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Abstract: Physical exercise is considered a promising medication-free and cost-effective adjunct
treatment for substance use disorders (SUD). Nevertheless, evidence regarding the effectiveness of
these interventions is currently limited, thereby signaling the need to better understand the mecha-
nisms underlying their impact on SUD, in order to reframe and optimize them. Here we advance that
physical exercise could be re-conceptualized as an “interoception booster”, namely as a way to help
people with SUD to better decode and interpret bodily-related signals associated with transient states
of homeostatic imbalances that usually trigger consumption. We first discuss how mismatches be-
tween current and desired bodily states influence the formation of reward-seeking states in SUD, in
light of the insular cortex brain networks. Next, we detail effort perception during physical exercise
and discuss how it can be used as a relevant framework for re-dynamizing interoception in SUD. We
conclude by providing perspectives and methodological considerations for applying the proposed ap-
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proach to mixed-design neurocognitive research on SUD.
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1. INTRODUCTION

Physical exercise (PE) is a structured form of physical
activity that aims to improve or maintain physical fitness. It
is widely recognized that PE, beyond its physiological ef-
fects, generates a large range of positive outcomes for mental
health [1]. Animal [2] and human [3] research notably
showed that PE modulates stress response, mood states, and
reward sensitivity. Specifically, when practiced under condi-
tions that allow for sufficient bodily recovery [4], PE can lead
to lower stress reactivity and faster stress recovery, despite
increasing the basal level of stress-related hormones (i.e., cor-
tisol; [5-7]). This paradoxical adaptation might be due to the
simultaneous release of endogenous opioids (e.g., endorphin),
cannabinoids [8-11], as well as neurotransmitters involved
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in mood regulation (serotonin; [12]) and reward processing
(dopamine; [8, 13]). Based on these findings, it has been
theorized that PE could be used as an adjunct intervention in
substance-use disorders (SUD) as it would simultaneously
attenuate the response to stressors increasing consumption
urge (e.g., psychosocial stressors, challenge stressors; [4,
14]) and generate a response of the reward system, offering
an alternative to the activation previously produced by sub-
stance consumption [2, 15, 16].

PE might thus constitute a promising tool in SUD [16-
18], through its ability to modulate negative affect, reward,
and stress response dysregulations, which are well-known
vulnerability factors in the development, maintenance, and
relapse of SUD [15, 19-21]. Nevertheless, recent meta-
analyses indicate, that the efficacy of PE interventions re-
mains limited in SUD [22-28], with only short-term positive
effects on (i) the urge to consume [29, 30], (ii) consumption
reduction, (iii) abstinence rates [28], and (iv) dropout rates
[24, 25, 31]. There is thus an urgent need to better under-
stand the components and mechanisms underlying the impact
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of PE on SUD treatment outcomes in order to optimize their
effectiveness [32-36]. For instance, Thal and colleagues [36]
suggested that the efficacy of PE interventions in SUD is
increased by adding specific components that help individu-
als to regulate their behaviors while exercising (e.g., instruc-
tions on how to monitor heart rate, helping them to manage
negative affect triggered by physical exertion).

The present paper aims to push forward in this direction
by re-conceptualizing PE interventions as a way to re-
dynamize dysfunctional interoception in people with SUD.
In light of the insular cortex brain networks, we will first
describe how the subjective awareness of homeostatic imbal-
ances creates a mismatch between current and desired bodily
states, which further triggers a strong urge to consume the
substance (i.e., craving) in individuals with SUD. We will
detail how this binding between homeostatic imbalances and
substance consumption modulates interoceptive abilities
toward the maintenance of SUD. Specifically, we will see
that individuals with SUD misperceive (i) the urge to con-
sume the substance as deviation from homeostasis (i.e., it
“feels like” homeostatic imbalance, but chronic drugs use
maintains the organism in an allostatic state), (ii) future crav-
ing states (i.e., they overestimate how bad their cravings will
be in the future if the substance becomes unavailable), and
(iii) stress state as a craving state, which motivates drug use
(i.e., they confound stress signals with cravings and consume
to attenuate such stress state). Based on this proposal, ad-
vancing that biased processing of interoceptive signals is
involved in the maintenance of SUD, we propose a theoreti-
cal and methodological research framework for retraining
interoceptive abilities through PE, that is, as a key hub for
creating innovative interventions for re-dynamizing intero-
ception in SUD.

2. THE KEY ROLE OF INTEROCEPTION FOR
CRAVING IN SUD

2.1. Craving as a Mismatch between Current and Desired
Bodily States

Addiction is a condition that is deeply ingrained in inter-
oception. Specifically, substance use produces immediate
and strong bodily responses that are subjectively experienced
by the user as positive (e.g., pleasure) and negative (e.g.,
stress reduction) reinforcements. Across the repetition of
substance consumption, the organism develops tolerance
mechanisms (i.e., the need to increase consumption intensity
to achieve the same hedonic set point for a displaced homeo-
static equilibrium) to protect itself from the repetitive impact
of the drug, in an attempt to protect long-term homeostasis.
Addiction can thus be seen as a chronic and abnormal devia-
tion of reward set point (i.e., allostasis), displayed to main-
tain stability but at a cost [37]. These newly formed intero-
ceptive representations work as a sort of bodily barometer
that wrongly attributed homeostatic significance to the effect
of substance consumption [37-39]. These action-outcome
associations are deeply anchored in the body, as it activates
subjective representations of the hedonic and biased homeo-
static values pertaining to addiction-related rewards [39].

