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Multimodal neurocognitive markers of interoceptive tuning in
smoked cocaine
Alethia de la Fuente1,2, Lucas Sedeño1,2, Sofia Schurmann Vignaga1, Camila Ellmann1, Silvina Sonzogni2,3, Laura Belluscio2,3,
Indira García-Cordero1,2, Eugenia Castagnaro1, Magdalena Boano1, Marcelo Cetkovich1, Teresa Torralva1, Eduardo T. Cánepa2,3,
Enzo Tagliazucchi2,4, Adolfo M. Garcia1,2,5 and Agustín Ibañez 1,2,6,7,8

Contemporary neurocognitive models of drug addiction have associated this condition with changes in interoception —namely,
the sensing and processing of body signals that fulfill homeostatic functions relevant for the onset and maintenance of addictive
behavior. However, most previous evidence is inconsistent, behaviorally unspecific, and virtually null in terms of direct
electrophysiological and multimodal markers. To circumvent these limitations, we conducted the first assessment of the relation
between cardiac interoception and smoked cocaine dependence (SCD) in a sample of (a) 25 participants who fulfilled criteria for
dependence on such a drug, (b) 22 participants addicted to insufflated clorhidrate cocaine (only for behavioral assessment), and (c)
25 healthy controls matched by age, gender, education, and socioeconomic status. We use a validated heartbeat-detection (HBD)
task and measured modulations of the heart-evoked potential (HEP) during interoceptive accuracy and interoceptive learning
conditions. We complemented this behavioral and electrophysiological data with offline structural (MRI) and functional connectivity
(fMRI) analysis of the main interoceptive hubs. HBD and HEP results convergently showed that SCD subjects presented ongoing
psychophysiological measures of enhanced interoceptive accuracy. This pattern was associated with a structural and functional
tuning of interoceptive networks (reduced volume and specialized network segregation). Taken together, our findings provide the
first evidence of an association between cardiac interoception and smoked cocaine, partially supporting models that propose
hyper-interoception as a key aspect of addiction. More generally, our study shows that multimodal assessments of interoception
could substantially inform the clinical and neurocognitive characterization of psychophysiological and neurocognitive adaptations
triggered by addiction.

Neuropsychopharmacology (2019) 44:1425–1434; https://doi.org/10.1038/s41386-019-0370-3

INTRODUCTION
Drug addiction is a complex physiological and psychological
phenomenon, characterized by an interplay of diverse biological
mechanisms, such as alterations of the meso-limbic system. In
particular, contemporary neurocognitive models have proposed
that dopaminergic drug addiction may be crucially related to
changes in interoception (namely, the sensing and processing of
body signals) given its homeostatic role [1] in the onset and
maintenance of addictive behavior [2]. Indeed, drug abusers and
consumers present differential activation and/or functional con-
nectivity (FC) patterns involving the insular cortex [3–6], a putative
interoceptive hub [1]. However, extant results are inconclusive
(showing both hypo- and hyper-reactivity/connectivity of the
insular cortex) and virtually uninformed by relevant behavioral
and multimodal neurocognitive measures. Against this back-
ground, we implemented a state-of-the-art multimodal approach
combining behavioral, electrophysiological, volumetric, and FC

markers to evaluate cardiac interoception in a sample of smoked
cocaine dependents (SCD).
The development of addiction hinges on diverse neuroadapta-

tive processes, particularly impacting on the reward system, the
anti-reward system, and cognitive control mechanisms [7]. In
addition, recent models propose that interoceptive experiences
are critical for processing of sensory signals associated with
pleasure and craving [8], two hallmarks of addiction. Moreover, in
animal studies, anticipatory interoceptive markers such as cocaine
peripheral effects over voltage channels [9] can serve as a
peripheral interoceptive conditioned stimulus [10, 11] contribut-
ing to cocaine reward and cocaine seeking [11]. These results
suggest that experience of interoceptive signals during consump-
tion may facilitate associative learning between peripheral and
rewarding effects. Therefore, sustained drug use may tune
interoceptive pleasure-related mechanisms over time [8].
Repeated experiences over long periods are typically associated
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to neuronal adaptations [12] and, during craving in addicted
individuals, they could manifest as hyper-sensitivity to negative
bodily sensations [13]. In this sense, previous research has linked
interoceptive processing with insular modulations [3–6], including
both hyper- [6] and hypo-connectivity [3]. In fact, healthy subjects
trained to focus attention on the interoceptive domain exhibit
modulations of the insula and associated neural systems [12],
which may signal an allostatic adaptation following repeated
consumption [7]. In brief, increased sensitivity to body-signals in
drug abusers might lead to a neuroadaptation process similar to
that observed for training in interoception [12] and other domains
[14], characterized by reduced brain resources. Regarding
structural signatures, two main processes seem to be potentially
mixed while consumption took place during the synaptic pruning
stage. First, gray matter volume reduction over the adolescence is
related to performance, particularly over the frontal but also
the insular cortex. Moreover, a negative association with
performance has been reported for learning-related training
[15–17], in line with the hypothesis of experience-dependent
synaptic pruning [18]. Both lines of evidence suggest a develop-
mental tuning. However, the links among behavioral correlates of
interoceptive processing and related neurocognitive adaptations
remain unexamined in substance use populations.
A relevant model to assess this issue is afforded by subjects

