ORIGINAL ARTICLE

At the Heart of Neurological Dimensionality:
Cross-Nosological and Multimodal Cardiac
Interoceptive Deficits

Sofia Abrevaya, BS, Sol Fittipaldi, MS, Adolfo M. Garcia, PhD, Martin Dottori, BS,

Hernando Santamaria-Garcia, PhD, Agustina Birba, BS, Adrian Yoris, PhD,

Malin Katharina Hildebrandt, BS, Paula Salamone, BS, Alethia De la Fuente, BS, Sofia Alarco-Marti, BS,
Indira Garcia-Cordero, PhD, Miguel Matorrel-Caro, BS, Ricardo Marcos Pautassi, PhD,

Cecilia Serrano, PhD, Lucas Sedeno, PhD, and Agustin Ibanez, PhD

ABSTRACT

Objective: Neurological nosology, based on categorical systems, has largely ignored dimensional aspects of neurocognitive impairments.
Transdiagnostic dimensional approaches of interoception (the sensing of visceral signals) may improve the descriptions of cross-
pathological symptoms at behavioral, electrophysiological, and anatomical levels. Alterations of cardiac interoception (encompassing mul-
tidimensional variables such as accuracy, learning, sensibility, and awareness) and its neural correlates (electrophysiological markers,
imaging-based anatomical and functional connectivity) have been proposed as critical across disparate neurological disorders. However,
no study has examined the specific impact of neural (relative to autonomic) disturbances of cardiac interoception or their differential man-
ifestations across neurological conditions.

Methods: Here, we used a computational approach to classify and evaluate which markers of cardiac interoception (behavioral,
metacognitive, electrophysiological, volumetric, or functional) offer the best discrimination between neurological conditions and cardiac
(hypertensive) disease (model 1), and among neurological conditions (Alzheimer’s disease, frontotemporal dementia, multiple sclerosis,
and brain stroke; model 2). In total, the study comprised 52 neurological patients (mean [standard deviation] age = 55.1 [17.3] years;
37 women), 25 cardiac patients (age = 66.2 [9.1] years; 13 women), and 72 healthy controls (age = 52.65 [17.1] years; 50 women).
Results: Cardiac interoceptive outcomes successfully classified between neurological and cardiac conditions (model 1: >80% accuracy)
but not among neurological conditions (model 2: 53% accuracy). Behavioral cardiac interoceptive alterations, although present in all con-
ditions, were powerful in differentiating between neurological and cardiac diseases. However, among neurological conditions, cardiac in-
teroceptive deficits presented more undifferentiated and unspecific disturbances across dimensions.

Conclusions: Our result suggests a diffuse pattern of interoceptive alterations across neurological conditions, highlighting their potential
role as dimensional, transdiagnostic markers.
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INTRODUCTION

s attested by psychiatry, transdiagnostic dimensional approaches
A represent useful complements to traditional categorical systems
(1-3), as they improve descriptions of cross-nosological symptoms
across several levels of analysis. Now, under the guidance of neu-
roscience (4), this research domain criteria framework (1,2) has
begun impacting on neurology (5). A promising target in this trend
is the study of interoception, i.e., the sensing of visceral signals
(6). In particular, cardiac interoception encompasses multidimen-
sional variables, such as accuracy, learning, and awareness (7),
with well-established neural signatures (8) that are affected in sev-
eral neurological disorders, including Alzheimer’s disease (AD),
multiple sclerosis (MS), behavioral variant frontotemporal demen-
tia (bvFTD), and stroke (ST) (9,10). However, with some excep-
tions (10), cardiac interoceptive dimensions have not been
studied transnosologically in neurological disorders. To bridge this
gap, we implemented a machine learning framework to evaluate
whether different markers of cardiac interoception (cutting across
behavioral, electrophysiological, and neuroimaging levels) suc-
cessfully discriminate among neurological disorders (AD, bvFTD,
MS, ST). Moreover, we included a contrastive cardiac condition
(hypertensive disease (11), with expected cardiac interception deficits
but with basic neuroanatomical preservation) (12,13) to disentangle
the potential role of neurological versus autonomic disruptions in
cardiac interoceptive impairments.