Across the repetition of substance use, the valuation pro-
cess of reward-seeking progressively shifts from a goal-
directed and voluntary mode (action-outcome) to a habit and
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stereotyped (stimulus-response) mode. This dynamic is char-
acterized by high effectiveness and automaticity in the pat-
tern of reward-seeking behaviors [38, 40]. For instance, indi-
viduals with SUD progressively become hypersensitive to
addiction-related cues [41-44]. However, when this habit
mode is obstructed, such as when facing an obstacle or diffi-
culty in obtaining the substance, individuals with SUD can
progressively experience a strong urge to consume, usually
referred to as craving [45-48].

Craving states can be conceptualized as a subjective em-
bodied experience of unsatisfied reward-seeking [39, 49].
This (transient) unavailability of reward is felt physiological-
ly through negatively valenced feelings (e.g., frustration) or
tensions which are misperceived by the individual as a devia-
tion from a desired state of homeostasis, pushing them to use
the drug [38, 50-54]. Specifically, there is a discrepancy be-
tween the current bodily state and the bodily state that will
result from substance consumption [51]. This mismatch be-
tween current and desired bodily states leads to aversive in-
teroceptive states, which progressively force the individual
to switch back from the automated stimulus-response sub-
stance consumption to voluntary and goal-directed reward-
seeking, in order to strategically explore the environment to
get the substance.

Hence, although the habit reward-seeking mode predom-
inates in the daily-life of a person with SUD, goal-directed
control plays an important role to maintain SUD when con-
fronted with the difficulty of finding the substance. Accord-
ingly, the subjective experience of craving could be reinforced
by goal-striving processes derived from embodied memories
of drug effects, and further fueled by the transient unavailabil-
ity of the addiction-related reward [39, 49, 55]. Hence, what
seems to be a key trigger of the craving experience in SUD is
not the seeking or obtaining of reward in itself, but whether or
not a strong bodily signal motivates it. Hence, what the indi-
vidual misperceives as reinstating homeostasis (and thus as
rewarding), actually keeps them away from true homeostasis.
In other words, deviations from homeostasis motivate behav-
iors to reinstate it (e.g., water deprivation generates thirst to
motivate drinking behavior), but cravings are not true devia-
tions from homeostasis, it is nonetheless misperceived by
individuals as they were, which motivates behavior that ac-
tually keeps the organism away from true homeostasis (allo-
stasis), harming the individual’s health in the long term.

2.2. The Insula: A Key Hub for the Emergence of Crav-
ing in SUD

At the cerebral level, the insular cortex plays a key role in
the subjective perception of the body signal associated with
craving [39, 49, 51, 56-58]. This is supported by several im-
aging studies highlighting a positive association between
insula activity and laboratory-induced craving in individuals
with SUD [59-62]. The most striking evidence of the role
played by the insula in craving is the observation that, fol-
lowing insular cortex lesions, most intense smokers quit
smoking easily, without relapse, and without any persistent
craving [63-66]. More recently, Joutsa and colleagues [67]
extended these findings by identifying how lesions in a func-
tional connectivity network involving the insula disrupt
smoking addiction and reduced alcohol addiction risk.
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While the insula is involved in a wide variety of func-
tions, it is centrally an integrative interoceptive site connect-
ing autonomic, affective, and cognitive processing [68-71].
Under certain circumstances (e.g., transient reward unavaila-
bility or deprivation), the insula responds to interoceptive sig-
nals and translates those viscero-sensory inputs into feelings of
desire, anticipation, or craving toward substance use [39, 49,
56, 72, 73]. Metaphorically, the insula can be viewed as a
“gate” system that responds to homeostatic perturbations
and, in turn, has the capacity to trigger high-order cognitive
processes to regulate withdrawal states (e.g., toward basic
physiological needs like food or toward substance use) at the
expense of inhibitory control resources, until the searched
reward is obtained [72, 73]. As a result, reward-seeking be-
comes increasingly more difficult to stop, even as negative
consequences accumulate, as it spreads across human self-
regulatory resources.

The role played by the insula in interoception is further
reinforced by the fact that its subregions-posterior insula, PI,
dorsal anterior insula, dAI, and ventral anterior insula, vAI
(Fig. 1)- play an important role in the formation of interocep-
tive states [68, 69, 74-78]. While these subregions share
functional and connectional properties [79-81], the PI, dAI,
and vAI might underline a specific hierarchical role in de-
coding, representing, and interpreting bodily states. Specifi-
cally, through its connections with the autonomic nervous
system, the PI plays a key role in the processing of afferent
bodily information (“homeostatic reflexes”), allowing for the
formation of low-order interoceptive signals (also referred to
as “mesaception”; [78]). These representations are effective
in well-learned environmental situations (e.g., environmental
cues that signal the availability of a substance), and allow the
fast generation of interoceptive predictions that control au-
tonomous bodily responses and automatic motor approach
tendencies [68, 69, 78]. When primary interoceptive pro-
cesses are not sufficient to optimally adapt to the environ-
ment (e.g., when the substance is not available; when its ac-
cess is blocked), PI triggers a “mismatch” signal, which re-
fers here to the difference between values of anticipated and
actual interoceptive states [35, 78, 82]. This prediction error
signal is then forwarded to the dAI and the vAIl [78]. The
dAI would compute higher-order error-correction interocep-
tive predictions (also referred to as “metaception” or “predic-
tive error-correction”; [78]), while the vAl would compute
interoceptive representations that allow adapting behaviors
by estimating the causes, consequences, and meaning of the
interoceptive signals [76-78]. The functional specialization
of the PI, vAl, and dAI have been further supported by stud-
ies using brain-effective and functional connectivity analyses
(for reviews, see [76, 79]). These studies highlighted that the
PI is connected with motor and somatosensory cortices dur-
ing the processing of chemo-sensation and pain: the dAI is
connected with the dorsolateral prefrontal cortex (dIPFC)
during a task requiring high-order cognitive control, and the
vAI with the ventromedial prefrontal cortex (vmPFC) during
emotion and reward processing (Fig. 1).

