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Interoception is a complex process encompassing multiple dimensions, such as
accuracy, learning and awareness. Here, we examined whether each of those
dimensions relies on specialized neural regions distributed throughout the
vast interoceptive network. To this end, we obtained relevant measures of car-
diac interoception in healthy subjects and patients offering contrastive lesion
models of neurodegeneration and focal brain damage: behavioural variant
fronto-temporal dementia (bvFTD), Alzheimer’s disease (AD) and fronto-
insular stroke. Neural correlates of the three dimensions were examined
through structural and functional resting-state imaging, and online meas-
urements of the heart-evoked potential (HEP). The three patient groups
presented deficits in interoceptive accuracy, associated with insular damage,
connectivity alterations and abnormal HEP modulations. Interoceptive learn-
ing was differentially impaired in AD patients, evidencing a key role of
memory networks in this skill. Interoceptive awareness results showed that
bvFTD and AD patients overestimated their performance; this pattern was
related to abnormalities in anterior regions and associated networks sub-
serving metacognitive processes, and probably linked to well-established
insight deficits in dementia. Our findings indicate how damage to specific
hubs in a broad fronto-temporo-insular network differentially compromises
interoceptive dimensions, and how such disturbances affect widespread
connections beyond those critical hubs. This is the first study in which a
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multiple lesion model reveals fine-grained alterations
of body sensing, offering new theoretical insights into
neuroanatomical foundations of interoceptive dimensions.

This article is part of the themed issue ‘Interoception
beyond homeostasis: affect, cognition and mental health’.

1. Introduction

Interoception is the ability to sense autonomic changes via
viscero-cortical pathways [1,2]. While research on this
domain has greatly illuminated normal [3] and pathological
[4,5] processes, it has not fully exploited the possibilities of
the lesion model approach, which allows establishing direct
connections between brain lesions and behaviour [6,7]. By
including two contrastive lesion models, such as focal stroke
and early neurodegeneration [8,9], we aim to reveal critical
links between affected brain regions and interoceptive
performance. To this end, we measured behavioural, neuroi-
maging, and electrophysiological correlates of cardiac
interoception in patients with behavioural variant fronto-tem-
poral dementia (bvFID, a condition with early compromise
of fronto-insular-temporal structures), early stage Alzheimer’s
disease (AD, which includes posterior and temporal atrophy),
and fronto-insular stroke (FIS). Such conditions may offer
novel insights into interoception, because relevant evidence is
scant in neurological disorders, and null in dementias.

Cardiac interoception tasks, which assess sensing of
one’s own heartbeats [5,10,11], offer robust evidence on three
relevant dimensions: accuracy (behavioural precision in
tracking cardiac signals [3]), learning (improvement of
behavioural accuracy after feedback [11]), and awareness
(metacognitive processes underlying confidence about one’s
own performance [3]). These dimensions rely on distributed
networks critically engaging the insular cortex (IC), the
anterior cingulate cortex (ACC) and the somatosensory cortex
(SC) [2,12], while interactions between interoceptive and
high-level functions are mediated by IC projections to the
ACC, the orbitofrontal cortex (OFC), the amygdala and
the hippocampus (HP) [3,4,11,13-18].

First, as shown in structural and functional studies on
interoceptive accuracy, task precision and online performance
are associated with IC, ACC and SC hubs [12]. Additionally,
the heart-evoked potential (HEP) is a cortical marker of cardiac
monitoring which is modulated by attention to one’s own
heartbeats (expressed by a negative deflection that peaks in a
200-500 ms window after the R-wave) [19,20], and is mainly
originated in the IC and the ACC [1,2,12]. HEP modulation
amplitude is larger in subjects with high interoceptive accuracy
[11,19,21,22] and could be enhanced by training [23]. In
addition, the HEP is attenuated in neuropsychiatric patients
[20] and such an alteration is associated with interoceptive
deficits [5,17,18]. Moreover, phasic signals from individual
heartbeats are related to memory circuits [24]. As all such mech-
anisms are to some extent compromised in our three patient
groups, we hypothesized they would all present impairments
in interoceptive accuracy and associated cortical measures.

