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A B S T R A C T

Dyspnea (the perception of breathing discomfort) can be an immensely debilitating symptom for people with 
chronic obstructive pulmonary disease (COPD) and is not fully reflective of physiological measures of disease 
severity. We propose that the anterior insular cortex (AIC) and its key role in interoception (the perception of 
signals from within the body) are important mediators of dyspnea symptomology. Interoception encompasses 
respiratory motor drive, corollary discharge, sensory afferents, central neural integration, error signal genera
tion, gating, decision processing and behavioral adaptation. Neuroimaging evidence supports this notion as 
decreased AIC activity in people with COPD is associated with heightened dyspnea, and respiratory interoceptive 
attention tasks have been shown to increase activation in this area of the brain. Therefore, activity in the AIC 
within the interoceptive processing pathway may explain some of the variability in symptom burden in people 
living with COPD. We explore these theories in the context of the current knowledge on the physiology and 
neuroscience of dyspnea, drawing on the implementation of interoceptive measures in other respiratory and 
mental health conditions. Given the evidence that the AIC has a key role in interoception and is a likely mediator 
within dyspnea symptomology, advances in our understanding of the role of interoceptive processing on 
symptom burden in people living with COPD, as well as appropriate methods to measure and treat it, should be 
research priorities.

1. Introduction

People living with chronic obstructive pulmonary disease (COPD) 
often experience debilitating dyspnea (breathing discomfort). However, 
dyspnea severity often only weakly correlates with physiological mea
sures of COPD disease such as spirometry (Stolz et al., 2022). This re
view explores the neural correlates of dyspnea, focussing on the 
relationship between dyspnea and activity in the anterior insular cortex 
(AIC). We then discuss the relationship between AIC activation and 
interoception, which is considered to be the brain’s representation of 
sensations from within your body (Toussaint et al., 2024), and how 
interoceptive processing pathways are likely to play a key role in dys
pnea perception.

We note that many studies included in this review (e.g. interoceptive 
paradigms, neural processing of respiratory sensations, neuroimaging) 

are done in the laboratory setting during rest and participants are 
typically immobile. However, most people living with COPD experience 
predictable dyspnea on exertion while a relatively small proportion of 
people living with COPD are dyspneic at rest (Mullerova et al., 2014). 
While these laboratory studies advance our understanding of the 
mechanisms of dyspnea symptomology, we are aware they may not 
completely reflect the day-to-day symptom experience of people living 
with exertional breathlessness.

2. Dyspnea in chronic obstructive pulmonary disease

COPD is the most common of the chronic lung diseases, with an 
estimated global prevalence in 2025 of 10.3 % (Global Initiative for 
Chronic Obstructive Lung Disease, 2025). It is the third leading cause of 
death globally, is a major cause of avoidable hospital admissions in 
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Australia (Australian Institute of Health and Welfare, 2023), and it has a 
large disability burden (G. B. D. Forecasting Collaborators, 2024). COPD 
is progressive, with structural changes to the airways and alveoli, often 
caused by exposure to chemical irritants such as tobacco smoke and 
household and environmental air pollution, an associated neutrophil- 
and/or eosinophil- mediated chronic airway inflammation and often 
also systemic inflammation, with increased circulating levels of cyto
kines, chemokines and proteins (Barnes, 2016; Brightling and Greening, 
2019; Global Initiative for Chronic Obstructive Lung Disease, 2025). 
Along with changes to the airways and alveoli (e.g. changes in compli
ance, bronchoconstriction, airway inflammation) gas abnormalities (e.g. 
hypoxemia, and hypercapnia), respiratory muscle mechanics are 
impaired often due to lung hyperinflation that negatively impacts the 
operating lengths of the respiratory muscles and an increase in neural 
respiratory drive is required for ventilation (McKenzie et al., 2009; 
O’Donnell and Laveneziana, 2007). Together, the lung and respiratory 
muscle physiological disturbances result in symptoms of dyspnea, 
coughing, mucus production and/or disease exacerbations (Global 
Initiative for Chronic Obstructive Lung Disease, 2025).

For people living with COPD, dyspnea is a common symptom. In one 
of the largest cohorts of people living with COPD (n = 40,425), ~ 82 % 
of participants reported impairments related to exertional breathless
ness (Medical Research Council (MRC) scale for dyspnea Grade 2 or 
above; Mullerova et al., 2014). In end-stage illness for people living with 
COPD, estimates from 372 people suggest up to 95 % experience dys
pnea, either self- or carer- reported (Solano et al., 2006). People with 
COPD who experience dyspnea have greater disease burden and reduced 
quality of life (Alfano et al., 2022). Specifically, they show greater sleep 
disturbances, are more likely to experience negative emotions (fear etc), 
present with higher levels of comorbid depression and anxiety, and will 
reduce their exercise volume to avoid breathlessness symptoms (for 
review see Miravitlles and Ribera, 2017).

Recently, the effectiveness of dyspnea interventions for symptom 
management for people with serious respiratory illnesses (214 rando
mised controlled trials in total, n = 12,868 participants, with the most 
common diagnosis being COPD (Holland and Lewis, 2024; Holland 
et al., 2024)) was determined by a series of six systematic reviews. While 
effect sizes (ES) were modest and the certainty of evidence low, overall, 
the reviews supported the use of simple non-pharmacological treatments 
to relieve dyspnea such as breathing exercises (ES 0.47), increased 
airflow (ES 0.37) and multicomponent services (ES 0.37)). However, 
little benefit on dyspnea in daily life was evident for opioids (ES 0.10) or 
oxygen therapy administered when dispensed for symptom relief rather 
than management of hypoxaemia (ES 0.08) (Holland and Lewis, 2024; 
Holland et al., 2024).