addicted to a type of SC termed coca paste, the earliest
intermediate product of clorhidrate cocaine (CC) extractions from
the coca leaf. After chemical transformation, coca paste acquires
low-melting points and can be volatilized and smoked [19]. While
consumption of coca paste has been reported in the USA since the
eighties [20], it currently represent a critical public health in
developing countries. As observed by the Organization of
American States (OAS) and by the United Nations Office on Drugs
and Crime (UNODC), experimental research on its effects is scarce.
Compared to CC, this basic form has earlier and stronger addictive
properties [21], due to smoke inhalation as the administration
route [22] and the presence of active adulterants [21, 22] and
other coca alkaloids [23]. Such higher propensity to dependence
[24] results in relatively poor therapeutic outcomes [25]. In
particular, a drug’s administration route is a critical determinant
of addictiveness [10, 26]. For instance, while insufflated cocaine
boosts sympathetic peripheral signatures, SC engages dopami-
nergic reward systems more abruptly, facilitating contextual
learning. Interoceptive cues related to repeated intravenous CC
administration elicit dopaminergic responses, even when the
central effects of cocaine are not present [10]. Thus, comparatively,
SC is more likely to result in addiction, implying a strong sustained
adaptation even after prolonged abstinence [25] in a range of
systems, potentially including insular and interoceptive regions.
Also, SC has been noted to induce aggressive behaviors [27],
which, in turn, are associated with adaptations over insular and
subcortical regions [28]. Moreover, changes in insulo-striatal
connectivity have been related to impulsivity and relapse in SC-
dependent subjects [29]. Given the antecedents of stronger
neuroadaptation, the basic previous results showing cocaine as a
peripheral interoceptive conditioned stimulus, and aggressive
behaviors in SC dependents, we hypothesized that this group
would exhibit specific psychophysiological signatures of enhanced
interoceptive processing, with a concomitant tuning of relevant
neural regions and networks.
Although mainstream models postulate hyper-interoception in

drug abusers, most results stem solely from (inconsistent)
neuroimaging data [3–6] or the study of brain-lesioned patients
[5], with only behavioral data from depressors such as alcohol,
synthetic cannabinoids, or heroine [30–32], and almost null
evidence on behavioral and electrophysiological interoceptive
markers—such as the heart-evoked potential (HEP), an electro-
physiological signature modulated by attention to interoceptive
signals [33]. To bridge this gap, we assessed the relation between

interoception and SC dependence with a novel multimodal and
multidimensional approach [34]. We implemented a previously
validated heartbeat detection (HBD) task [34], and measured
ongoing HEP modulations as subjects tracked their own heart-
beats in two conditions: first, without any external or internal cue
(interoceptive accuracy [IA]), and then, after receiving auditory
feedback (interoceptive learning [IL]). Moreover, using magnetic
resonance imaging (MRI) and functional MRI (fMRI) data, we
performed structural and FC analyses of the main interoceptive
hubs associated with performance. Also, to test the specificity of
behavioral SC-related effects on interoception, we administered
the HBD task to demographically matched CC dependents (CCD)
and healthy controls (CTR). Based on the above background, we
advanced three main hypotheses. First, considering previous
reports of increased anticipatory interoceptive signals in the fast
administration route of cocaine, as well as the interoceptive
hypothesis of addiction, we predicted that SCD subjects would
exhibit enhanced IA relative to the CCD and CTR groups. Second,
given that the HEP is usually modulated by interoceptive
attention, we predicted that this enhanced performance in SCD
would be accompanied by an enhanced psychophysiological
signature of interoceptive processing (increased negative HEP
modulation) in comparison with CTR subjects. Third, based on
previous results on expertize and interoceptive training, we
expected a specific tuning of interoceptive hubs (insular and
related networks) in SCD subjects, at both morphological and
functional levels.

MATERIAL AND METHODS
Participants
Seventy-two subjects were recruited in this study. Twenty-five
participants fulfilled DSM-IV criteria for dependence to SCD, while
22 met criteria for CCD. All consumers had early onsets of drug
consumption (between 14 and 16 years old, Table S2). As in similar
reports [29, 35], some participants from both groups also
presented dependence or abuse diagnosis for other drugs
(Table S3). History of drug consumption was further evaluated
with a comprehensive neuropsychiatric interview of lifetime
substance use (Table S4), and with the Alcohol, Smoking, and
Substance Involvement Screening Test (ASSIST) [36]: both SCD and
CCD participants presented a significant preferential use of SC and
CC, respectively (Tables S1 and S2)). Consumers presented no
differences in current craving (CQC) [37], but SCD presented
higher desire than CCD (Table S5) (see Supplementary Informa-
tion 1 for further details).
We also included 25 healthy subjects (CTR) with no history of

drug abuse (Tables S1 and S2), psychiatric or neurological disease
(Table S1). All groups (SCD, CCD, and CTR) were age- and
education-matched, and presented similar socio-economic sta-
tuses—as measured with the European Survey (ESOMAR) socio-
economic scale [38] and the Unsatisfied Basic Needs (UBN) scale
[39] (Table 1). Groups showed no differences in heart rate (HR) and
HR variability (Supplementary Information 1 and Table S6). All
participants provided signed informed consent in accordance with
the Declaration of Helsinki. The study protocol was approved by
the institutional Ethics Committee (N° 609/16, record 554).