Importantly, the neuroimaging literature has further evi-
denced a differential role of the insular sub-regions in the
formation of craving in SUD (for reviews, see [39, 77, 83]).
Specifically, the PI would provide first-level cortical repre-
sentation of viscerosensory information necessary for regis-
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tering the reinforcement value of drugs and for the learning
of drug-context associations [39, 77, 83]. The anterior insula
(AI) would provide second-level representations needed for
the retrieval and reconsolidation of drug-context associa-
tions, as well as for the awareness of viscero-sensory infor-
mation, an important part of interoception [39, 84]. Hence,
the Al-based network would retrieve and hold interoceptive
representations from memory to predict the homeostatic state
resulting from the goal-directed reward-seeking behaviors
[39]. By these accounts, the insula serves not only an affer-
ent monitoring function (through the PI) but also a mnemon-
ic one (through the AI). The distinction between the vAl and
dAl is also relevant for better specifying the role of Al in the
emergence of craving. Indeed, the vAI encodes the affective
and self-focus components of craving, whereas the dAI plays
a more specific role in the goal-directed (reward-seeking)
component of craving [85].

2.3. Mismatches between Desired and Actual Bodily
States During Abstinence

In SUD, reward-seeking induced by discontinuation of
reward-accessibility occurs as a mean to avoid experiencing
the physiological response to the sudden quitting or slowing
use of the substance (i.e., withdrawal; [37, 49, 86]). In the de-
velopment of a SUD, tolerance will emerge [37, 87-89]. This
process is thought to modulate the plasticity of the mesolimbic
dopamine system and to increase the sensitivity of the hypo-
thalamic-pituitary-adrenal axis or “stress system” [37, 89]. As
a result, short-term substance use discontinuation leads to a
rapid increase in stress responses coupled with deactivation in
brain reward functioning, which can progressively be experi-
enced as a state of withdrawal if the reward is unavailable [37,
89]. In substance consumers with SUD, craving is thus pre-
dominately rooted in a motivation to alleviate a negative he-
donic state (i.e., negative reinforcement; [37, 89]).

When it comes to individuals aiming at reducing or stop-
ping their consumption, due to their memories of withdraw-
al, craving is often perceived as implying overwhelming and
uncontrollable compulsivity [90]. Accordingly, it is often
assumed that exposure to substance-related cues (e.g., pic-
tures, smells, sounds) plays a key role in triggering craving
states and associated relapse [49]. Nevertheless, research
showed that, as compared to active users (not seeking treat-
ment), users involved in substance detoxification treatment
exhibit lower activation toward drug-related cues in the brain
reward system [42, 91-94], as well as decreased motor ap-
proach tendencies [95-97] and reduced attentional bias to-
wards the substance [98]. Moreover, daily-life craving is not
necessarily experienced as vivid and intense by abstinent
users [90, 99-103]. Hence, in individuals aiming at reducing
or stopping their consumption, there is a mismatch of inten-
sity (i.e., an overestimation) between the anticipation (i.e.,
expected craving following abstinence) and the actual crav-
ing. This aspect seems crucial as it might lead users to over-
estimate how difficult it will be to resist the craving (or how
much pleasure they would feel if they resume consuming
after a period of abstinence; [90, 104, 105]), which could
ultimately hinder the motivation to abstain. This overestima-
tion of craving states might further reinforce the conflict
between substance-related behaviors and the modified life
the abstinent individual is building.
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Dorsal anterior insula [

Computation of higher-order
goal-oriented interoceptive
predictions.

High-order goal-directed
components of craving.

Processing of afferent
sensory information from
the body, allowing for the
formation of low-order
interoceptive signals.

Low-order visceral
representations of craving.

Ventral anterior insula
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consequences and meaning of
the interoceptive signals.

causes,

High-order affective and self-
awareness processes of craving.

Fig. (1). Insular cortex subdivisions and their respective primary network nodes. Parcellation scheme based on Deen et al. [75] insular masks
provided by Chang et al. [74]; downloaded (binarized from neurovault.org/collections/13/). Abbreviations: SMA: supplementary motor are-
as; dIPFC: dorsolateral prefrontal cortex; vmPFC: ventromedial prefrontal cortex. (4 higher resolution/colour version of this figure is availa-

ble in the electronic copy of the article).

In abstinent users, vivid and arousing craving episodes
actually occur when the representation of the positive hedon-
ic substance effects is stronger than the representation of its
perceived negative impacts [39, 49, 84]. This imbalance is
fueled by the experience of disturbing interoceptive states,
such as those induced by stress episodes [106, 107]. For in-
stance, several studies showed that stress induction (e.g.,
using mental imaginary scripts where the individual is re-
experiencing a stressful event) generates craving in abstinent
users [20, 106, 108-111]. Two main assumptions can be ad-
vanced to explain this pattern. A first assumption is that
stress-related responses (e.g., increased heart rate, cortisol
response) induce homeostatic imbalance (e.g., change in
sleep, appetite, increased anxiety; [111-113]) triggering
comparable body prediction-error states that the ones experi-
enced by current users during withdrawal (i.e., a generaliza-
tion pattern). A second assumption is that stress can make
drugs more effective as negative reinforcers. These stress-
related interoceptive signals could thus reactivate the repre-
sentation of the interoceptive effects of substances encoded
in long-term memory.