Second, regarding interoceptive learning, cortical and
intracranial recordings show that post-feedback behavioural
improvements are associated with activity modulations in the
IC and the frontal cortex [11]. However, whole-brain neuroima-
ging analyses may reveal other regions related to impairments

in this dimension. Specifically, the crucial role of the HP, n

adjacent temporal structures and frontal cortices in memory
and learning [25] suggests that such a skill should be distinct-
ively compromised in AD patients, as reported in many
other domains.

Finally, interoceptive awareness has been associated with
the ACC, IC, prefrontal cortex (PFC, Brodmann area 10
(BA10) [26,27]) and OFC [28,29]. Although this metacognitive
dimension has not been examined in neurological populations,
impaired awareness and diminished insight are core features of
dementia [30,31]. Thus, we predicted that bvFTD and AD
would be worse than controls at estimating self-performance.

Previous evidence aligns with the notion of brain hubs as a
biologically costly anatomical structure, which supports higher
communication rates and information processing [32]. Given
the elevated metabolic rate and centrality of hubs, damage
to them could disrupt important functional networks,
causing both general deficits in cognitive functions and specific
brain disorders [32,33]. The differential compromise of hubs in
our samples (temporal and posterior in AD, fronto-insular,
in FIS, and fronto-temporal in bvFID) offers a unique
opportunity to dissociate brain networks within interoception.

In sum, for interoceptive accuracy, bvFTD and FIS are
expected to perform worse than controls due to damage of
critical interoceptive regions; instead, for AD, we predicted
that performance would depend on the extent of atrophy of
the IC and other subsidiary areas that could support this pro-
cess (e.g. HP). Interoceptive learning should be impaired only
in AD as a result of degeneration of the HP and adjacent tem-
poral structures. Damage to these regions, together with
frontal-related areas (OFC) that play a key role in learning
and memory processes, could distinctively compromise this
dimension. Regarding interoceptive awareness, we hypoth-
esized that both patient groups with dementia would
estimate self-performance worse than controls as a result of
reduced insight and impaired metacognition, mainly associ-
ated with fronto-temporal damage. Finally, we expected
the disruption of interoceptive networks to extend beyond
critical areas, also compromising relevant long-range connec-
tions. To our knowledge, this is the first study to assess the
structural, functional and dynamical brain signatures of
interoceptive dimensions by comparing differential lesion
models of neurodegeneration and focal stroke.

2. Material and methods

Given the journal’s space limitations, several methods and results
sections are provided in the electronic supplementary material.

(a) Participants

Ninety-nine subjects participated in the study. We recruited three
patient samples that fulfilled our inclusion criteria [34,35]: 18 with
probable bvFID, 21 with AD, 18 featuring non-haemorrhagic FIS,
and 42 healthy subjects. All participants provided signed informed
consent in accordance with the Declaration of Helsinki.

Patients with bvFTD were diagnosed following current revised
criteria [34]. BvFTD is an early onset dementia [36], which involves
social and behavioural impairments [37-39] associated with
fronto-temporo-insular atrophy on MRI (or frontal hypoperfusion
in PET recordings). We excluded all patients who gave signs of
other forms of dementia (e.g. primary progressive aphasia and
amyotrophic lateral sclerosis). The resulting sample offers a
unique model of fronto-insular compromise, which includes
critical areas for each interoceptive dimension.

90009L0Z :LLE g 205 Y "suvi] ‘fiyd  BiobuiysijgndAraposieforgiss



(a) behavioural results
B controls @ bvFTD m AD = FIS

0.7 - interoceptive accuracy

interoceptive learning

interoceptive awareness

0.7 31 *
5
!
g )
w w g | *
5 051 £ 051 .t 2
3 2 & X T
: . . g
Q
=
0.3 4 0.3- 0-
(b) anatomical results
L bvFTD atrophy AD atrophy lesion overlap R
-7 _za 8 At
3 A

11

LTS
t-values
0o 2 4

n-subjects

0 2 4

Figure 1. Behavioural and anatomical results. (a) Performance of all four groups in each interoceptive dimension. Interoceptive (accuracy and learning) scores vary
between 0 and 1, with higher scores indicating better performance. For awareness, scores nearer zero mean better metacognition. (b) Atrophy of bvFTD and AD
patients (VBM) compared to controls (p << 0.001, extent threshold = 50 voxels) and lesion overlap in FIS patients. The asterisk (*) indicates significant differences

relative to controls. L = left; R = right.