Pulmonary rehabilitation (PR; 6–12 weeks of supervised exercise 
training and education on disease self-management) can improve dys
pnea for people living with COPD (see Evans et al., 2022; Jenkins et al., 
2024), but is not accessible to all those who need it (see Kaasgaard et al., 
2022). It has been estimated that pulmonary rehabilitation is accessed 
by < 3 % of people with chronic lung disease and completion rates 
(attendance at 70 % or more of PR sessions) vary significantly (e.g. from 
3 % to 67 %) (Lahham and Holland, 2021). Low rates of completion are 
associated with more severe disease, dyspnea and low socioeconomic 
status (Lahham and Holland, 2021). Given dyspnea has such a detri
mental effect on quality of life and persists in people with serious lung 
conditions even with optimal clinical management (e.g. inhaler thera
pies and pulmonary rehabilitation) (Ekstrom et al., 2022), we need 
novel approaches to (i) understand the pathophysiology and neural 
processing of dyspnea, and (ii) reduce the impact of disabling breath
lessness for people living with serious persistent illnesses such as COPD. 
We propose that interoceptive systems are underexplored in dyspnea 
symptomology in COPD (and other chronic lung diseases) and that ac
curate, accessible ways to measure these would advance our under
standing of dyspnea pathophysiology, leading to better outcomes for 
people who experience dyspnea.

3. The physiology and neuroscience of dyspnea in chronic 
obstructive pulmonary disease

With every breath, a gamut of sensory afferent neurons are activated, 
including those (i) in the respiratory muscles, joints and skin that 
respond to changes in muscle length, tension, joint position and skin 
stretch, (ii) in the lungs and upper and lower airways that respond to 
stretch, chemical irritants and mechanical stimuli, and (iii) extra- 
pulmonary receptors such as cardiac and eosophageal afferents (Chan 
et al., 2024). In addition, there is constant monitoring of blood 
composition by central and peripheral chemoreceptors. Broadly, these 
afferents project to the central nervous system at various levels (i.e. 
within the spinal cord, brain stem, subcortical and cortical regions) to 
adjust ongoing respiratory control and/or modulate behavioural and 
emotional responses. Detailed descriptions of the types of afferents and 
modalities for their activation are available in recent reviews (Betka 
et al., 2022; Chan et al., 2024).

Although not a sensory afferent, the efferent outflow (i.e. neural 
respiratory drive) is also an important element of dyspnea perception. It 
is established that respiratory motor output is signalled by ‘corollary 
discharge’, a message sent alongside and in proportion to neural respi
ratory drive from the medullary respiratory centres and/or the motor 
cortex (Binks, 2022). Increased output from the medullary respiratory 
centres will occur reflexively (e.g. by chemoreceptor activation) and 
motor cortical activation may occur voluntarily (consciously or sub
consciously) in augmented breaths or to compensate for a lack of med
ullary drive (e.g. Georges et al., 2016; Nguyen et al., 2018). Corollary 
discharge is a part of dyspnea perception as it is a system by which the 
sense of effort is perceived and how the brain can compare the level of 
neural respiratory drive being sent to the respiratory muscles for 
ventilation and the outcome/effect of this drive in terms of muscle 
activation, lung expansion, gas exchange etc being signalled by sensory 
afferent pathways.

Given the extensive and diverse sensory afferents that are activated 
with breathing, as well as multiple sources of neural respiratory drive, it 
is not surprising that dyspnea perception is complex and multidimen
sional. Broadly, dyspnea is a respiratory symptom comprised of at least 
three identifiable perceptual sensory (physical) dimensions: air hunger/ 
unsatisfied inspiration, work/effort to breathe, and chest tightness, 
which can evoke a broad range of emotional and behavioural responses 
(e.g. anger, fear, depression) (e.g. Binks, 2022; Chan et al., 2024; Syl
vester et al., 2022). Although likely a simplification given the sensory 
dimensions are usually not experienced in isolation, it has been sug
gested that these dimensions are generated by the discharge of groups of 
sensory afferents (Schwartzstein, 2024) or as ‘modalities’ coded by 
‘clusters’ of afferents that respond to different parameters of ventilation 
(Chan et al., 2024). The perception of work/effort to breathe occurs with 
increased respiratory motor command due to impaired muscle me
chanics or muscle weakness that necessitate increases in respiratory 
muscle activity (e.g., diaphragm, intercostal and possibly accessory 
breathing muscles) and afferent feedback (Binks, 2022; Sylvester et al., 
2022). Air hunger is thought to result from restricted tidal volume along 
with chemoreceptor stimulation (i.e. hypercapnia and/or hypoxemia), 
indicating insufficient ventilation to match cellular metabolic needs 
(Binks, 2022; O’Donnell et al., 2020). In COPD, this may occur, for 
example, during cardiopulmonary exercise tests when tidal volume en
croaches on inspiratory reserve volume and with severe 
ventilation-perfusion mismatch (O’Donnell et al., 2020). Finally, chest 
tightness can result from pulmonary receptor activation due to airway 
inflammation and smooth muscle bronchoconstriction and is more 
typically associated with asthma than COPD (American Thoracic Soci
ety, 1998; Binks, 2022).

