ant
Plug>Ant
Plug>Ant
Plug>Ant
Plug>Ant
Ant>Plug
Plug>Ant
Plug>Ant
Ant>Plug
Plug>Ant

5

33

L

Precentral gyrus

CON>SUD

Plug = breathing load; Ant = anticipation; CON = control group; SUD = substance use disorder group; L = left hemisphere; R = right hemisphere;
rROI = restricted region of interest (ROI) based on hypothesis; Talairach coordinates reﬂect center of mass. Regions reﬂect signiﬁcant clusters of at least 12
contiguous voxels (whole brain; 768 μl) or six contiguous voxels (rROI; 384 μl) meeting the F(1,31) = 4.16, P < 0.05 threshold corrected for multiple comparisons via AlphaSim.

Table 4 Functional magnetic resonance imaging (fMRI) results for interaction effect of group by condition.
Mask

Voxels

Volume (μl)

X

Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
Whole brain
rROI

36
26
22
20
15
14
13
13
8

2304
1664
1408
1280
960
896
832
832
512

45
33
24
30
59
31
45
41
45

Y

Z
7
43
21
5
36
24
4
25
4

17
25
22
27
11
10
7
10
6

L/R

Center of mass

BA

Ant

Plug

R
L
L
L
L
L
L
R
L

Posterior insula
Middle frontal gyrus
Parahippocampal gyrus
Uncus
Middle temporal gyrus
Anterior insula
Superior temporal gyrus
Inferior frontal gyrus
Posterior insula

BA 13
BA 10
BA 35
BA 38
BA 21
BA 13
BA 38
BA 13
BA 38

CON>SUD
CON = SUD
CON>SUD
CON = SUD
CON = SUD
CON = SUD
CON>SUD
CON = SUD
CON>SUD

SUD>CON
SUD>CON
CON = SUD
SUD>CON
SUD>CON
SUD>CON
CON = SUD
SUD>CON
CON = SUD

L = left hemisphere; R = right hemisphere; Ant = anticipation; Plug = breathing load; CON = control group; SUD = substance use disorder group;
rROI = restricted region of interest (ROI) based on hypothesis; Talairach coordinates reﬂect center of mass; BA = Brodmann Area. Regions reﬂect signiﬁcant
clusters of at least 12 contiguous voxels (whole brain; 768 μl) or six contiguous voxels (rROI; 384 μl) meeting the F(1,31) = 4.16, P < 0.05 threshold corrected
for multiple comparisons via AlphaSim.

Brain–behavior relationships
To address greater brain activation during breathing load
in SUD compared to (a) anticipation in SUD and (b) breathing load in CON, self-report and drug use measures were
correlated within brain activation within SUD during
breathing load. SUD with lower scores on the BAQ showed
greater left middle frontal gyrus activation (r = 0.62,
© 2015 Society for the Study of Addiction

P = 0.02; see Fig. 5a) and right PI activation (r = 0.58,
P = 0.02; see Fig. 5b) during breathing load.
DISCUSSION
This investigation examined aversive interoceptive
processing in adolescents with SUD and yielded three
main results. First, consistent with our prediction,
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Figure 3 The group by condition interaction showed: (1) between-group differences, wherein adolescents with substance use disorder (SUD) exhibited greater right posterior insula and left anterior insula activation than healthy controls (CON) during breathing load; and (2) within-group differences, wherein SUD exhibited consistent modulation in bilateral posterior insula and left anterior insula as a function of anticipation and breathing
load conditions, but CON did not. Error bars reﬂect ± 1 standard error. *P < 0.05; **P < 0.01

SUD showed greater insula activation during breathing
load than CON. Secondly, SUD showed greater
breathing-load activation than CON in left middle frontal gyrus and right inferior frontal gyrus. SUD, but not
CON, exhibited consistent modulation in these frontal
regions as a function of condition. Thirdly, SUD rated
the breathing load as less pleasant than CON. Taken
together, ﬁndings suggest that the insula of SUD adolescents is hypersensitive to aversive stimuli.
Our results are consistent with heightened sensitivity
exhibited by adolescent SUD during pleasant stimuli
© 2015 Society for the Study of Addiction