AD patients were diagnosed following NINCDS-ADRDA
criteria [35,40]. They presented memory and language deficits
and early atrophy in the temporal lobes, parietal regions
[41,42], and, in some cases, in the IC [43]. Patients with logopenic
progressive aphasia and atypical forms of AD (e.g. posterior cor-
tical atrophy), were not included. The posterior atrophy
characteristic of AD provides a contrasting model relative to
frontal neurodegeneration in bvFTD. This model thus allowed
us to explore other areas (e.g. HP, TP) likely to be implicated in
specific interoceptive dimensions.

FIS patients presented non-haemorrhagic, fronto-insular
lesions provoked by stroke. They were evaluated at least six
months post-stroke (the time needed for stability of the lesion
and presentation of clinical symptoms). A direct comparison of
these patients with bvFTD patients [8,9] may reveal convergent
areas that contribute to interoceptive dimensions (which may
or may not be differentially compromised by the distinctive
aetiology of each condition).

The combined study of bvFTD, AD and FIS may reveal specific
and unspecific brain regions related to interoceptive dimensions.
In particular, bvFTD and FIS patients provide a convergent
lesion model to assess the key critical regions underlying intero-
ception at large. The AD group provides a contrastive lesion
model to explore areas which are not commonly involved in intero-
ception but which do play a role in learning and memory
mechanisms relevant to our target domain.

(b) Heartbeat detection task

We used a validated heartbeat detection (HBD) task [5,17,18,44,45]
involving three conditions (figure 1). First, participants tapped a
keyboard to follow their own heartbeats with no feedback. This
afforded a measure of interoceptive accuracy. Next, they per-
formed the same task while receiving feedback via a stethoscope
(feedback control condition). In line with previous studies [11],
auditory feedback was delivered through a stethoscope, which

was held by the participants themselves with the left hand,
while they tapped on the keyboard with the right hand. Finally,
they were asked to follow their heartbeats again without external
cues, which allowed measuring interoceptive learning. The first
and third conditions were repeated twice for 2 min. Additionally,
to measure interoceptive awareness [11], at the end of each con-
dition we had participants rate their confidence in their
performance from 1 (not confident at all) to 9 (fully confident).
For more details, see electronic supplementary material, §1.2.

(i) Electroencephalography recordings

During the HBD task, electroencephalography (EEG) signals were
recorded with a Biosemi Active-two 128-channel system at
1024 Hz, resampled offline at 256 Hz. Two Ag/Ag-Cl adhesive elec-
trodes placed in lead-II positions were included to record ECG data.
EEG data from 47 participants (9 bvFTD, 9 AD, 9 FIS and 20 controls)
complied with the requisites for adequate preprocessing analysis (no
strong movements or artefacts, strong signal-to-noise ratio, and a
trial rejection rate below 30%). Only recordings from the interocep-
tive accuracy condition were reported. For EEG preprocessing
details, see electronic supplementary material, §1.2.1.

(ii) Heart-evoked potential analysis

The HEP is obtained by sampling EEG epochs time-locked to
the ECG-R-wave. It consists of a negative deflection in central
and frontal electrodes [5] within a 200-400 ms window post-R
wave [11,46]. As this component is modulated by attention to
heartbeats [46], it indexes interoceptive processes without invol-
vement of learning mechanisms. Thus, following previous
studies [17,46], we measured this potential only during the
interoceptive accuracy condition, around an extended frontal
region of interest (ROI) encompassing 33 electrodes (figure 2),
focusing on the maximum HEP modulation described over frontal
electrodes [46]. We also assessed three separate four-electrode
ROIs in frontal-right, —left and —central topographies. To control
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Figure 2. HEP modulation in the interoceptive accuracy condition. Point-by-
point ERP comparison between controls and patient groups via the Monte
Carlo permutation test. Purple boxes indicate p << 0.05 (a minimum exten-
sion of five consecutive points was selected as criteria to graph clusters).
Shadowed bars around potentials indicate s.e.m. Scalp topography shows
the differences in amplitude (microvolts) between controls and each patient
group. Red dots in the channel location diagram illustrate the electrodes
included in the fronto-central ROI.

the well-known cardiac artefact, cardiac components were sub-
tracted via ICA. See electronic supplementary material for details
of HEP preprocessing (§1.2.1) and HEP results in separate ROls
(§2.3).