Behavioral assessment
Interoceptive performance: HBD task. We used a modified version
of a validated HBD task [40] involving three conditions [34]. First,
in the IA condition [41], participants were requested to follow their
own heartbeats over 2 min via finger tapping, without any cue of
their pulse from their neck or wrist. Second, in the IF condition,
they performed the same task while receiving feedback via a
stethoscope. Finally, in the IL condition [34], they were asked to
follow their heartbeats again without any external cues (see Fig. 1,
Supplementary Information 2 and Table S7 for further details).
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Conceptually, the IA represents a basal interoceptive measures
and IL reflects the integration of IF information to improve the
performance (for more details see [34]). The total length of the
HBD task was approximately 15min. During this task, electro-
cardiographic and high-density electroencephalographic (hd-EEG)
signals were recorded, as detailed below.
As in a previous interoceptive study [42], we used a synchrony

measure (Dm) to assess the participants’ ability to adjust their
responses to cardiac frequency changes over time. An advantage
of this approach is that it is unbiased by the total number of
responses—e.g., a subject who taps repeatedly may obtain high
accuracy with other interoceptive indexes, even if the responses’
oscillation is not adjusted to his/her heart-rate frequency [43]. Dm

was calculated as the mean difference between motor-response
frequency and cardiac frequency in each condition. This index is a
positive score with a maximum of 0, which indicates the smallest
difference between answers and recorded heart beats and, thus,
optimal interoceptive performance (see Fig. 1). As a majority of the
subjects perform below 1 Hz of difference, and to simplify the
interpretation of results, the measure is expressed as 1− Dm (see
Supplementary Information 2 for details about the estimation of
this measure).

HEP acquisition and preprocessing
During the HBD task, hd-EEG signals were recorded with a Biosemi
Active-two 128-channel system, as in previous works [34] (see
Supplementary Information 3 for further details). The resulting data
were then segmented from 200ms prior the R-wave-EKG onset to
800ms after its onset. These EEG epochs were baseline-corrected
relative to a −200 to −0ms time window and noisy epochs were
rejected. EEG data from 50 participants (25 SCD and 25 CTR)
complied with the requisites for adequate preprocessing analysis.
The remaining number of cleaned epochs by condition did not
differ across groups (Table S10). The HEP, which consists in a
frontal deflection between 150 and 800ms [33, 34], was measured
around an extended frontal region of interest (ROI) encompassing
nine electrodes [41]. We also assessed separate three-electrode
ROIs in frontal-right [67–69], frontal-left [81] and frontal-central
topographies [41, 81], as previously reported [41].

MRI image acquisition and preprocessing
From the 72 participants (excluding the CCD participants who
were only involved in the behavioral assessment), 43 MRI
recordings were used (20 SCD and 23 CTR)—omitted participants
either abandoned the protocol or opted out of the MRI sessions

due to claustrophobia. Both groups (SCD and CTR) were matched
in age and education, and presented similar socio-economic
statuses, as measured with the ESOMAR [44] and the UBN scale
[39] (Table S11). Structural T1 scans and resting-state fMRI
recordings were obtained through a 1.5 T Phillips Intera scanner
with a head coil SENSE-NV phased array with eight channels.
Resting-state was 10 min long, in witch participants were
instructed not to think about anything in particular and keep
their eyes closed (see Supplementary Information 4 for acquisition
details). For structural images, Voxel-based morphometry (VBM)
was performed to account for the structural correlates of
interoceptive measures. Images were preprocessed with the CAT
Toolbox from Statistical Parametric Mapping software (SPM12, see
Supplementary Information 4 for preprocessing details). For
functional image analysis, following previous FC reports [34],
images were preprocessed with the Data Processing Assistant for
Resting-State fMRI (DPARSF V4.3). Three SCD and two CTR subjects
were excluded from the functional analysis due to excessive
movement, resulting in a final sample of 18 SCD and 23 CTR
participants (see Table S11). FC matrices were estimated using the
Pearson’s correlation coefficient and based on the Brainnetome
Atlas [45].

Statistical analysis
Hypothesis 1: IA is enhanced in SCD subjects relative to CCD and CTR
groups. To compare behavioral performance between groups,
we used nonparametric Kruskal–Wallis tests (with
Wilcoxon–Mann–Whitney tests for post hoc comparisons),
reported with false-discovery rate (FDR), considered significant
at p-FDR corrected < 0.05. These tests were applied because data
distribution depended on the condition blocks, visually evaluated
by Q–Q plots and Shapiro–Wilk test for normality (see Supple-
mentary Information 2). To make our results comparable with
previous reports [41, 46, 47], we excluded subjects as outliers for
each condition when their outcomes were above 2.5 standard
deviations (SDs) away from the group’s mean. Note that this
criterion allowed us to remove data that may not reflect the actual
psychophysiological process targeted by the task while enhancing
the power of the test to find truly significant results—as shown in
simulation studies [48].
Finally, to explore the association between performance and

consumption, we fit a random forest regression for subjects IA with
consumption data. We reported mean R2 over measured and
predicted by consumption data, different to permutated subjects
with p < 0.001 (Mann–Whitney) (see Supplementary Information 2).