Moving from the periphery to the brain, how does sensation become 
perception? Respiratory afferents code information from the periphery, 
via the spinal cord, brain stem and/or sub cortical regions to reach – and 
be integrated within – higher brain areas for perception. However, if 
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sensations are effectively gated at the thalamus, they will not be pro
cessed by higher cortical areas and thus, there will likely be no aware
ness of them. Both the lower- (e.g., Nf, P1, N1) and higher-order (e.g., 
P2, N2, P3) neural processing of respiratory sensations can be measured 
in the electroencephalography (EEG) as respiratory-related evoked po
tentials (RREPs), at least for afferents that are activated by brief airway 
occlusions (respiratory mechanoreceptors in the muscles, lungs and 
airway) (Chan and Davenport, 2010). Gating of respiratory sensations 
can be tested by paired airway occlusions and the relative reduction in 
the size of the N1 component in the second, compared to the first, RREP. 
Using this method, it has been shown that there is reduced gating of 
occlusion-related respiratory sensation in healthy middle age and older 
adults (40 + and 60 + years) compared to healthy young adults (20–29 

years) (Chang et al., 2024). A reduction in gating ability would result in 
the perception of more innocuous sensations. Along with lung, heart and 
mobility deficits etc in older people, a change in the neural processing of 
respiratory sensations may also contribute to increasing prevalence of 
dyspnea with advancing age (Ekstrom et al., 2022).

It is not yet known if the gating of respiratory sensations, as tested 
with the paired occlusion method, is impaired in COPD above any def
icits due to advanced age (Chang et al., 2024), as people living with 
COPD are typically older than 40 years (Global Initiative for Chronic 
Obstructive Lung Disease, 2025). However, when using a single airway 
occlusion to evoke a RREP, the size of the N1 component, while largest 
in healthy young adults, was similar in older adults with 
moderate-severe COPD and age-matched (older) adults without lung 

Fig. 1. The ‘physiology of dyspnea’ - respiratory sensory afferents, efferent motor command and corollary discharge. Depiction of the main respiratory sensory 
afferents (shown in red, see section 3 for description) that are activated during breathing and project to the brain stem, subcortical (not shown) and cortical regions. 
Corollary discharge from the respiratory centres in the brain stem and motor cortex (shown in blue) that reflect efferent signals to the respiratory muscles (shown in 
green) is also a key element of breathing perception. Other key brain regions involved in the perception of dyspnea are not shown in this simplified diagram. Brain 
image used with permission from Brittany Cheung, accessed via https://www.bcheungbiomedicalillustration.com/brain.
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function deficits (Epiu et al., 2022). This suggests the RREP itself may 
not be impaired in people living with COPD above that due to older age, 
at least in a cohort of non-anxious people with COPD (Epiu et al., 2022). 
Finally, while an earlier study did report a larger N1 component in 
response to a single airway occlusion in people with moderate-severe 
COPD compared to age-matched (older) adults, the magnitude of the 
occlusion used to evoke the RREP was not matched between participant 
groups (Reijnders et al., 2020), plus there were differences between 
participant cohorts including anxiety levels (Epiu et al., 2022; Reijnders 
et al., 2020).

While indicators of lung and respiratory motor impairment in COPD 
(e.g. spirometry) do not always correlate with dyspnea experience, the 
neural processing of respiratory sensations in COPD are broadly thought 
to remain intact (excluding age-related decline; Epiu et al., 2022) with 
contrasting findings observed even using the same method (Epiu et al., 
2022; Reijnders et al., 2020). Therefore, miscommunication between 
the brain and body (i.e. altered respiratory awareness, i.e. dyspnea, 
relative to the respiratory sensory inputs that ascend to higher brain 
regions) is increasingly recognized as an important mediator of dyspnea 
symptomology (e.g. Faull et al., 2019; Finnegan et al., 2021; Herigstad 
et al., 2017; Marlow et al., 2019). As such, the physiological under
standing of dyspnea perception (i.e. respiratory sensory afferents, 
efferent motor control and its corollary discharge) needs to be integrated 
with the emerging field of dyspnea neuroscience to explain divergent 
symptomology in people living with COPD.

Traditional models of dyspnea perception proposed a comparator 
between motor output (and corollary discharge) with incoming sensory 
afferents (e.g. Campbell and Howell, 1963; O’Donnell et al., 2020). As 
described by Pick et al. (2022), rather than a simple input-output model 
whereby the intensity of dyspnea perception is proportional to the 
sensory information or the mismatch between corollary discharge and 
sensory information, how we perceive bodily sensations can be better 
understood by a predictive (or Bayesian) model of brain processing (see 
Fig. 2). In this theory, the brain is an active inference generator that 
continually assesses, probes, predicts and alters the physiological state 
of the body (i.e. top-down), in addition to the input from afferent (i.e. 
bottom-up) signalling to indicate perception (Barrett and Simmons, 
2015; Gu et al., 2013). According to Bayes’ theorem (see Stephan et al., 
2016), ‘priors’ have no information related to sensory inputs. Rather, 

within the interoception model, these priors or predictions are ‘checked 
against’ or ‘constrained’ by sensory inputs (i.e. ‘likelihood’) to generate 
the ‘posterior’ or perception (Stephan et al., 2016). Therefore, ‘inter
oception’ refers to the entire system that influences the generation of a 
perception, including processes such as motor drive, corollary discharge, 
sensory afferents, central neural integration. Thus, in a predictive or 
generative model of respiratory awareness or interoception (modelled 
off existing theories regarding interoception; Toussaint et al., 2024), the 
model builds on the traditional theories whereby perception does not 
just depend solely on the ‘physiology’, aka the incoming respiratory 
sensory inputs, respiratory motor efferent output and corollary 
discharge, but also on prior experiences, mood and environmental cues 
that inform the predictive model. This framework provides a more ho
listic approach to symptom perception that incorporates experiences 
and expectations, and can help to explain why dyspnea perception is not 
always directly proportional to sensory inputs.