Altogether, these findings indicate that the inner nature of
craving varies with users' consumption status. Throughout
the initiation and maintenance of substance consumption,
individuals have learned to bind experiences of homoeostatic
imbalances (states of stress or tension triggered by transient
substance deprivation) to reward-seeking and substance con-

sumption. Over time, these alterations in the body's current
internal state intensify, (mis)leading substance use to drive
homeostasis equilibrium. When trying to maintain abstinence
from substance consumption (after substance detoxification),
the individual will thus have to adapt and to re-learn to inter-
pret daily-life states of homeostatic imbalances as acceptable
and adaptative bodily reactions, rather than as a conditioned
interoceptive signal for substance consumption.

Based on this proposal that a biased interpretation of in-
teroceptive signals is involved in the maintenance of SUD as
well as in relapse after detoxification, we propose in the fol-
lowing sections that interoceptive abilities could be retrained
by helping individuals with SUD in optimally predicting and
interpreting states of homeostatic imbalances associated with
PE, that is, by re-calibrating their ability to process bodily-
oriented prediction errors.

3. INTEROCEPTION DURING PHYSICAL EXER-
CISE

3.1. The Central Command Framework

PE requires the coordination of large groups of muscles
and triggers high cardiovascular metabolic responses, ulti-
mately leading to a modulation in physiological homeostasis
[114]. The central command concept has been proposed to
explain how the brain can dynamically integrate inputs from
cardiovascular and motor centers during PE. It refers to the
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mechanism through which descending signals from the brain
modulate cardiovascular responses and energy expenditure
during PE [115-117]. A key tenet pertaining to the central
command framework is that the magnitude of its response
depends on an individual’s perception of effort during PE
[118], commonly indexed by ratings of perceived exertion
(RPE; [119, 120]). In other words, individuals’ conscious
perception of effort is the main source of “feedback” to es-
tablish the magnitude of the central command response.

A common observation from human studies is that an
increase in motor or force production results in an increase
of afferent bodily feedback to the brain, which is typically
coupled with an increase in RPE. For instance, using elec-
tromyography, studies evidenced a close relationship be-
tween RPE and muscle activity during PE [121-123]. At the
brain level, perception of effort triggers activation within the
motor cortex, including the premotor and primary motor
areas [121]. It follows that the central command dynamic is
influenced by feedforward neurophysiological mechanisms,
that is, a parallel activation of the brain and the body, includ-
ing inputs from cardiovascular and muscle centers.

However, insight from brain imaging research has chal-
lenged this assumption. Studies employing neuromuscular-
blocking agents showed that muscle afferent feedback is not
necessarily required to trigger the central command response
[124-127]. Other studies have shown that increases in RPE
and cardiovascular responses can occur during imagined
handgrip exercises, that is, under conditions that do not trigger
muscle afferent input (i.e., no increases in force produced, as
indexed by electromyographic recordings [128, 129]. There-
fore, the conceptualization of central command better fits with
a feedback system that responds to an individual’s perception
of effort by eliciting proportional changes in cardiovascular
responses, without necessarily requiring a parallel motor
activation [118]. The perception of physical effort can thus
be formulated independently from sensory-motor feedback
through episodic and procedural memories of prior experi-
ence with a similar type of PE [114, 118, 129].

3.2. The Importance of Teleoanticipatory Process in the
Perception of Physical Effort

Memories of prior experience with a specific exercise
also help humans to manage PE intensity through teleoantic-
ipation processes [32, 129, 130]. Humans are indeed able to
adjust power output and the rate of metabolic processes as
needed throughout the exercise [129]. This modulation in
exercise intensity is closely conditioned by afferent body
feedback (i.e., a feed forward mechanism), and the anticipat-
ed duration of PE [129-132]. This dynamic usually results in
pacing strategies (i.e., conscious effort management across
an exercise bout) to prevent metabolic and biomechanical
failures (e.g., fatigue accumulation and slower rates of neu-
romuscular recovery [133]).

Teleoanticipation processes play also a pivotal role in the
subjective perception of effort while exercising [132], which
is set in an anticipatory manner from the start of the exercise
bout. Specifically, the perception of effort uses interoceptive
predictions to adapt the energy rates to the demands of the
PE session [134, 135]. In other words, a schema of the esti-
mated required effort rate is computed before the actual exer-
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cise session begins. This process requires formal knowledge of
the exercise (e.g., structure, length, or endpoint), and is thus
strengthened by individuals’ experience with similar activity
[136]. When the exercise begins, the starting intensity is con-
ditioned by the preset of the teleoanticipation schemata. Hu-
mans have thus the ability to mentally project themselves in
order to anticipate the required intensity of physical effort of
a forthcoming physical activity session [137].

While exercising, afferent feedback becomes available
(i.e., after a short “lag period”) and allows one to subjective-
ly experience a sensation of the difficulty or intensity of the
ongoing exercise [137]. The anticipatory effort is compared
with the current physiological demand (through afferent
feedback) as a function of the proximity of the exercise end-
point (or the projected duration), which creates a current
sensation of the difficulty/intensity of exercise [114, 118,
129]. This interoceptive process then drives the adjustments
in work rate, that is, pacing strategies. This aspect has been
evidenced by studies showing that RPE increases linearly
with the duration of walking or running exercises [130, 138-
140]. Hence, the perception of effort increases in proportion
to the relative distance, regardless of the time-trial distance.
In other words, humans use scalar, rather than absolute, time
to set RPE at any time point during an exercise bout [141,
142]. Accordingly, perceived exertion is set in an anticipa-
tory manner from the start of the exercise bout, which allows
RPE to rise as a linear function of exercise duration, that is,
by altering power output without risking physical harm [142,
143].