Table 1. Demography

CTR (N= 25) SCD (N= 25) CCD (N= 22) Statistics

Gender (M:F) 22:3 23:2 21:1 x2= 0.88, p= 0.64

Handedness (R:L) 25:0 24:1 22:0 x2= 1.91, p= 0.385

ESOMARa (a:b:ca:cb:d:e) 0:0:1:1:15:7 0:1:1:3:9:6 0:1:5:4:6:1 x2= 15.46, p= 0.051

BNb (UBN: SBN:Street) 13:11:0 11:5:1 5:13:0 x2= 8.45, p= 0.076

Model Post hoc comparison (Tukey’s HSD)

CTR vs. SCD CTR vs. CCD SCD vs. CCD

Agec 19.60 (2.62) 20.04 (2.28) 20.64 (2.96) F(2)= 0.913, p= 0.406 n.s. n.s. n.s.

Educationc 9.47 (1.94) 8.76 (1.83) 9.45 (1.56) F(2)= 2.027, p= 0.139 n.s. n.s. n.s.

Body mass indexc 23.26 (5.79) 22.81 (2.28) 24.57 (3.47) F(2)= 1.146, p= 0.324 n.s. n.s. n.s.

ACEc 3.52 (2.35) 5.6 (2.28) 6.18 (2.22) F(2)= 10.440, p < 0.001 0.003 0.000 0.619

ACE adverse childhood experiences questionnaire, CTR control, SCD smoked cocaine dependent, CCD clorhidrate cocaine dependent
aEuropean Society for Opinion and Marketing Research (ESOMAR) 6 categories as very high (a), high (b), middle high (ca), middle (cb), middle low (d), and low
(e)
bThree categories as unsatisfied basic needs (UBN), satisfied basic needs (SBN), or living in the street
cValues are expressed as mean (standard deviation)
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Hypothesis 2: enhanced performance in SCD subjects is accompanied
by increased negative-HEP modulation in comparison with CTR
subjects. As in previous cardiac interoception research [34], the
HEP was compared between groups via a point-by-point Monte
Carlo permutation test combined with bootstrapping in a
300–800ms window—to avoid the influence of the cardiac field

potential [34]. See Supplementary Information 3 for further details
about data acquisition, preprocessing, and analysis.

Hypothesis 3: interoceptive hubs in SCD subjects are distinctively
tuned at both morphological and functional levels. To establish
the structural correlates of interoceptive measures for each group,
we correlated VBM preprocessing results with the Dm from the IA
and IL conditions via multiple regression analyses on SPM 12 [49].
Given that putative interoceptive areas correspond to frontal,
temporal, and parietal regions [50], we used a mask to exclude
occipital and cerebellar areas. Total intracranial volume was used
as a covariate to discard the influence of brain-size differences
(whole-brain analysis, p < 0.001 uncorrected, extent threshold=
30 voxels [34]).
To examine the association between behavioral performance

and FC, we focused our analysis on the connectivity between
interoceptive areas and the rest of the brain. Core hubs from the
interoceptive network were selected following previous reports
[34], including the bilateral postcentral gyrus (regions 155, 156,
159, and 160 from the atlas), the insular cortex (regions 163
through 174), and the anterior cingulate cortex (ACC, regions 187
and 188) (Table S13). For this analysis, we used nonparametric
spearman correlations (p < 0.001 uncorrected [34]).
Finally, to test for differences in the association of interoception

and neuroimaging measures between groups, we implemented a
linear regression to compare the relationship of interoceptive
performance and total gray mater or FC of the associated clusters
(for each SCD and CTR group). As in previous analyses, we
excluded subjects whose gray matter, FC, or interoceptive
performance outcomes fell 2.5 SDs away from the group’s mean.
We analyzed the interaction in the relationships of group to total
gray mater or FC for CTRs and CSD (F test, p < 0.001).

RESULTS
Interoceptive performance
We found an effect of IA across groups. Post hoc comparisons via
Mann–Whitney and FDR correction showed that SCD performed
better than CTR (p= 0.024) and CCD (p= 0.024). No group
differences were found for either the IL condition of the
interoceptive feedback condition (Fig. 2a, b, Table 2).
We found an association between poly-consumption data and

IA (R2= 0.108 (0.013), p= 0.032 (0.012), mean/SD values), different
from subject permuted (p < 0.001, 1000 permutations), mostly due
SC amount and frequency (see Supplementary Information 2,
Table S8 and Table S9 and Suppl. Fig 1).

Heart-evoked potential
A comparison of HEP modulations during IA between SCD and
CTR revealed more negative deflections for the former group over
the frontal ROI (p < 0.05, 5000 permutations), within the expected
time-window (650–750ms, Fig. 3). No differences were found
between groups in the IL condition in any ROI (Fig. 3 and Suppl.
Fig. 2). Both IA and IL results were replicated in the frontal-left,
frontal-right, and frontal-central ROIs (Suppl. Fig. 2).