As in previous cardiac interoception studies [44], ERP data
were compared among conditions via Monte Carlo permutation
tests [47] combined with bootstrapping from 100 ms to 400 ms
(to cover typical HEP latencies [11,19]). This simple method
offers a straightforward solution for multiple comparison pro-
blems and does not depend on multiple comparisons correction
or Gaussian assumptions about data probability distribution [48]
(see electronic supplementary material, §1.2.2).

(c) Image analysis

(i) Image acquisition

We obtained 82 MRI recordings (structural and resting-state
fMRI) from 15 bvFTD, 16 AD and 16 stroke patients, alongside
35 controls (several patients were excluded from this protocol
due to claustrophobia or excessive movement). Subjects were
scanned in a 1.5 T Phillips Intera scanner with a standard head
coil. We used a T1-weighted spin echo sequence that covered
the whole brain. T2 and FLAIR sequences were acquired to
improve lesion/atrophy detection in each group.

Following previous reports [49—-52], during a 10-min fMRI ses-
sion, participants were instructed not to think about anything in
particular, to keep their eyes closed, and avoid moving and falling
asleep. We chose the closed-eyes modality to avoid highly noisy
signals coming from the visual cortex [53] and to facilitate attention
during interoceptive processing [54,55]. Moreover, this time
window enabled us to obtain enough signal points for data analy-
sis and to ensure that the patients would go through the whole
protocol (see electronic supplementary material, §1.3.1).

(if) Structural image analysis
Voxel-based morphometry (VBM) was performed to account for
global atrophy patterns in bvFTD and AD patients. Images were
preprocessed with the DARTEL Toolbox from Statistical Parametric
Mapping software (SPM12) and analysed following previous
procedures [56,57]; see electronic supplementary material, §1.3.2.
To establish the whole-brain atrophy pattern of bvFTD and AD
patients, their VBM preprocessing results were compared with
those of controls via t-tests. Total intracranial volume was used as
a covariate to discard the influence of brain-size differences
(whole-brain analysis, p <0.001 uncorrected [58], extent
threshold = 50 voxels). Next, multiple regression analyses were
performed to assess the relation between HBD performance and
grey matter volume in specific regions. First, three groups (controls,
bvFTD, AD) were included in the whole-brain analysis to obtain all
interoceptive areas (FIS were excluded given that stroke requires a
specific analysis detailed in the next section). Both patients and con-
trols were included in each analysis to increase behavioural
variance and statistical power [59,60]. Then, a controls-bvFTD
and a controls-AD regression was conducted to identify interocep-
tive regions specific to each patient group (whole-brain analysis,
p < 0.001 uncorrected [59], extent threshold = 50 voxels).

(iii) Lesion mapping analysis
Lesion masks were manually traced in native patient spaces
according to visible damage on T1 and T2 scans. All masks
were normalized to MNI space and then overlapped to obtain
the lesion map. T1 images from FIS patients and controls were
segmented, and each lesion mask was used for cost-function
masking for normalization to the MNI template. This procedure
prevents lesions from biasing the transformations applied [61].
For each HBD task condition, results of the all-groups-
regression statistical maps were used to construct binary masks.
We analysed the association between task performance and grey
matter volume in each mask region using Spearman’s correlations.
As our sample size was small, a-values were set at p < 0.05. These
results are considered exploratory and complementary to VBM
analyses (for details, see electronic supplementary material, §1.3.3).