3.3. Bodily-oriented Prediction Errors to Generate a Per-
ception of Physical Effort

A key aspect in the perception of physical effort is the
continuous processing of prediction errors, which refers to
the difference between values of anticipated and actual inter-
oceptive states [35, 82]. For example, experiencing unex-
pected weakness at the beginning of a running session would
generate a strong prediction error, which will serve as a sig-
nal to the brain to reduce the running speed. Hence, RPE is
generated by back-and-forth interoceptive processes that
compare sensation expectation with incoming body inputs
[82, 144-148]. When this comparison differs from what is
expected, a cerebral prediction error is generated to update
perceived physical and effort production [78, 149].

The perception of effort is thus shaped by iterative neural
mechanisms constituted of interoceptive signals comparing
what is happening inside the body to a given expectation.
This dynamic of prediction error is characterized by neural
mechanisms underlying active inference [78, 149]. Specifi-
cally, using past experiences as a “prior”, the brain continu-
ously generates hypothetical predictions of expected sensa-
tions [149-151]. The role of active inference is to minimize
prediction errors, or energy expenditure, between the expec-
tation and the actual sensory input generated by the individu-
al’s interactions with the environment [152, 153].

It follows that the perception of effort is not an accurate
translation of the physiological signals of effort but rather a
perceptual process combining the expectation of what one
believes they should be sensing and the actual effort sensation
experienced at a particular stage of the PE session [82, 149].
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One key evidence for the fact that RPE is modulated by ex-
pectations comes from studies manipulating the expected
duration of a PE session. For instance, Baden and collabora-
tors [154] have observed (e.g., by recording RPE after 11
minutes of a running exercise when participants were in-
structed to run for a further 10 minutes after being initially
told that the run would last 10 minutes) that RPE drastically
increase when individuals have to exercise for longer than
planned. Importantly, in the same study, Baden et al. [154]
observed that while RPE increased in this condition, objec-
tive measures of performance (treadmill speed, heart rate,
and stride frequency) remained constant throughout the en-
tire duration of each of the exercise tests.

3.4. Insula as a Key Hub for Processing States of Per-
ceived Exertion During PE

Due to its involvement in homeostatic control and con-
scious interoception [68, 69], the insula has been suggested
as a hub in the perception of physical effort triggered by PE.
Pioneer works on the role of the insula in processing RPE
comes from single-photon emission computed tomography
(SPECT [128, 129, 155]). Specifically, increased insular
regional cerebral blood flow (rCBF) has been observed dur-
ing active cycling (i.e., where participants are instructed to
pedal at a steady cadence), but not during passive cycling
(i.e., where participants are asked to relax their legs while a
second rider pedaled by being seated on the rear of the bicy-
cle [155]). Insular rCBF is also positively associated with
RPE, as well as with individual blood pressure changes, dur-
ing leg cycling and sustained static handgrip [156]. Another
key observation from the SPECT literature is that imagined
uphill cycling [128] or imagined handgrip exercise [129]
increases insular activation and cardiovascular responses.
These findings thus further outline the key role of memory-
based processes in the estimation of RPE.

More recently, functional magnetic resonance imaging
(fMRI) techniques have specified the role of the insula dur-
ing the processing of physical effort [32, 35, 157-159]. For
instance, Paulus and collaborators [35] have highlighted that,
as compared to non-athlete control participants, elite athletes
(adventure racers) show attenuated neural processing of
aversive interoceptive stimulation in the insular cortex dur-
ing a breathing load (i.e., restricted breathing) task. In their
task, only 25% of trials consisted of restricted breathing,
thereby linking the aversive interoceptive states condition to
a degree of uncertainty and prediction error. By employing
this procedure, Paulus et al. [35] observed increased insular
activation while anticipating the breathing load, and attenu-
ated insular activation in athletes during and after experienc-
ing restricted breathing. In addition, the degree of activation
in the ventral anterior cingulate and left anterior insula corre-
lated with subjective ratings of unpleasantness. At a behav-
ioral level, adventure racers, compared with control subjects,
showed greater accuracy on a continuous performance task
(in which they had to indicate the direction of arrows dis-
played on a screen) during breathing load trials, which indi-
cates that athletes perform better at a behavioral task under
aversive interoceptive stimulation. Altogether, these findings
suggest that expertise in PE modulates insular-based activa-
tion during interoceptive states that occur under high levels
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of uncertainty, which might be the result of elite adventure
racers’ experience in adapting to extreme environments.

fMRI techniques have also allowed specifying how the
insula works with other brain regions to regulate physical
efforts. Hilty and collaborators [158] observed that connec-
tivity between the insula and the primary motor cortex in-
creases from the beginning to the end of a fatigue-induced
cycling exercise. In another study, the same team of authors
observed increased activation of the insula and the thalamus
just prior to handgrip exercise task failure [159]. According-
ly, it has been advanced that afferent sensory feedback dur-
ing endurance exercise enters a thalamus-insula-anterior cin-
gulate cortex (ACC) loop that can trigger prefrontal cortex
activation to update goal-directed behaviors, as well as motor
cortex inhibition to prevent premature fatigue [114, 160, 161].
Specifically, the ACC should allow to discriminate peripheral
somatosensory inputs triggered at different levels of physical
effort intensity [118]. When detecting a conflict between ex-
pected and perceived effort, the ACC would work in conjunc-
tion with the insula and prefrontal cortex areas to elicit cardio-
vascular responses that match individuals' sense of effort
[118]. The thalamus could serve as a pathway from higher
brain regions to midbrain areas, with reciprocal connections
with the insula [162, 163]. For instance, the ventrocaudal nu-
cleus of the thalamus plays a critical role in the overall regula-
tion of blood pressure needed by central command-induced
change (i.e., baroreflex mechanisms [162, 163]).