Association between interoceptive and neuroimaging measures
Gray matter signatures of interoceptive performance. In CTR, IA
positively correlated with gray matter volumes in the inferior
frontal gyrus, the insulo-opercular region, and the left posterior
cingulum (p < 0.001). In SCD, we observed a positive association
between performance and the right frontal medial cortex, as well
as negative association (i.e., higher IA correlated with decreased
gray matter volume) with the insula, the left superior frontal gyrus,
the bilateral putamen, and the left inferior parietal lobe (p < 0.001)
(Fig. 4a and Table S12).
The IA condition revealed a significant interaction in the

relationships of gray matter and groups for the left posterior

Fig. 1 Behavioral analysis. Performance was calculated using a
smoothing moving average filter. a Over the task, heart beats (red)
and responses (black) were registered and saved as marks in time.
For each block (both IA, IF and both IL) the process was identical
(dark green, IA; light green, IF; and yellow, IL). Each block was
subsequently subdivided in overlapping windows starting at each
single beat (blue lines). b Amplification of an individual window.
Heart beats and responses are shown in red and black, respectively.
In each window we computed inter heart-beats intervals (R–R) and
inter-responses intervals (IR intervals). c Inside each window the
regularity of the responses was evaluated by the coefficient of
variation (CV) to exclude extremely noisy windows. Panel c shows
two illustrative examples of the distributions of R–R and IR intervals.
Abscissa shows the expected density function and ordered the R–R
and IR intervals in seconds. Short lines in red and black illustrates
individual RR and IR intervals in the window. While the regularity in
the responses was enough (Up panel c) to assume the subjects were
actually performing the task, the instant frequencies (window
average frequency) of the heart (calculated as 1/mean R–R) were
compared with the instant frequency of responses (calculated as 1/
mean inter-response times). The absolute difference among heart
and response frequencies were averaged among each window in
the block, for each condition, to reveal the window specific dm,w for
each condition (IA, IF, and IL). Responses with CV above 0.5 the
window were discarded. IA interoceptive accuracy, IF interoceptive
feedback, IL interoceptive learning
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cingulate gyrus (p < 0.001), the left superior temporal gyrus (p <
0.001), the right putamen (p < 0.001), and the right insular cortex
(p < 0.001). In all regions the relation was negative only for SCD
(Table S12).
Significant associations also emerged for IL. In CTR, we

performance was positively correlated with gray mater volume
in several frontal areas, including the right frontal medial,
precentral, frontal inferior orbital, insular, and frontal inferior
opercular cortices; and the left frontal superior medial,
frontal superior, frontal inferior pars orbitalis, and frontal medial

areas (p < 0.001). In SCD, IL was positively associated with the left
frontal medial pars orbitalis, and negatively related to the right
temporal superior and left supra marginal gyri (p < 0.001). The IL
condition did not reveal any significant interaction in the
relationship between gray matter and groups (Table S12) (Fig. 4a
and Table S12).

Functional connectivity. In CTR, a positive association emerged
between IA and FC between bilateral posterior insular and left
postcentral regions with the precuneus, the posterior ventral
cingulate gyrus, parietal regions, and the temporal pole (p < 0.001,
uncorrected). Conversely, in SCD, we found a negative association
(i.e., better performance associated with decreased FC) involving
connectivity of the bilateral anterior insular cortex with postcentral
and temporal regions, as well as with posterior insular regions
(Fig. 4b and Table S14). We found a significant interaction of group
and performance in all relevant insula-related connections in SCD
subjects. These links were found (a) between the left dorsolateral
anterior insula and left superior posterior temporal sulcus
(p < 0.001); (b) between the right dorsolateral posterior insula
and the right medial temporal sulcus (p < 0.001), and (c) between
the right dorsolateral anterior insula and three regions, namely:
the left posterior superior temporal sulcus (p < 0.001), the left
superior temporal sulcus (p < 0.001), and the left superior
postcentral gyrus (p < 0.001); as well as between the right
dorsolateral posterior insula and the right temporal medial sulcus
(p < .001). Among all regions the relation was negative only for
SCD, details in Table S14.
In the IL condition, both groups presented negative associations

between behavioral performance and the FC within insular areas,
and between the latter and fronto-temporal regions (p < 0.001,
Fig. 4b and Table S14). In the IL condition, we only found
significant interactions of FC between the left dorsolateral anterior
insula and the left posterior temporal sulcus (p < 0.001). This
relation was negative for SCD —see details in Table S14.

DISCUSSION
Although neurocognitive models of drug addiction highlight the
role of interoceptive processing in the onset and maintenance of
addictive behavior [7], relevant multimodal evidence is scarce and
controversial. Here, we report unprecedented multimodal neuro-
cognitive evidence of enhanced cardiac interoception in addic-
tion, showing that SCD subjects present boosts in relevant
psychophysiological measures (HBD and HEP), accompanied by
structural and FC tuning of interoceptive networks. More
generally, our approach could inform the clinical and neurocog-
nitive characterization of key biopsychological adaptations in
addiction.