Within this system, priors and sensory input can have different 
relative precision (Stephan et al., 2016) where sensory input can be 
‘down-weighted’ such that there is more reliance on prior experiences 
and expectations (i.e., ‘priors’). This can then skew perception away 
from the underlying physiological signals and result in a potential 
misinterpretation of the sensory input. For example, in young healthy 
participants who were told an odorous gas would trigger bronchocon
striction (and during an initial experience phase it was paired with a 
concealed resistive load) but a control odour would not, when subse
quent odorous and control gas exposures were delivered with identical 
concealed resistive load, dyspnea intensity ratings during the odorous 
gas were higher (Vlemincx et al., 2021).

In addition to skewing perception acutely, an over-reliance on priors 
can hinder the system’s ability to update and adapt, which may move it 
even further away from the physiological underpinnings of dyspnea 
symptoms. In other words, the priors are ‘hyper precise’, and the pre
dictive model is rigid rather than dynamic. Moreover, behaviours can be 
altered (e.g. avoidance of triggers such as physical exertion (exercise) 
such that this model isn’t challenged, and established priors can remain 
in place (see Barrett and Simmons, 2015; Stephan et al., 2016). A 
network of brain regions have been implicated in interoceptive and 
awareness predictive models, but the anterior insular cortex (AIC) has 
been identified as one of the key regions for interoceptive processing (e. 

Fig. 2. Brain regions for interoceptive processing and the ‘predictive brain’. The ‘agranular’ brain regions implicated in the predictive model of interoception include 
the anterior insular cortex (AIC) that acts as part of a neural network to predict bodily signals. These predictions or ‘priors’ are compared against incoming sensory 
inputs (e.g. respiratory afferents via thalamocortical projections, for those not ‘gated out’; see section 3) at granular cortices including the ‘primary interoceptive 
cortex’ in the mid and posterior insular. Comparison with the sensory input generates ‘posteriors’ thought to be the computed probability (from priors, sensory input 
and their relative precision) which informs the perception. Within this system, sensory input can be ‘down-weighted’ such that there is more reliance (via greater 
precision) on prior experiences and expectations (i.e., ‘priors’), which can then skew perception away from the underlying physiological signals and result in a 
potential misinterpretation of the sensory input. Figure reprinted with permission from Elsevier (Khalsa et al., 2018).
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g. Barrett and Simmons, 2015; Craig, 2009; Gu et al., 2013; Harrison 
et al., 2021b; Khalsa et al., 2018; Wang et al., 2019). As shown in Fig. 3, 
the AIC is reliably activated during dyspnea provocation and its relative 
activation is related to symptomology in COPD (Finnegan et al., 2021).

4. The anterior insular cortex in dyspnea perception

Activation of the AIC has been related to the perturbation of some of 
the key afferent and efferent signals associated with dyspnea (Fig. 3). In 
healthy participants, many studies have showed increased activation in 
the AIC during isolated components of dyspnea, such as air hunger 
(Banzett et al., 1990; Evans et al., 2002), or increased work/effort of 
breathing evoked by resistive or threshold loads (e.g. Esser et al., 2017; 
Faull et al., 2016; Faull and Pattinson, 2017; Hayen et al., 2017; Paulus 
et al., 2012; Peiffer et al., 2001; Raux et al., 2013), or even during the 
anticipation of resistive loads (e.g. Faull and Pattinson, 2017; Stoeckel 
et al., 2015, 2016) or their explicit prediction (Faull et al., 2016; Har
rison et al., 2021b). To our knowledge, no studies have investigated the 
neural correlates of chest tightness, for example during methacholine 
challenge, perhaps due to the impracticality of evoking bronchocon
striction in the MRI environment. Although participants in the ‘nocebo’ 
study by Vlemincx and colleagues (2021) were told that the odorous gas 
would induce bronchoconstriction, the change in breathing resistance 
during neuroimaging was induced by an external resistive load. Exam
ples of AIC activation in the awareness of bodily sensations beyond the 
respiratory system include right AIC activation on fMRI during heartbeat 
awareness (Critchley et al., 2004a), and left AIC activation linked to 
stomach fullness sensation in a study utilising positron emission to
mography (PET) (Stephan et al., 2003).