(iv) Functional image analysis

To improve fMRI analysis of high-motion subjects, functional
images were tested on the Artifact Repair toolbox for SPM8 [8,62].
We excluded recordings with movements greater than 3 mm
and/or rotation movements higher than 3°. Motion parameters
did not differ among groups (see electronic supplementary mater-
ial, §1.3.4). Following previous reports of functional connectivity in
stroke and neurodegeneration [8,63], images were preprocessed with
the Data Processing Assistant for Resting-State fMRI (DPARSF). For
details, see electronic supplementary material, §1.3.4. To examine
associations between functional connectivity and behaviour, we
built 5 mm spherical ROIs from the largest VBM-all-regression clus-
ter peaks for the three dimensions (for detailed coordinates, see
electronic supplementary material, table S6). For each participant,
we extracted the BOLD signal time-course from the voxels within
each seed region. To obtain a functional connectivity map, we then
correlated these data to every voxel in the brain using Pearson’s cor-
relation coefficient [52]. We used the SPM multiple regression
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module to explore associations between performance and connect-
ivity maps. We first performed an analysis including all four
groups. To improve statistical power, we replicated our approach
to VBM-regression analyses [59,60]. Then, the connectivity maps of
bvFTD-controls, AD-controls and FIS-controls were correlated
with behavioural results (whole-brain analysis, p < 0.001 uncor-
rected [58], extent threshold = 10 voxels: recommended threshold
given the increased voxel size of fMRI [64]).

3. Results

Demographic information and performance was compared
between groups using ANOVA and Tukey post hoc compari-
sons. Gender and handedness were analysed with Pearson’s
X tests. To ensure robustness in our findings, all results were
covaried with age and educational level; only significant
results surviving covariance are reported.

(a) Demographic results

Each patient group was similar to the control group in gender,
handedness, age, formal education and body mass index—the
latter measure was included given its impact on interoception
(see electronic supplementary material, table S1).

(b) Behavioural results

First, interoceptive accuracy was affected in all patient groups
(F3,05 = 11.06, p < 0.001). Post hoc comparisons (Tukey HSD,
MS = 0.03, d.f. = 95) revealed significantly worse performance
for bvFTD, AD and FIS patients than controls (all p < 0.001,
figure 1). Second, the feedback condition yielded no between-
group differences (F395 = 2.07, p = 0.11), indicating that all sub-
jects were paying attention and could follow their own
heartbeats with an external aid. Third, interoceptive learning
scores also revealed differences among groups (Fz95 = 4.50,
p < 0.01). Post hoc comparisons revealed that only AD patients
were impaired in this dimension relative to controls (Tukey
HSD,MS = 0.05,d.f. = 95, AD: p < 0.01, figure 1). Finally, inter-
oceptive awareness was also impaired in patients relative to
controls (Fz95=7.83, p <0.001), but post hoc comparisons
(Tukey HSD, MS=194, d.f =95) showed that deficits
appeared only in bvFID (p < 0.05) and AD (p < 0.001); for
details, see electronic supplementary material, §2.2, table S2.

() Heart-evoked potential results

Relative to the three patient groups, controls exhibited more
negative HEP modulations during the interoceptive accuracy
condition. This occurred in the frontal ROI, within the character-
istic HEP time window (from 200 to 400 ms, figure 2) [11,46].
Notably, similar effects emerged when ROIs were separately
considered (left, central and right electrodes; all p < 0.05; elec-
tronic supplementary material, figure S1). For details, see
electronic supplementary material, §2.3, table S3.

(d) Imaging results

(i) Atrophy patterns and lesion overlap

In line with previous studies [49,65], bvFTD patients, relative to
controls, showed fronto-insulo-temporal atrophy including
superior and middle frontal gyrus, amygdala, parahippocam-
pus (pHP), IC, gyrus rectus, mid cingulate cortex (MCC),
putamen, superior temporal gyrus, among other areas. As

expected, atrophy in the AD group was confined to temporal
and posterior regions [66], including the amygdala, the tem-
poral pole, the HP, the precuneus, the inferior temporal gyrus
and the fusiform gyrus. Lesion overlap in the FIS sample
showed fronto-insular lobe damage, with the IC and the ACC
being most severely compromised (figure 1; electronic sup-
plementary material, §2.4.1, tables S4 and S5 for detailed areas
of atrophy).

(ii) Structural association with interoceptive dimensions

All groups (except FIS). Each dimension showed positive correl-
ations with grey matter volume in different sets of regions. For
interoceptive accuracy, these included frontal regions (inferior
frontal gyrus (IFG), MCC), IC, temporal regions (superior tem-
poral gyrus, fusiform gyrus, pHP, HP), and parietal cortices.
For interoceptive learning, these encompassed temporal (HP,
fusiform gyrus, superior gyrus) and frontal (IFG, MCC) struc-
tures. For interoceptive awareness, the regions were superior
temporal gyrus, temporal pole, IFG, amygdala, ACC, HP and
pHP. For details relating to each patient group, see figure 3
and electronic supplementary material, §2.4.2, tables S6-S8.