Psychophysiological evidence of enhanced ongoing interoception
in SCD
SCD showed greater IA alongside enhanced negative modulations
of the HEP, a physiological marker of attention to cardiac signals

Fig. 2 Behavioral results. a Comparison of the performance of each
group across conditions. SCD subjects has higher IA than both
controls and CCD subjects. No differences were found for the
interoceptive learning condition, nor for the feedback condition.
Yellow indicates smoked cocaine dependent (SCD) subjects, violet
indicates healthy controls (CTR), and red indicates CC dependent
(CCD) subjects. The asterisk (*) indicates significant differences at a
p-FDR corrected < 0.05). b Changes of each subject’s performance
across conditions. Better outcomes are closer to 1. IA interoceptive
accuracy, IF interoceptive feedback, IL interoceptive learning

Table 2. Interoceptive performance (Dm)

CTR (N= 25) SCD (N= 25) CCD (N= 22) Model Mann–Whitney p-FDR corrected

CTR vs. SCD CTR vs. CCD SCD vs. CCD

IA 0.410 (0.208, 25) 0.266 (0.138, 24) 0.457 (0.280, 22) KW (3, 71)= 8.127, p= 0.017 p= 0.024 n.s. p= 0.024

IF 0.141 (0.215, 24) 0.089 (0.097, 25) 0.179 (0.179, 22) KW (3, 70)= 2.104, p= 0.349 n.s. n.s. n.s.

IL 0.197 (0.204, 24) 0.176 (0.110, 25) 0.187 (0.106, 22) KW (3, 70)= 0.862, p= 0.650 n.s. n.s. n.s.

Values are expressed as mean (standard deviation, N). IA interoceptive accuracy, IF interoceptive feedback, IL interoceptive learning, CTR control, SCD smoked
cocaine dependent, CCD clorhidrate cocaine dependent
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[33, 40]. Our results suggest that consumption (and, more
particularly, the frequency and amount of SC consumption)
impacts on IA. This finding supports the idea that sustained
addiction critically hinges on increased interoceptive experiences
during drug intake (as necessary for the pleasure states associated
with consumption) and craving (given that abstinence involves
negative body-sensations) [7]. Whereas relevant models have
advanced compatible claims based on lesion studies and
neuroimaging [3–6], our study extends such findings, for the first
time, with evidence of ongoing behavioral and physiological
measures of increased cardiac interoception in drug abusers.
More particularly, our results suggest that enhanced interocep-

tion may be associated to the specific drug or its route of
administration. SCD subjects presented higher IA compared to the
CCD group, which, in turn, was undifferentiated from healthy
participants. Although SC and CC share the same active
compound, differences in interoceptive processing may be related
to the former’s stronger addictive effect, which may amplify bodily
sensations during consumption and craving [7]. SC includes
adulterants (i.e., caffeine and phenacetine) that impact directly or
indirectly [51] on the drug’s rewarding effects [52]. Moreover,
onset of acute drug effects depends on the consumption route:
drug effects require a few seconds to manifest when smoked, but
several minutes when insufflated [26]. This latency difference may
affect the prediction of pleasurable bodily experiences, given that
SCD consumers may expect a quicker effect and, hence, be more
aware of body changes. Furthermore, anticipatory responses of
body signals may trigger the reward system before the effect of a
drug in the central nervous system [10]. The absence of statistical
differences between CCD and CTR, though unexpected [8], may
be also partly related to the relative less addictive power of CC as
compared to SC. In this sense, the neuroadaptive process which
drives hyper-interoceptive sensitivity in SC could be less marked
than in CC. This may also impact the rehabilitation process of CCD
subjects, with faster response to clinical treatments [25]. Moreover,
previous research on CC has also shown inconclusive results [4],
including decreases and increases of interoceptive network
connectivity [53].
Regarding IL, we did not find differences among SCD, CCD, and

CTR. This may reflect a ceiling effect reached by the SCD group
during the IA condition, given that their performance was not
modulated by the information about their actual heart rate. Good
IA performers do not increase accuracy after learning [40]. On the
contrary, CCD and CTR subjects presented lower outcomes during
IA, given that their baseline performance allowed for improve-
ments after the feedback condition. Note that IL involves other

regions (hippocampus and frontal cortex) and processes (memory
formation and recovery) beyond interoception [34]. Also, these
findings are consistent with the presence of HEP differences in IA
but not in IL. Thus, our results suggest that SC impacts specifically
on IA, namely, the core interoceptive dimension [54].
In sum, our findings provide partial support for the hyper-

interoception hypothesis [3–6], by showing that this may be
dependent on the type of drug and its associated features (e.g.,
administration route).

Interoceptive tuning of brain structures and FC in SCD
At a structural level, in the CTR group, the relation between IA and
fronto-insular structures replicated previous results [34]. In
contrast, SCD showed a specific inverse association of IA with
the volume of the right anterior insula (i.e., the lesser the volume
and the better the performance). This inverted effect might have
theoretical implications given that it resembles experience-based
adaptations [55] and that consumption took place over the
synaptic pruning stage [56] (Suppl. Discussion 5). Moreover,
reduced gray matter volume over interoceptive areas has been
observed in addiction [57], further suggesting a tuning process.
Similarly, the putamen also presented the same inverse pattern in
SCD. This supports previous evidence showing that both the
putamen and the insula are associated with impulsivity and
relapse in SCD [29]. Moreover, the interaction between groups and
IA was significant for the core interoceptive areas (left posterior
cingulum and right insular cortex) and also for the right putamen
and the left superior temporal gyrus, always showing reduced
gray matter for SCD subjects (Table S12).
Importantly, the interoceptive neurocognitive tuning in SCD