The AIC is proposed to be a key anatomical substrate involved in 
interoceptive predictions of the physiological state of the body (e.g. 
Craig, 2009; Gu et al., 2013) and thus central to the ‘neuroscience of 
dyspnea’. An anatomical translation of the interoceptive generative 
model has been proposed by Barrett and Simmons (2015); see Fig. 2) 
whereby the ventral portion of the anterior insula, along with other 
regions including the mid and anterior cingulate cortex, the posterior 
ventromedial prefrontal cortex, the posterior orbitofrontal cortex – all 
‘agranular’ cortices (due to the relative number and differentiation of 
cortical layers) – code predictions of pending sensory changes and 
execute them via efferent pathways to prepare the body to respond. As 
discussed in the previous section, incoming feedback from sensory af
ferents in the periphery project via the brain stem and subcortical 
structures (e.g. thalamus) to the mid and posterior insular and the 

somatosensory cortices (‘granular’ cortices). The incoming afferent 
signals constrain/combine with priors to generate the ‘posterior’ (i.e. the 
perception) and compute a prediction error that can be used to update 
the prediction model for subsequent homeostatic challenges (Barrett 
and Simmons, 2015). Theoretically, in an optimal model of respiratory 
interoception (perception), the prior or prediction will adequately 
reflect reality such that the interoceptive prediction will match the 
incoming sensory inputs and any prediction error will be small. More
over, if the prediction error is large, it will inform accurate updates to 
the priors such that expectations will more closely match sensory in
formation in the future. However, if the precision of the prior is much 
larger than the likelihood (sensory information), the resulting posterior 
may be skewed away from the physiological perturbations in the body to 
alter the perceived symptoms of dyspnea, and additionally impact the 
ability to update these predictions in the AIC for future reference. An 
example of how this model could function for respiratory interoception 
is included below.

Let’s consider an example of a person walking to the bus stop. In 
scenario A, you are a person that has not previously been troubled by 
breathlessness, and you look up to see your bus pulling into the bus 
stop. You are still 10 m away and need to rush. The generative model of 
respiratory awareness/interoception predicts that you may feel ‘puf
fed’ (due to an increase in respiratory depth and rate with the 
increased ventilation). Your respiratory afferents signal appropriately 
the increase in ventilation, and the perception is an awareness of 
deeper and faster breathing (perhaps only perceived when you sit down 
on the bus or not at all). Now imagine scenario B, and you are a person 
living with mild-moderate COPD with previous experiences of dis
tressing breathlessness with physical exercise, and you see the bus 
coming and must rush. Last time you had to rush for the bus you felt 
very breathless during and immediately after catching the bus (and 
took a prolonged time to recover). The interoceptive prediction is that 
the rush for the bus will make you very breathless. If this prediction is 
not accurately ‘constrained’ by the actual incoming sensory afferents, 
then the ‘posterior’ or perception will not match the physiological 
changes and your respiratory awareness will not be a feeling of deeper 
and faster breathing (like scenario A), but one of intense and fright
ening dyspnea. In a ‘rigid’ model like this with sensory inputs that are 
‘down-weighted’ with more reliance on priors, every time this person 
sees the bus coming, they will again anticipate feeling breathless and 
distressed. Furthermore, this could also result in behaviour changes 
and avoidance measures, i.e. not rushing for the bus and missing an 
appointment, or not engaging at all with activities where this may be a 

Fig. 3. The role of the anterior insular cortex in sub-components of dyspnoea as demonstrated by neuroimaging. Neuroimaging has demonstrated the central role of 
the anterior insular cortex in the neural processing of respiratory sensations. A, Word cloud from 16 studies showing the brain regions identified by neuroimaging 
during experimental respiratory discomfort. Font size indicates the relative incidence of activation, and font colour indicates the regions activated by respiratory 
discomfort of the air hunger type (shown in red), work/effort type (shown in blue) or both (shown in purple). B,C, In people with mild-moderate COPD, anterior 
insula activation in response to dyspnea trigger words was significantly less in those with a high symptom burden compared to those with low symptom burden. The 
groups had the same lung function deficit. The fMRI group contrast is shown panel B and quantified in panel C. Panel A reprinted with permission from Elsevier 
(Binks, 2022) and Panels B and C reproduced with permission of the European Respiratory Society 2025 (Finnegan et al., 2021).
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possible outcome.
There is evidence for AIC and other anatomical substrates within the 

interoceptive processing pathway for dyspnea perception in COPD. The 
neural correlates of induced dyspnea in people living with COPD and 
healthy controls has been determined using resistive loads and fMRI 
(Esser et al., 2017; Yu et al., 2016). Greater dyspnea during resistive 
loading was associated with increased activation of sensorimotor and 
corticolimbic areas, including the insular, in both participant groups 
(Esser et al., 2017; Yu et al., 2016). However, anticipation of dyspnea 
was associated with greater amygdala and hippocampus activation in 
people with COPD, thought to relate to the emotional processing (Esser 
et al., 2017). Furthermore, insular activity correlated with and partly 
predicted (symptom) improvement in people with COPD following 
pulmonary rehabilitation (Finnegan et al., 2023; Herigstad et al., 2017).

5. Testing how the anterior insular cortex functions in 
respiratory interoceptive processing

The output/function of the generative model can be probed by 
testing different interoceptive features and functional brain imaging (e. 
g. Harrison et al., 2021b; Khalsa et al., 2018). Interoceptive ability, or 
accurate detection of bodily sensations, has been assessed most 
commonly by heartbeat detection (e.g. Critchley et al., 2004b; Salamone 
et al., 2021), but also in the ‘respiratory axis’ by external resistance 
detection (Garfinkel et al., 2016; Harrison et al., 2021a), airway occlu
sion duration (Van Den Houte et al., 2021) or breath timing detection 
(Wang et al., 2019). Different interoceptive modalities pose different 
challenges related to both their access and controllability, and many 
measurement techniques (such as heartbeat counting tasks) have 
generated criticism for their interpretability (Desmedt et al., 2024). 
Notably, the respiratory modality is different to the cardiac due to the 
involvement of the motor system in respiration, i.e. respiratory rate can 
be changed voluntarily (acutely) but heart rate cannot. Thus, the pos
terior insular is thought to receive selected sensory inputs from the 