BuFTD patients. In bvFTD patients, positive correlations
between grey matter volume and performance involved
fronto-temporal and posterior regions, as detailed below. For
interoceptive accuracy, these included IC and MCC as well as
the pHP, the HP, middle temporal gyrus (MTG), the fusiform
gyrus and parietal cortices. For interoceptive learning, the regions
comprised the MCC and the middle frontal, parietal and fusiform
gyri. For interoceptive awareness, correlations were found with
the MCC, pHP, amygdala and temporal and parietal regions.

AD patients. Interoceptive accuracy was positively related
to temporal (HP, superior and middle gyrus, pHP, fusiform
gyrus) and frontal (middle and IFG) regions. Correlations
with interoceptive learning involved the temporal pole and
the pHP together with the IFG, superior and MTG. Regions
associated with interoceptive awareness included the pHP,
temporal pole, IFG, PFC, supplementary motor area, ACC
and inferior temporal gyrus.

FIS patients. Interoceptive accuracy in FIS patients positively
correlated with the left ACC, the left frontal inferior OFC and
bilateral IC. Only the left inferior orbital cortex was implicated
in interoceptive learning. Finally, we found a positive corre-
lation between interoceptive awareness and the left middle
frontal cortex.

(iii) Functional connectivity associations with interoceptive

dimensions
All groups. For interoceptive accuracy, performance was posi-
tively associated with connectivity in the IC, Rolandic
operculum, superior, middle and IFG, postcentral gyrus and
temporal structures (superior temporal gyrus, HP, pHP, tem-
poral pole and MTG). Interoceptive learning correlated with
connectivity in the inferior and middle frontal gyri, pHP, HP,
temporal pole, superior temporal gyrus and IC. Finally, intero-
ceptive awareness correlated with connectivity in the IFG, HP
and pHP (figure 4). For details relating to each patient group,
see electronic supplementary material, §2.4.3, tables S9-512.

buFTD. Interoceptive accuracy was associated with con-
nectivity in the IC, the superior frontal gyrus and the HP.
Interoceptive learning was related with connectivity in the
temporal lobe, inferior, middle and superior frontal gyri,
and putamen. Finally, interoceptive awareness correlated
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HBD performance with grey matter volume (whole-brain analysis, top). Regressions considering controls-bvFTD and controls-AD were conducted to identify intero-
ceptive regions specific to each patient group (middle) (all p << 0.001, extent threshold = 50 voxels). For FIS patients, Spearman’s correlations were performed
between task performance and masked grey matter (p << 0.05, bottom). L = left; R = right.
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IC = insular cortex; SG = supramarginal gyrus; STG = superior temporal gyrus; Pu = putamen; Am = amygdala; HP = hippocampus; pHP = parahippocampus;
LG = lingual gyrus; FG = fusiform gyrus; MOG = middle occipital gyrus; L = left, R = right.

with connectivity in the inferior, middle and superior frontal
gyri (including PFC).

AD. Associations between connectivity and performance
involved IC, inferior and superior frontal gyri, temporal
pole and middle occipital gyrus, for interoceptive accuracy;
IFG, HP, amygdala, pHP, IC and supramarginal gyrus
for interoceptive learning; and HP, amygdala and IFG for
interoceptive awareness.

FIS. Interoceptive accuracy was associated with connect-
ivity in the IC, inferior and superior frontal gyri, amygdala,
HP and postcentral gyrus. For interoceptive learning, positive

associations with connectivity concerned the HP, lingual
gyrus and globus pallidus. Finally, interoceptive awareness
correlated with connectivity in the amygdala, lingual
gyrus, middle and IFG, gyrus rectus, supramarginal gyrus,
postcentral gyrus and superior temporal gyrus.