subjects seems to be specific for core interoceptive processes. In
fact, other regions related to less crucial interoceptive dimensions
(i.e., learning, memory, and motor control) during IL showed no
group differences in the direction of the association (Table S12)
and replicated previous reports in controls (i.e., the larger the
volume and the better the performance) [34]. This suggests that IL
may not be affected by the neuroadaptive changes associated
with drug consumption, which is expected given that IL relies on
memory and learning skills [34]. However, superior temporal
regions in the SCD group did still present an inverse pattern
during IL. Although this is not a putative region of the
interoceptive network, it has been related to increased perfor-
mance in both IA and IL processes [34]. Therefore, its inverse
direction during IL in the SCD is consistent with the direction of
our results in the IA condition, which is associated with the
neuroadaptive process affecting interoceptive networks. In this

Fig. 3 Heart-evoked potential. HEP amplitude over the frontal region of interest (ROI). All differences reported were calculated via a point-by-
point Monte Carlo permutations analyses (5000 permutations, p < 0.05). A differential modulation in IA emerged between 671 and 722ms
after R-wave. No differences were observed for the IL condition. A minimum extension of five consecutive points was selected as criterion to
graph clusters, following previous reports [34]. Shadowed lines indicate SEM. Gray box indicate significant differences
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way, given that IL depends on both interoceptive and memory/
learning processes, it is expected that performance in the SCD
may be directly associated with gray matter volume in memory/
learning-related areas, while, at the same time, with the inverse
contribution of regions linked to the interoceptive network, such
as superior temporal areas.
A similar pattern emerged in FC results. In CTR, IA was

associated with the posterior insula (the primary cortical region
receiving information from the thalamus to the insula) and its
posterior interoception-related networks [58], as already reported
by García-Cordero et al. [34]. By contrast, SCD subjects presented a

negative association of the bilateral anterior insula (a secondary
interoceptive portion of the insula, implicated in later processing
and integrative functions) with (a) postcentral/temporal regions
and (b) posterior insular regions, suggesting a neurocognitive
tuning (i.e., the better the performance and the lower the FC),
which is consistent with reports of network modulation induced
by interoceptive training in interoceptive [12] and other domains
[59] (Suppl. Discussion 5). Once again, this neurocognitive
adaptation was observed for IA and restricted to anterior insular
networks, a core hub of interoceptive information association. This
result is consistent with evidence of different pleasant

Fig. 4 Association between interoceptive performance and brain volume and functional connectivity. a Linear regression between gray
matter volume and performance in the IA and IL conditions for the CTR and SCD groups. IA: in CTR, a positive association emerged between
performance and gray matter volume in the inferior frontal gyrus, the pars opercularis-insula, the pars orbitalis-insula, and the left posterior
cingulum; in SCD, a positive association was observed between performance and the right frontal medial cortex, alongside an inverse
association with the left superior frontal gyrus, the insula, the bilateral putamen, and left parietal inferior areas. IL: in CTR, we found a positive
association with the right frontal medial, precentral, frontal inferior orbital, insular, and frontal inferior opercular cortices; and the left frontal
superior medial, frontal superior, frontal inferior pars orbitalis, and frontal medial areas; in SCD, a positive association emerged with the left
frontal medial pars orbitalis, alongside a negative association with the right temporal superior and left supra marginal gyri. As in Fig. 1, better
outcomes are closer to 1. Brain images are presented according to neurological convention. Scatterplots correspond to the most extensive
clusters for each significant contrast (negative or positive relation between variables) per group (Supplementary Table 7). In the colormap,
blue indicates negative associations between performance and gray matter volume, while red indicates positive ones. b Spearman correlation
between performance and FC of the interoceptive network. IA: in CTR, a positive association was observed between performance and FC
between the bilateral posterior insular and the postcentral left regions with the precuneus, posterior ventral cingulate gyrus, parietal regions,
and the temporal pole; in SCD, we found a negative association of the bilateral anterior insular cortex with postcentral and temporal regions,
and with posterior insular regions. IL: both groups presented negative associations between behavioral performance and the FC within insular
areas, and between the latter and frontal and temporal regions. Cyan nodes represent main interoceptive regions, while areas outside them
are depicted in dark gray (regions are from the Brainnetome [45]. The blue edges represent significant negative associations between
performance and FC; while red edges indicate positive correlations. L: left; R: right; Brainnetome tags for areas: T. Pole sup.: lateral area 38 L;
pos Ins: hypergranular insula; Pcun: area 31 (Lc1) ;v. pos Ins: ventral dysgranular and granular insula; T. Pole mid: medial area 38; IPL:
rostroventral area 40(PFop); Postce: area 2;CG: ventral area 23; pos Temp S; area 41/42; dl. ant Ins: dorsal agranular insula; S. Temp: 0 and TE1.2;
Postce. Sup: area1/2/3(trunk region); Temp mid.: caudal area 22; dl. pos Ins: dorsal granular insula; IFG: opercular area 44; pHip: area TI
(temporal agranular insular cortex) ;v. ant Ins: ventral agranular insula; FusG: rostroventral area 20; dl. ant Ins (g): dorsal dysgranular insula
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interoceptive stimulus [60], in which stimulant users show
selective anterior insula responses. Interestingly, this effect has
been found for pleasurable interoceptive stimuli also in consump-
tion of depressors, such as alcohol and cannabis, but it is
important to note that those groups also differed in their
consumption of other drugs (such as stimulants) [61]. Thus, SCD
performance may be reliant on the network independence and
specialization of the anterior bilateral insular cortex, a region
critical for top-down interoceptive processing [62] that proves
sensitive to training [12]. Also, insular connectivity was differen-
tially associated to performance between groups (Table S14). In
the IL condition, enhanced performance was associated with a
reduced association among fronto-temporo-insular networks in
both CTR and SCD. This consistency among groups can be
associated with the behavioral improvement of CTR subjects,
whose post-training performance reached that of SCD subjects.
This result is further supported by the lack of differences in IL slops
(with the exception of the connection among temporal superior
sulcus and insula, IA- and IL-related network) (Table S14). In this
sense, note that feedback induces training and behavioral
improvements in the HBD task [40], potentially associated with
(short-term) network specializations (reduced connection of
fronto-temporo-insular structures). In fact, acute training can lead
to reductions in FC [63].
In sum, the structural and FC associations in IA support the