viscera (e.g. vagally mediated pathways from the lung and bronchi) 
(Betka et al., 2022), while other respiratory sensory afferents, for 
example from the respiratory muscles, are likely to project to the so
matosensory cortex (e.g. Gandevia and Macefield, 1989) before being 
integrated in areas such as the AIC. To date, there is no evidence that 
respiratory muscle afferents also project directly to the posterior insular 
cortex. Thus, the awareness and interoceptive predictions related to the 
respiratory system may contain both interoceptive and proprioceptive 
elements (see Fig. 4) and the relative role of the AIC (and/or the infor
mation relayed by multiple input pathways) may differ for respiratory 
interoception compared to other modalities, such as cardiac 
interoception.

Respiratory interoceptive attention, using breath timing detection in 
unloaded eupneic breathing, has been shown to activate the AIC and 
increase the coupling between the AIC and somatosensory cortex in 
healthy controls (Wang et al., 2019). The task involved participants 
wearing a thoracic respiratory band with visual feedback of their own 
breathing trace. To ensure interoceptive attention throughout the task, 
the breathing trace was shown in real-time or delayed by 400 ms 
(random order) and participants had to indicate whether the breath 
trace was synchronised with their perceived breathing rhythm or if it 
was delayed. Importantly, using the same respiratory task, interoceptive 
discrimination accuracy and sensitivity were reduced in participants 
with AIC lesions (Wang et al., 2019). People with AIC lesions also have 
reduced dyspnea perception in response to experimentally induced air 
hunger (Chapman et al., 2024b) and during resistive loads (Schon et al., 
2008). This confirms that despite the mixed afferent signals in the res
piratory modality, interoception and the AIC are still an appropriate 
target to explore mechanisms of dyspnea symptomology. Of note, there 
was more AIC activation when the breathing was delayed (i.e. there was 
a difference between what would have been predicted and the visual 
feedback coming from the breath trace, i.e. prediction error) compared 
to trials with no breathing delay (Wang et al., 2019), further supporting 
the suggestion that the AIC activation is involved with prediction error 

Fig. 4. Proposed interplay between interoception, proprioception and exteroception for emotional awareness. This model was used to explain, within the context of 
emotional awareness, the function of the anterior insular cortex (AIC) to provide descending interoceptive predictions (i.e. priors), as well as intergrating top-down 
predictions from the whole network of brain regions implicated in the predictive model of interoception including the anterior cingulate cortex (ACC) and prefrontal 
cortex (PFC) with bottom-up interoceptive prediction errors informed by sensory inputs (i.e. liklihood) to generate the perception (i.e. posterior). For respiratory 
awareness, predictions are also likely to involve those in the proprioceptive system as respiratory muscles are striated muscles. Figure reproduced as permitted under 
Creative Commons Attribution License (Gu et al., 2013).
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processing as well as prediction generation (Harrison et al., 2021b).
Neuroimaging and greater blood-oxygenation-level–dependent 

(BOLD) activity can be used to identify anatomical substrates of inter
oceptive models, even when indirectly assessing these through imagery 
(e.g. Finnegan et al., 2021; Herigstad et al., 2017). While greater insight 
on interoceptive processing can be gained by neuroimaging during 
interoceptive tasks (e.g. Harrison et al., 2021b), it is often not a practical 
method for broader use in people living with COPD. Furthermore, rich 
information regarding how the identified brain regions function as part 
of the broader interoceptive network is likely to be reflected by func
tional connectivity metrics, not only their task-related BOLD activity. 
Ideally, we would have simple, safe and reliable measures of intero
ceptive processing for use in clinical care to understand how altered 
neural processing contributes to symptomology in people living with 
COPD.

6. The link between interoception and symptoms in chronic 
obstructive pulmonary disease

We propose that differences in interoceptive processing involving the 
AIC are critical to dyspnea symptomology in COPD, potentially 
explaining much of the variation in symptom experience independent to 
the degree of respiratory impairment. Additionally, both interoceptive 
dysfunction and an involvement of the AIC for interoception have been 
linked to other conditions and symptoms experienced by people living 
with COPD, such as mental health conditions and asthma (e.g. Harrison 
et al., 2021b; von Leupoldt et al., 2009).

In COPD, increased breathlessness is often associated with increased 
anxiety and depression symptoms (Livermore et al., 2008; Miravitlles 
and Ribera, 2017). There is a high prevalence of anxiety and panic 
disorders in people living with COPD, particularly those who also have 
worse dyspnea (Xu et al., 2008). The concomitant symptoms of anxiety 
and dyspnea may be interrelated, as dysfunctional interoception sig
nalling is thought to be an important component of mental health dis
orders (Khalsa et al., 2018). Furthermore, there is a well-known 
relationship between breathing perception and anxiety disorders, and 
altered anterior insular activity has been implicated in this link (Paulus, 
2013).