We have assessed the neural correlates of interoceptive accur-
acy, learning and awareness in samples with damage to



different hubs of an extended interoceptive network. Conver-
gent behavioural, neuroanatomical, electrophysiological and
functional connectivity results showed that each dimension
relied on partially overlapping but specialized mechanisms.
Moreover, behavioural disturbances in those dimensions
were associated not only with compromise in specific regions,
but also with long-range connectivity disruptions beyond
those critical loci.

(a) Interoceptive accuracy

Interoceptive accuracy relied on a widely distributed network.
Performance in all groups was explained by grey matter
volume in fronto-temporal regions, including the insular and
cingulate cortices, which are key nodes of interoception
[1,2,12]. Moreover, the patients’ deficits were related to altered
electrophysiological and anatomo-functional patterns. First,
HEP modulations were attenuated across patient groups.
This finding aligns with previous evidence that such altera-
tions correlate with behavioural interoceptive deficits [5,18].
Also, it indicates that difficulties to allocate attention to visceral
signals are not confined to psychiatric conditions [67] with dif-
fuse brain abnormalities, and may actually result from
relatively circumscribed brain damage. Second, the association
of impaired performance with fronto-temporal-insular and
fronto-insular damage (in bvFID and FIS, respectively) corrob-
orates the central role of the IC networks in sensing body states,
and of the cingulate and frontal cortices in the integration of
interoceptive information [1,2,12]. In the case of AD, interocep-
tive deficits were associated with hippocampal and temporal
atrophy. As such damage is consistently associated with
impaired memory mechanisms, it seems that cardiac interocep-
tion may also rely on them. In fact, phasic signals from
individual heartbeats are related to such circuits, and partici-
pants with high interoceptive accuracy perform better in
subliminal learning and memory tasks [24]. This finding
further stresses the multidimensional nature of interoception.

Above and beyond those critical regions, interoceptive
accuracy also relies on widely distributed network activity.
Behavioural performance was associated with functional con-
nectivity between fronto-temporo-insular hubs in all groups.
Moreover, abnormal temporo-frontal and IC-IC connections
in each patient group highlighted the crucial role of the IC as
a hub in this dimension [1,2,12], while showing that its
damage can also disrupt the widespread flow of information
beyond specifically compromised regions [32].

Finally, note that abnormalities in the networks sub-serving
interoceptive accuracy resulted from either neurodegeneration
or focal brain lesions. Thus, not only does this domain
depend on the full integrity of a broad network cutting across
anterior and posterior hubs, but it can also be similarly affected
irrespective of the underlying physiopathology. This obser-
vation, together with evidence of interoceptive accuracy
impairments in conditions without a specific locus of brain
damage [5,67], confirms the widely distributed and multi-
dimensional nature of its putative mechanisms. In sum,
interoceptive accuracy seems to rely on complex interactions
among hubs, which span the overall interoceptive network
and participate in other functional domains.

(b) Interoceptive learning
The networks related to interoceptive learning were less
widely distributed. Performance was related to frontal

(inferior and superior frontal gyrus and MCC) and temporal
(superior temporal gyrus and HP) structures. Neverthe-
less, behavioural impairments were observed only in AD
patients, and VBM results confirmed their association with
temporal structures involved in general learning and
memory functions [25].

The absence of deficits in bvFTD and FIS suggests that
fronto-insular regions are not crucially engaged by this dimen-
sion. However, they are not irrelevant to it. Indeed, all groups’
long-range connections between frontal (middle and IFG,
IC) and temporal (HP, pHP, temporal pole) structures were
associated with their performance.

In the case of AD, alterations involved long-range connec-
tions linking temporal structures (e.g. HP, pHP, amygdala)
with frontal cortices related to impaired interoceptive learn-
ing. This network plays a key role in learning, memory and
multimodal association processes, mediated by hippocampal
connections with the pHP, the OFC and the IC [25]. Thus,
while interoceptive learning seems to depend specifically
on temporo-hippocampal structures, damage to the latter
appears to disrupt its widespread connections with relevant
frontal hubs. In brief, although this dimension calls on intero-
ceptive mechanisms proper, it seems to rely more critically on
general memory and learning skills.