hypothesis of enhanced interoception in SCD, associated with
experience-based neural adaptations after sustained consumption
[55]. Taken together, our results provide convergent evidence of a
neurocognitive tuning of interoceptive areas in SCD, characterized
by reduced resources and specialized network segregation.
Compatibly, insular involvement has been interpreted by current
models of addiction as driven by pleasant/unpleasant stimuli as
well as craving and relapse. Here, we propose a complementary
interpretation related to adaptation and expertize, consistent with
the hyperinteroception expected as a result of an allostatic
adaptation over the antireward system [7].

Limitations and future assessments
Our study has some limitations. First, our sample size was
relatively small; however, it proved similar to those of prior
studies [29]. Also, this caveat was counteracted by the strict
control of several demographic, clinical, and substance-use-related
variables, which have been scarcely controlled in previous reports
[3–6]. Moreover, the analysis of convergent information from
behavioral outcomes, EEG markers, and multimodal imaging
signatures represents an additional source of robustness [34]. In
line with previous studies [64], and considering our modest
sample size, all neuroimaging results were reported with
uncorrected statistical thresholds (p < 0.001 uncorrected with 30
voxels as extent threshold for the voxel-wise analysis; p < 0.001
uncorrected for FC associations with performance, as well as
comparisons of VBM and FC slopes among groups). For the sake of
consistency, associations between FC and behavior were per-
formed with the same uncorrected threshold—and ensuing
results aligned well with the putative role of the insula in
interoception [34, 65]. Similarly, the same threshold was employed
for the lineal models to evaluate the interaction between the VBM
and FC with behavior performance analysis [66–69]. Further
research with large samples should confirm these patterns with
more stringent criteria. Second, although our samples were
matched by gender, most subjects enrolled were male. This is a
limitation of most of addiction reports [35], given that, as shown
by the UNODC, men have higher incidence of dependence on
drugs, in general, and SC, in particular [70]. Third, SCD subjects
have consumed a variety of other substances—which is a
common behavior among consumers (4)—and this may have
biased their interoceptive performance [5]. To overcome this
limitation, we included a contrastive addiction model, CCD, that

also presented an elevated consumption of several substances
except for SC. This additional control approach is very scarce in
drug research [3–6], and should be contemplated in future studies.
Finally, additional experiments using similar ongoing neurocogni-
tive markers of interoception should assess whether this
enhancement in IA is also found before the onset of addiction
(as a vulnerability marker) and when addiction starts during
adulthood (given the decrease in neuroplasticity by the end of the
adolescence [71]). Moreover, future investigations should explore
whether greater IA is also associated with other substances and
different consumption routes.

CONCLUSIONS
At the theoretical level, our results support the view that addictive
behavior involves hyperinteroceptive processing [7]. Our multi-
modal approach shows that this interoceptive boost is associated
with online psychophysiological modulations and offline brain
adaptations, which resembles patterns of training-induced exper-
tize. Analyzing addiction as a training process over interoceptive
domain gives us a framework to understand its relation with the
cues that facilitate relapse [72]. In this way, our report nurtures
contemporary drug models with evidence about core interocep-
tive enhancement in drug consumption. Also, our findings open a
new agenda for clinical settings. For instance, future studies may
evaluate whether interoception is (i) related to specific symptoms
in addiction [such as panic attacks or other anxiety disorders [73]],
(ii) affected by different addiction stages, and (iii) distinctively
modulated at initiation and maintenance or by the specific
mechanisms of different drug types. Promisingly, this agenda
would align current transnosological and dimensional approaches
to interoception in psychiatric [74] and neurological [34] diseases.
A dimensional approach which includes interoceptive processing
may potentially contribute on the characterization, diagnosis,
treatment, and prognosis of addiction. Finally, interventions that
aim to modify body-signals perception and regulation, specifically
mindfulness [75], may help to decrease the cues associated with
the urge for consumption. However, these treatments should be
considered after treatments for acute stressful [76–78] and
vulnerable [79, 80] situations, which a priori represents a critical
obstacle to overcome [81].
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