4. PE AS A WAY TO REBALANCE INTEROCEPTION
IN SUD

4.1. Diminishing the Mismatch between Predicted and
Actual Bodily States

The previous sections have underlined the importance of
mismatches between anticipated and actual bodily states in the
generation of craving in current substance users with SUD
(i.e., bodily-oriented prediction errors triggered by a conflict to
access the substance), but also a tendency to overestimate the
intensity of future cravings experience in SUD individuals
trying to reduce or stop their consumption. It follows that en-
hancing one’s ability to interpret and accurately predict bodily
states during PE should help individuals with SUD to regulate
bodily-oriented prediction errors outside of substance con-
sumption and to decrease the risk of over-estimating future
craving-related bodily sensations, respectively.

Specifically, individuals who seek to reduce or stop con-
suming should benefit from PE programs that train them to
align anticipatory and momentary interoception [137]. In the
literature, RPE indexes have usually been used to estimate
the intensity of effort during (momentary RPE) or after
(post-session or retrospective RPE) a PE [134, 164]. While
momentary and retrospective RPEs are relevant indicators of
the level of physical effort, they do not provide information
about one’s ability to anticipate the intensity of a forthcom-
ing physical effort, namely prospective RPE [137, 164] (Box
1 for a definition of prospective thinking). This aspect is of
key importance as we previously detailed that the magnitude
of the central command response is not inherently dependent
on the actual motor (or force) production, but can also be
triggered by an individual’s perception of effort while men-
tally simulating physical effort [128, 129, 155, 165-169].
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Surprisingly, few studies have examined prospective RPE.
Preliminary evidence revealed that a mismatch (e.g., overes-
timation) between prospective and momentary or retrospec-
tive RPEs anticipated physical effort is associated to lower
frequency of PE, negative attitudes about exercise, higher
body mass index, as well as poor cardiorespiratory fitness
[170-172].

Hence, applying PE programs to SUD should benefit
from implementing prospective, momentary, and retrospec-
tive RPE (Fig. 2). Firstly, this dynamic should help to in-
crease adherence to PE and, therefore, lead individuals with
SUD to further experience the physiological and psychologi-
cal benefits of PE. Secondly, these PE programs should train
them to discriminate bodily-oriented prediction errors that
differ from those generated by reward-seeking and consump-
tion, and contribute to avoiding the generalization of craving
to other bodily states (e.g., stress responses). Third, the in-
crease in the ability to predict future physical states could
lead individuals with SUD to more accurately estimate future
states of craving. Importantly, perceived exertion alone may
not accurately reflect what an individual is experiencing dur-
ing PE [164, 173]. For instance, two individuals may give the
same level of exertion for a given physical workload, but one
may feel “bad” while the other feels “good” [174-177]. There-
fore, in order to increase the impact of PE programs in SUD, it
will not only be important to determine the intensity of exer-
tion but also the level of enjoyment (or pleasure) that an indi-
vidual anticipates experiencing during a forthcoming PE.

Box 1. What is prospective thinking?

Prospective thinking refers to humans’ ability to mentally
simulate the future [178]. It allows to effectively prepare
for upcoming events and facilitates the enactment of goal-
related behaviors, including health conduct [178-181].

Prospective thinking involves the extraction of infor-
mation stored in episodic and semantic memory (e.g.,
details about previously encountered locations, objects,
and people), as well as more schematic and conceptual
knowledge (e.g., envisioning general goals or events
[179]). Humans can thus engage in different forms of
prospection, including episodic future thinking (for ex-
ample, by imagining themselves in a particular place at a
specific time, bringing specific details to mind) and se-
mantic future thinking (i.e., thinking about the future in a
general, abstract manner [182]).

Another central feature of prospective thinking is that it
binds retrospectively to future-oriented memory processes
[178]. This assumption has been derived from observa-
tions made by brain imaging studies, which showed that
memory and prospective thinking share a core network of
brain regions, featuring the hippocampus (HC) and the
vmPFC [183]. The hippocampus, a key brain structure for
episodic memory [184], plays a critical role in recombin-
ing memories to mentally simulate future events [185].
The vmPFC supports prospective thinking by providing
the contextual details that are relevant for the future imag-
ined situation [186-188]. Hence, for being able to project
themselves in the future, humans require to trigger
memory from their past [178-183].
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4.2. Training the “Know-how” Reflectivity

It is also crucial to develop and test programs that help
individuals to find the optimal mindset while exercising.
This aspect is critical for patients with SUD, who may have
low levels of self-efficacy toward physical exercise (i.e.,
one’s belief in the ability to perform PE-related tasks [189]),
as well as lowered energy stores or increased fatigue while
being in treatment [190, 191]. Indeed, most individuals with
SUD who initiate an exercise program do so after long peri-
ods of sedentary living, potentially coupled with a low level
of cardiorespiratory fitness and high bodyweight, but also
with the physical consequences of their SUD (e.g., peripheral
neuropathy and possible muscle atrophy in alcohol use dis-
order), therefore facing the challenges of undertaking PE
under strenuous intensity levels [191]. For these individuals,
it is crucial to identify a meaningful individual-environment
relationships for practicing PE and to examine how these
relationships might change according to training or habitua-
tion. Specifically, while regulating levels of physical exer-
tion, individuals have to merge the continuous streams of
sensory information to stimulation from the environment
(e.g., terrain conditions, obstacles).