() Interoceptive awareness

Finally, interoceptive awareness also seems to engage
widespread regions associated with self-awareness, error
monitoring, metacognition and confidence. Performance in
all groups was associated with grey matter volume in frontal
(IFG, ACC) and temporal (HP, pHP, amygdala, superior tem-
poral gyrus, temporal pole) structures. More particularly,
altered interoceptive awareness in bvFITD and AD was
associated with cingulate, prefrontal and fronto-temporal cor-
tices. All these regions are related to self-awareness in both
populations and in healthy controls [68], and to error moni-
toring mechanisms sub-served by the ACC [69]. Moreover,
functional connectivity between the IFG, HP and pHP was
associated with interoceptive awareness in all groups. Altera-
tions of this dimension in both neurodegenerative conditions
were associated with abnormal OFC-PFC-frontal areas and
altered OFC-HP connectivity.

The PFC—and, in particular BA10—is a key node of meta-
cognition, responsible for monitoring and controlling task
performance, mostly dependent on posterior and temporal
structures [27]. On the other hand, interoceptive awareness
and metacognition are intimately related. Focus on internal
visceral signals and constant monitoring and feedback updat-
ing of internal predictions are important for the construction
of subjective feeling states, and their disruption could explain
the patients” behavioural failures [11,70,71]. In this sense, pre-
vious reports show that BA10 (i) supports emotional
processing of internal states [72], (ii) is related to information
retrieval and prospective memory [72] and (iii) could contrib-
ute to anosognosia, a typical symptom of dementias [30].
Our results converge with these findings, showing that intero-
ceptive awareness is affected in bvFID patients, with major
compromise of connections between PFC and OFC hubs.
Those deficits could reflect involvement of more specific
aspects of metacognition, such as confidence judgement func-
tions related to the OFC [29]. In addition, temporal atrophy and
disruptions of temporal-frontal connectivity in AD could
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impact the metacognitive feedback circuit to PFC and give rise
to the observed behavioural impairments.

Previous lesion studies have further evidenced the crucial
role of the PFC in metacognition during memory and percep-
tual tasks [27,30,73]. However, damage to the PFC could lead
to different patterns of metacognitive performance depending
on the domain evaluated [73], which underscores the import-
ance of assessing interoception in particular. Regarding FIS
patients, the absence of deficits merits attention, given that
bvFTD patients featured a similar pattern of brain damage.
Such a discrepancy may reflect the impact of different physio-
pathological mechanisms in each condition [8]. Also, beyond
localized damage, FIS patients (as opposed to both bvFTD
and AD patients) presented sparse bilateral long-range connec-
tions associated with preserved performance. In this sense,
interoceptive awareness deficits seemed to follow from bilat-
eral damage, which characterizes neurodegenerative diseases
(bvFTD and AD) [49], but did not emerge subsequent to unilat-
eral stroke. The unaffected regions may have allowed for
functional reorganization and plasticity processes, crucial for
the integrity of awareness. This would not be possible in neu-
rodegenerative diseases, given that candidate compensation
areas would become progressively damaged as time passes
[74]. Future research should explore the potential role of plastic
brain changes in interoception and the relation of impaired
body awareness and anosognosia in neurodegeneration.

In sum, interoceptive awareness engages distributed hubs,
which may be compromised following bilateral long-range
atrophy. Also, this network may be highly susceptible to func-
tional reorganization in stroke. Future research should explore
the potential role of plastic brain changes in interoception and
the relation of impaired body awareness and anosognosia.

5. Limitations

Our study featured a number of limitations. First, the size of
our patient samples was relatively small; however, it proved
similar to those of prior studies [51]. Also, this caveat was coun-
teracted by the strict control of several demographic, clinical
and lesion/atrophy variables. Second, although our hypo-
theses are based on differential neurocognitive domains
affecting basic interoceptive processes (e.g. memory and meta-
cognition), we were unable to include additional tests to tap
them directly. Further studies should include social and cogni-
tive variables in the main analyses to control for the effects
of cognitive dysfunction. For instance, according to the social
context network model [37,75], damage to interoceptive hubs
in bvFTD may affect salience attribution during social cogni-
tion deficits (e.g. [57,76-78]). Moreover, interoceptive tasks
and the HEP have been linked to emotion and social cognition
[5,79]. This connection can be directly tested by parametriz-
ing interactions between interoception and social cognition
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