processing [29]. Not only do adolescents generally show
greater striatal sensitivity to valenced stimuli than adults
[59], but adolescents with SUD demonstrate greater responses than CON to aversive stimuli in the present study.
Thus, SUD adolescents may not be able to predict physiological bodily changes accurately. Differences seen between
anticipation and breathing load in SUD might reﬂect a
bodily prediction error. This is illustrated in the PI difference between anticipation and breathing load for SUD
(see Fig. 3). SUD show a diminished anticipatory response
in conjunction with an exaggerated response during
Addiction, 110, 2025–2036
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Figure 4 The group by condition interaction showed: (1) between-group differences, wherein adolescents with substance use disorder (SUD) exhibited greater left middle frontal gyrus and right inferior frontal gyrus than healthy controls (CON) during breathing load; and (2) within-group differences, wherein SUD exhibited consistent modulation in these regions as a function of anticipation and breathing load conditions, but CON did not.
Error bars reﬂect ± 1 standard error. *P < 0.05; **P < 0.01

breathing load. Perhaps this discrepancy illustrates an inability to make use of the predictability of the aversive
event, evident in prior research [34,35]. Addiction may
represent a chronic imbalance of a homeostatic condition
of the body, leading to maladaptive regulation of the internal state through substances [11]. Negative reinforcement
mechanisms of drug seeking to avoid aversive consequences of withdrawal has been thought to be crucial in
addiction development [60]. However, we did not ﬁnd a relationship between drug craving and insula activation in
SUD. Previous research shows that SUD exhibit increased
insular cue reactivity to drug-related stimuli, thought to
be linked to craving [18–20]. Craving in cigarette-smoking
adolescents is correlated negatively with cortical thickness
of right ventral AI [27]. Perhaps craving measurements
should be completed during the CPT, while the participant
is still in the scanner. Insula integrates information from
ACC and DLPFC to facilitate goal representation and motivation [17]. The present study suggests that this integration may be disrupted in SUD, potentially resulting in
craving, thereby over-ruling non-drug taking goals.
Insular cortex is a crucial component of a neural salience network involved in switching between the default
© 2015 Society for the Study of Addiction

mode network (involved with craving and withdrawal
symptoms) and the executive control network (involved
in decision-making) [61–63]. Increased insula activation
in SUD might be related to the inability to disengage from
the default mode network, and consequently the inability
to switch to the executive control network for top–down
control.
Contrary to our prediction, ACC did not show differential activation between groups. ACC activation has been
found using the same aversive breathing task in SUD
and CON adults, and is thought to monitor and inhibit
reactions to aversive stimuli [30,31,40]. Perhaps ACC
plays a different role in behavioral control for adolescents than for adults. For example, when making risky
choices, adults exhibited greater ACC activation than
adolescents [64]. Moreover, adults showed greater
ACC activation than both adolescents and young
adults when anticipating pleasant interoceptive stimuli
[65]. However, youth at high risk for SUD show greater
ACC, pre-frontal and AI activation than CON in response to risky decisions involving high potential for
negative outcomes [66]. Thus, it is unclear what role
ACC plays in adolescents.
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Figure 5 Brain activation during breathing load in adolescents with substance use disorder (SUD). SUD exhibited a negative relations between (a)
left middle frontal gyrus (r = 0.62, P = 0.02) and (b) right posterior insula (r = 0.58, P = 0.02) and Body Awareness Questionnaire (BAQ) scores.
Brain activation during breathing load for SUD shows a positive relationship between (c) left middle frontal gyrus and visual analogue scale (VAS) intensity of the breathing load (r = 0.52, P = 0.05). SUD exhibited a negative relationship between (d) right inferior frontal gyrus and sensation-seeking
scale (SSS; r = 0.56, P = 0.04)

This study has several limitations. First, our sample size
was modest and limited to adolescents who endorsed alcohol or marijuana SUD. Future research should recruit
larger samples to investigate potential neural differences
between substances. A larger sample could also investigate
differences between gender, as functional and structural
imaging studies have shown differential patterns for heavy
drinking adolescents, with females generally showing
more abnormalities than males [24,67–69]. Secondly, this
cross-sectional study cannot determine whether the dysfunctional interoceptive system reﬂects a pre-existing condition or a consequence of neurotoxic effects of substance
use. Future studies could investigate this directionality
similarly to research showing that children with mothers
who smoked displayed more impulsivity than children of
non-smokers on a delayed discounting task [70]. If adolescents at risk of developing SUD show altered interoceptive
function compared to those without family history of
SUD, this would support that it is a pre-existing condition.
© 2015 Society for the Study of Addiction

Despite these limitations, this investigation shows
altered interoceptive functioning in adolescents with
alcohol/marijuana SUD indicated by: (a) increased insular activation during breathing load and (b) modulation
in insular and frontal regions as a function of anticipation and breathing load compared to CON. Our ﬁndings
suggest that adolescents with SUD are hypersensitive to
aversive stimuli, which may lead to drug-seeking
behavior.
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