As previously detailed, perceived physical effort is the
result of individual-environment interactions in a given time
and space. These dynamics lead to the emergence of what is
being referred to as enactive cognition, which can be under-
stood as a form of know-how reflectivity allowing physical
exercisers to know what and when to reflect in order to op-
timally adapt to their environment [192-194]. Specifically,
enactive cognition can be operationalized as perceived “fea-
sibility” to act in a specific way upon the environment [195-
199]. It is about taking an active perspective during situa-
tions where, at every unfolding moment, information from
the environment (e.g., elevation gain of a running/hiking
trail) invites one to execute a new set of actions (e.g., “slow-
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ing down my pace”, “walking instead of running” [200-205].

Patterns of know-how reflectivity during PE also encom-
pass mindset-shift and attentional flexibility processes [191,
206]. For instance, when reaching high-level of physical
exertion (e.g., the “hitting the wall” phenomenon [207]),
expert runners strategically renegotiate their goals during a
race, thereby regulating the frustration and discouragement
that might have otherwise undermined effective goal-striving
(e.g., by promoting an urge to disengage from goal-pursuit
[208-212]). The literature also clearly shows that a mix of
attentional focus strategies is used over the course of endur-
ance events [191, 207, 213-215]. Specifically, there is sup-
port for the tendency to adaptively shift between bodily-
oriented and external attention-focus strategies (e.g., listen-
ing to music, daydreaming, glancing at the scenery) regard-
less of running distance [216-218].

It follows that training these mindset-shift and attentional
flexibility processes could increase the effectiveness of PE
interventions in individuals with SUD, especially in individ-
uals with low executive control resources (e.g., cognitive
flexibility, prepotent response inhibition, central executive of
working memory [33]), that is, dysfunctions which are
common in SUD (for a review, see [219]). In other words,
training enactive cognition during PE should be especially
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Fig. (2). An example of a physical exercise program. (A) In the pre- and post-program fMRI session, participants will have to imagine them-
selves exercising (e.g., running, walking, Nordic walking, or hiking) on a trail that takes place recurrently during the physical exercise pro-
gram. They will also be asked to predict the level of physical effort or the level of physical exercise enjoyment they anticipate experiencing
throughout the exercise session; (B) Examples of rating score that could be used to re-dynamize interoceptive processes during the physical
exercise program: (Bi) prospective and (Bii) retrospective rating of perceived exertion; (Biii) A simulation of a mismatch (in red) between
one prospective and one retrospective scores. This example represents an underestimation of the prospective rating of perceived exertion, as
compared to the retrospective rating of perceived exertion; (C). Examples of (Ci) prospective and (Cii) retrospective rating of perceived en-
joyment; (Ciii) A simulation of a mismatch (in green) between one prospective and one retrospective scores. This example represents an
overestimation of the prospective rating of perceived enjoyment, as compared to the retrospective rating of perceived enjoyment. (4 higher
resolution/colour version of this figure is available in the electronic copy of the article).

relevant among individuals with lower baseline executive con-
trol abilities. One option would be to train individuals with
SUD to switch between different modes of attention focus,
rather than to use one attentional focus strategy over another.
Indeed, studies showed that it is difficult for an individual to
adhere to an assigned attentional focus strategy [216, 220], or
to adopt a specific strategy while exercising [217, 218].

Importantly, studies have also shown that using external
focus is a preferred strategy for inexperienced individuals,
for whom the processing of internal sensations might be un-
familiar and effortful in terms of cognitive resource con-
sumption [191, 215, 221]. By contrast, skilled exercisers are
more prone to focus on their physiological states while exer-
cising [191, 215, 221]. Hence, external focus strategies (e.g.,
focusing on the surrounding, listening to music while exer-
cising) could be used as an entrance door to individuals
averse to PE, before being progressively complemented by
the flexible use of body-oriented attention focus strategies. It
would also be useful to train people on how to focus on their
body sensations. In this sense, standard mindfulness training
(i.e., that does not involve whole-body PE) might actually be
a key first step among people with difficulties detecting or
using their body signals (Box 2 for details). This stepwise
implementation of mindfulness should allow building inte-
grated and individualized PE programs for individuals with
SUD. These suggestions are also consistent with the core
construct of self-efficacy, in that individuals’ positive ap-

praisal of their interoceptive states is a core source of infor-
mation for building their ability to perform PE.

Box 2. On the complementarity between physical activity and
mindfulness for re-appraising bodily-oriented prediction er-
rors.

Mindfulness-like states (e.g., focused breathing induction)
increase the willingness to focus on bodily sensations and
the acceptance to experience states of discomfort or dis-
tress [222]. Specifically, standard mindfulness techniques
(i.e., which do not involve whole-body exercising) may
help minimize bodily-oriented prediction errors by con-
tinuously monitoring the present-moment experience
[223], including physical sensations, thoughts, and affects,
that is, by maintaining a sense of acceptance and non-
judgment of the bodily experience [213, 224].

Brain imaging studies also showed that mindfulness train-
ing influences the way individuals deal with introspective-
ly perceived stressors by modulating insular-based net-
work activation. For instance, in elite athletes, mindful-
ness training increases activation of the insula and ACC
before (anticipation) and after an interoceptive challenge
(e.g., inspirational load), as well as decreases insular acti-
vation while experiencing such interoceptive challenge
states [225-227].
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In this context, effort perception during PE should repre-
sent a different, but complementary, approach to mindful-
ness training while facing effortful interoceptive sensa-
tions in individuals with SUD. While mindfulness would
help to promote judgment-free exploration of perceived
(negative) body sensations and emotions, PE would allow
individuals to strategically adapt their behaviors by opti-
mally decoding and interpreting interoceptive states. This
approach would thus directly target bodily-oriented pre-
diction errors that are at the core of the formation of crav-
ing in SUD.