Harrison and colleagues (2021b) demonstrated a potential role for 
the AIC in how the brain predicts and responds to pending inspiratory 
resistances (i.e. breathing-related interoceptive learning) using func
tional magnetic resonance imaging (fMRI). The breathing learning task 
they employed assessed the ability of participants to predict and 
continually update their predication of a pending large (70 % of 
maximal) inspiratory resistance based on a visual clue. Participants with 
low anxiety had differential AIC activity for negative predictions (i.e. 
predictions of an upcoming resistance) and positive predictions (i.e. 
predictions of no upcoming resistance), while participants with mod
erate anxiety had comparable AIC activity during both negative and 
positive predictions (Harrison et al., 2021b). This demonstrates that AIC 
activity during breathing-related interoceptive learning differs 
depending on the anxiety levels of participants (Harrison et al., 2021b). 
In healthy volunteers, higher dyspnea unpleasantness scores due to both 
predictable and surprise inspiratory loads (both of which have been 
shown to activate the AIC (e.g. Faull and Pattinson, 2017; Raux et al., 
2013) were strongly associated with anxiety sensitivity scores of par
ticipants (Tan et al., 2019). These studies are consistent with a role of the 
AIC in the predictions and updating of predictions for respiratory 
awareness, which is altered by trait anxiety.

In people living with asthma, interoceptive ability (assessed by the 
‘filter detection task’, which quantifies an individual’s ability to detect 
very small external resistive loads added to a breathing circuit) was 
shown to differ in sub-groups of participants stratified according to their 
symptom load (Harrison et al., 2021c). Between 2 subgroups (both less 
anxious/depressed than a 3rd subgroup in the cohort), the group with a 
low symptom burden had better interoceptive ability than the high 

symptom group. This demonstrates a link between interoceptive ability 
assessed with the resistive filter detection task and symptom burden in 
asthma; a link yet to be demonstrated in people living with COPD.

Interoception ability in people living with COPD has been explored 
using external resistive load detection, a comparable test of respiratory 
interoception as used by Harrison et al. (2021c) in their study in people 
living with asthma. Compared to healthy age-matched control partici
pants, there were no differences reported in the ability to detect external 
resistive loads in people with spirometry-defined moderate to severe 
COPD (Epiu et al., 2025; Giardino et al., 2010), including those with 
COPD and panic disorder (Giardino et al., 2010). However, the rela
tionship between interoceptive ability and the day-to-day symptomol
ogy for these participants living with COPD (assessed, for example as 
impairment related to exertional breathlessness on the MRC scale) was 
not investigated (Epiu et al., 2025; Giardino et al., 2010). Thus, it re
mains to be determined in people living with COPD if interoceptive 
ability is associated with symptom burden.

A landmark paper by Finnegan et al. (2021) demonstrated a link 
between the symptomology of COPD and brain activity, especially in the 
AIC (see Fig. 3). A cohort of people with spirometry-defined mild-mo
derate COPD, with varied disease burdens across multiple domains 
(symptom burden; physical capability; mood; anticipated capability) 
were studied. When the cohort was stratified by their symptom burden 
(including dyspnea), the 2 groups had equal disease severity according 
to physiological measures (spirometry), but neuroimaging revealed 
different patterns of brain activity when viewing dyspnea word cues 
(aka expectation-related activity; Herigstad et al., 2016). Of note, the 
low symptom group had higher AIC activation, compared to those with 
high symptom burden that showed lower AIC activation. This suggests 
that AIC activation is linked to symptoms in COPD. Altered AIC activity 
and worse symptoms including dyspnea may coexist because intero
ceptive ability is poor, but this has not yet been demonstrated directly. 
Thus, the predictive model in these individuals may be more heavily 
reliant on prior expectations, mood and environmental cues than 
veridical sensory input.

Taken together, AIC and altered interoception may be critical ele
ments that can explain disproportionate dyspnea in people with COPD 
(i.e. those who experience severe dyspnea compared to others with the 
same respiratory impairment for the same stimulus level). Our under
standing on the link between impaired or mal-adaptive interoception 
and the symptom of dyspnea in COPD is detailed in Fig. 5. To determine 
how interoceptive processing contributes to dyspnea, we need better, 
simple tests of the function of the predictive model of interoception for 
use in people living with COPD.

7. Interoceptive processing and interventions for breathlessness 
in people with COPD

Evidence supports the use of simple, non-pharmacological breathing 
strategies to manage dysfunctional breathing patterns and for recovery 
following episodes of dyspnea. In order to teach breathing pattern or 
recovery strategies with people living with dyspnea, clinicians 
commonly assess the person’s ability to consciously ‘feel’ their breathing 
pattern (rate, depth, upper/lower chest movements, body position etc) 
to educate and ‘alter’ breathing through various techniques (pursed lip 
breathing, diaphragmatic breathing etc) (Burge et al., 2024; Holland 
and Lewis, 2024). The effect size (ES) of breathing techniques to reduce 
dyspnea in people with serious respiratory illness was higher (ES 0.47) 
than other interventions such as increased airflow (ES 0.37) (Holland 
and Lewis, 2024). If an impaired ability to update the predictive model 
of respiratory awareness (e.g. due to hyper-precise priors and 
down-weighted sensory inputs in a ‘rigid’ model) is a mechanism for 
greater dyspnea in people living with COPD, breathing strategies may 
indirectly target this. Similarly, we speculate that improvements in 
dyspnea seen after PR may be evidence of an ability for people living 
with COPD to update their predictive model of respiratory awareness 
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during repeated exposures to graded exercise challenges, in a safe 
environment (Finnegan et al., 2023; Herigstad et al., 2017).

There are few treatments that directly target the role of the brain for 
dyspnea (see von Leupoldt et al., 2024). Even though established 
treatments such as PR which have peripheral physiology targets (e.g. 
exercise capacity and muscle strength) will also modulate brain re
sponses and state, we define brain-based treatments as those that aim to 
address psychological aspects primarily. Cognitive behavioural therapy 
(CBT) showed promise as an intervention to target breathlessness in 
people with COPD. An initial study showed CBT could reduce the dys
pnea ratings when breathing through inspiratory resistive loads for 
people living with COPD and panic disorder (Livermore et al., 2015). 
However, recent larger trials in general COPD populations (i.e. not just 
those with panic disorder) have demonstrated no additional benefit of 
CBT to PR programs on anxiety, depression or breathlessness (Taylor 
et al., 2023; Williams et al., 2023). Deep brain stimulation of the motor 
thalamus can relieve experimentally induced air hunger in a group of 
people with deep brain electrodes implanted to treat chronic tremor, but 

has not yet been explored in people with chronic lung disease (Chapman 
et al., 2024a; von Leupoldt et al., 2024). A decade ago, a review of the 
research on interoceptive exposure (an important component in 
Cognitive Behavioural Therapy) in people with comorbid panic disorder 
and COPD found that this was underexplored in this patient group 
(Barrera et al., 2014), and this continues to be the case.

Recently it was shown that in healthy adults, compared to visual 
distraction (control), medical hypnosis decreased the intensity of the 
sensory and affective dimensions of dyspnea during both experimentally 
induced air hunger (hypercapnia plus tidal volume restriction) and 
increased effort to breathe (inspiratory threshold load) (Morelot-Panzini 
et al., 2024). Compared to visual distraction, the sensory and affective 
components were rated approximately 3 and 2 points lower, respec
tively, during hypnosis, on a 10-point visual analogue scale (VAS). These 
‘real-time’ changes in VAS (ratings at least every minute of experi
mentally induced dyspnea) were corroborated by Multidimensional 
Dyspnea Profile (MDP) scores for the “immediate perception response” 
(A1 + SQ components of MDP) and “emotional response domain” (A2 of 

Fig. 5. Working hypothesis of the role of the anterior insular cortex in the sympotomology of dyspnea in COPD. A working hypothesis to explain why people living 
with COPD may have very different symptomology despite comparable underlying pathophysiology. A predictive model of respiratory interoception (with the AIC as 
an integral area) generates respiratory perception (computed from priors + sensory inputs + more (see Stephan et al., 2016)). This can range from awareness of 
breathing to distressing dyspnea depending on the accuracy and weighting of the prior, the sensory inputs and the resultant posterior. This is a simplified depiction 
and many other key brain regions involved in interoception and dyspnea perception are not shown. The function of the model can be tested using interoceptive tests 
(see Khalsa et al., 2018) and functional brain imaging (e.g. Finnegan et al., 2021), but these have limitations (see section 5). Brain image used with permission from 
Brittany Cheung, accessed via https://www.bcheungbiomedicalillustration.com/brain.
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MDP), conducted at the end of each dyspnea session (Morelot-Panzini 
et al., 2024). As this study was conducted in healthy controls in a lab
oratory setting, it remains to be seen if medical hypnosis can reduce 
dyspnea in clinical studies. Interventions that target the brain to reduce 
dyspnea via changes in neural processing are underexplored and worth 
pursuing.

Considering the current evidence to support the role of the brain – 
and importantly the AIC – in the perception of dyspnea, understanding 
and targeting interoceptive processing in people with COPD should be a 
priority. Given ‘interoceptive priming’, two minutes of interoceptive 
attention during a heartbeat detection task, was shown to improve 
emotional processing acutely in healthy controls (Salamone et al., 
2021), it is tempting to speculate that a form of interoceptive priming 
may have the potential to change symptomology in people living with 
COPD. Interestingly, the study by Salamone et al. (2021), also showed 
that across all participants (healthy controls and people living with 
either behavioural variant frontotemporal dementia, Parkinson’s dis
ease or Alzheimer’s disease), the improvements in emotional processing 
following interoceptive priming correlated with the volume of the AIC 
and anterior cingulate cortex. Again, although not direct evidence, this 
study in people with neurodegeneration reiterates that the AIC is likely 
to play a key role in interoception, which can be linked to the symptoms 
experienced by people living with chronic conditions (see also Locatelli 
et al., 2023). Taking this a step further, it was recently shown in healthy 
volunteers that ‘interoceptive training’ can improve interoceptive abil
ity for heartbeat detection and enhance resting functional connectivity 
between the AIC and other key brain regions implication in inter
oception (Sugawara et al., 2024). We reason, based on the evidence 
discussed here, interventions targeting interoceptive processing may be 
the missing piece in the COPD assessment and treatment puzzle.

8. Conclusion

There is a wide range of disease burden in people with COPD that 
often does not relate to disease severity on physiological measures. The 
AIC has been linked to disease symptomology in people with COPD and 
interoception (involving a network of brain regions including the AIC) is 
linked to symptomology in both mental health conditions and asthma. 
Therefore, interoception and altered interoceptive processing (encom
passing the integrated system of motor drive, corollary discharge, sen
sory afferents, central neural integration, error signal generation, gating, 
decision processing and behavioral adaptation) may play a role in the 
dyspnea symptom burden in people with COPD. Best practices for the 
measurement of key interoceptive properties in COPD that contribute to 
dyspnea are yet to be determined and are a critical next step in our 
understanding of this debilitating symptom.
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