5. PERSPECTIVES ON HOW TO ESTABLISH THE
IMPACT OF PE ON INTEROCEPTION USING NEU-
ROIMAGING

In this last section, we discuss the experimental designs
that would allow examining how real-life, whole-body
movement PE modulates interoception brain networks in
individuals with SUD. Specifically, there are concerns about
the representativeness of tasks used within the highly con-
trolled laboratory setting of an MRI scanner to study the
brain correlates of PE (e.g., leg cycling, handgrip task,
breathing-load [228-230]). Although these fMRI studies are
well-designed and have generated fine-grained knowledge
on the processing of bodily states during physical effort, they
are also limited with regard to the environmental conditions
where daily-life PE takes place [228-230]. In other words,
the results from pioneer fMRI works might not be repre-
sentative of the way individuals process physical exertion in
natural environments. Besides, while alternative brain imag-
ing techniques (e.g., functional near-infrared spectroscopy,
fNIRS) can be used to examine the brain correlation of
whole-body movement PE [231, 232], they also have limited
sensitivity to hemodynamic changes occurring in brain re-
gions below the cortical surface (e.g., prefrontal lobes), such
as the insula [233]. Hence, these techniques do not allow
obtaining fine-grained knowledge of the brain correlates of
effort perception during PE.

In light of these issues, we propose some theoretical and
methodological considerations on how fMRI research has the
potential to increase our understanding of the impact of PE
on insular-based interoceptive processes in SUD. Firstly,
fMRI sessions should be undertaken before and after the
completion of a PE intervention that aims to re-dynamize
interoceptive abilities in people with SUD (e.g., a start-to-run
or hiking program; Fig. 2). Secondly, the fMRI sessions
should be used to examine the brain mechanisms underlying
the prospective thinking of PE. Indeed, a central feature of
prospective thinking is that it binds retrospective to prospec-
tive memory processes [178] (Box 1). fMRI sessions could
thus consist of cue-exposure tasks where participants are
requested to imagine themselves undertaking an exercise
session pertaining to the intervention (e.g., running on a trail
that takes place recurrently during the start-to-run program)
and to predict future bodily and environmental demands they
should experience in the near future (i.e., in their real-life) at
different stages of PE session (e.g., beginning, middle, end;
Fig. 2).
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By adopting this mixed design approach, one should be
able to examine whether PE interventions enhance the func-
tionality of prospective memory brain networks (Box 2),
which is often hampered in SUD [234]. Moreover, this line
of research will test key assumptions with regard to insular-
based networks. Firstly, since the vmPFC is one primary
node of both the vAI and the prospective thinking networks
(Box 2), examining the prospective thinking of PE should
bring important knowledge on how the vAIl brain network
contributes to the merging of prospective thinking and inter-
oception networks, that is while simulating the bodily states
of a future PE session. Secondly, because insular-based acti-
vation and functional connectivity are modulated by the
learning of previous experiences (e.g., [235]), we should ex-
pect to observe a gradient from anterior to posterior insular
activation during prospective RPE between the beginning
and end of a participation to a PE program. Indeed, recent
models advance that interoceptive prediction in the early
stages of learning requires exploratory thinking processes to
provide a contextualized representation of interoceptive
states, thereby recruiting anterior sub-regions of the insula
[78, 236]. After repeated experiences with a physical effort,
interoceptive prediction becomes more habitual and should
thus trigger more activation from the PI [78]. Finally, we can
also expect that manipulating the modalities of PE appraisal
(e.g., imagining the intensity of effort versus the intensity of
enjoyment to be experienced in a future PE session) will
trigger different Al-based networks. One assumption is that
ratings of enjoyment trigger higher vAl connectivity than
ratings of physical exertion and that this pattern of brain
connectivity is modulated by the actual intensity of physical
exertion and enjoyment that individuals have experienced
throughout the PE programs.

fMRI research could thus offer new knowledge for un-
derstanding how the human mind switches from the mere
simulation of a physical effort to actual and persistent en-
gagement in PE interventions that would help people with
SUD to re-experience homeostatic imbalances as adaptative
bodily states, not as a trigger for substance consumption.

CONCLUSION

Despite its recognized potential in modulating negative
affect, reward, and stress responses, the efficacy of PE inter-
ventions in SUD is currently limited. Throughout this paper,
we proposed that PE could serve as a channel for helping
individuals with SUD to better regulate bodily sensations
and homeostatic imbalances. The inflow of active inference
mechanisms triggered by PE should allow one to strategical-
ly regulate the pace and intensity of effort throughout the
exercise session. Moreover, by training individuals to formu-
late prospective, momentary, and retrospective judgments
toward physical states, PE would allow individuals with
SUD to explore and resolve homeostatic imbalances while
adopting healthy behaviors, i.e., behavioral adjustment. PE
should also help individuals discriminate between sensations
triggered by PE and those triggered by reward-seeking and
consumption, i.e., bodily states discrimination. People suf-
fering from addictive disorders could thus benefit from be-
havioral adjustment and interoceptive discrimination train-
ing. The former would not only help them to initiate and
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maintain PE but also increase the accuracy of their prospec-
tive judgment toward future states of craving. The latter
would help them to adopt healthy behaviors and to avoid the
generalization of craving to other bodily states, such as stress
responses. Finally, the adoption of mixed approach research
designs (featuring brain imaging and real-life PE interven-
tions) should allow examining the main assumptions formu-
lated in this paper, in the light of the insular-based network.
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