Cardiac interoception is commonly assessed through heartbeat
detection (HBD) tasks, in which participants are requested to iden-
tify their heartbeats in a given period of time through motor track-
ing or counting. HBD tasks are widely used because heartbeats are
discrete and frequent events that can be easily, noninvasively, and
objectively measured (7) and/or manipulated (14). More particu-
larly, motor-tracking HBD tasks allow for assessing participants’
precision in following individual heartbeats, contrary to counting,
where only a global estimation can be analyzed (15).

HBD tasks allow for tapping multiple cardiac interoceptive di-
mensions across varied levels of analyses in healthy and neurolog-
ical samples (10,12,16,17). Behaviorally, this task yields measures
of interoceptive accuracy (the ability to correctly monitor each
heartbeat), sensibility (subjective impressions of one’s own intero-
ceptive performance), learning (improvement of behavioral accuracy
after auditory feedback), and awareness (metacognitive assessments
of one’s own interoceptive skills) (10,18). Neurophysiologically,
cardiac interoceptive processes are indexed by the heart-evoked po-
tential (HEP) (19-24), a cortical marker modulated by conscious at-
tention to heartbeats (10,13,20,25). Moreover, cardiac interoceptive
processes (8,26,27) and dysfunctions (9,13) are linked to the volume
and functional connectivity (FC) (28) of the bilateral insula, the an-
terior cingulate cortex (ACC), the middle cingulate cortex, and the
somatosensory cortex. Taken together, these markers allow for com-
prehensive assessments of cardiac interoceptive mechanisms (29).

Such assessments may be usefully informed by comparisons
among neurological disorders (10). For instance, although both
bvFTD and AD patients show alterations in cardiac interoceptive
accuracy and awareness alongside abnormal neural signatures (re-
duced HEP modulations, reduced brain volume, and aberrant FC
across interoceptive regions), only AD patients show reduced car-
diac interoceptive learning (10). In ST, cardiac interoceptive accu-
racy deficits can emerge despite spared awareness, accompanied
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ACC = anterior cingulate cortex, AD = Alzheimer’s disease, AAL =
Automated Anatomical Labeling Atlas, bvFTD = behavioral variant
frontotemporal dementia, ECG = electrocardiography, EEG = elec-
troencephalography, HBD = heartbeat detection, HEP = heart-
evoked potential, HR = heart rate, FC = functional connectivity,
MS = multiple sclerosis, ST = stroke

by reduced HEP modulations and insular damage but no FC alter-
ations (10). In MS, a more diffuse model with abnormal body signal
processing, cardiac interoceptive deficits (atypical HEP, atrophy,
and FC) have been observed without behavioral impairments (9)
and in association with fatigue (30). In combination, these findings
suggest that markers of cardiac interoceptive attention (accuracy and
HEP modulations) might be transnosologically affected across neu-
rological conditions, whereas other signatures (cardiac interoceptive
learning and awareness, structural and functional neuroimaging
markers) may prove more idiosyncratically affected in them.

Moreover, the specific role of brain abnormalities in interoceptive
deficits can be better understood by comparing neurological and car-
diac diseases. In the latter, including HTD (31-33), vascular-system
alterations disrupt cardiac interoceptive dynamics in the absence of
brain damage (13). Thus, the juxtaposition of neurological and cardiac
samples can inform which interoceptive disturbances are more cru-
cially related to central (neural) or peripheral (autonomic) disruptions.
Considering previous findings (9,10,13), behavioral and neurophysi-
ological (HEP) abnormalities should prove more consistent between
neurological and cardiac diseases than neuroanatomical or FC disrup-
tions of relevant brain systems.

Here we assessed different cardiac interoceptive dimensions
and levels of analysis in four neurological conditions (AD, bvFTD,
MS, ST) relative to a cardiac condition (11) and controls. First, par-
ticipants performed a validated HBD task (34-36) with ongoing
electroencephalography (EEG) recordings to measure the HEP.
Also, offline structural and functional magnetic resonance imaging
(MRI and fMRI) recordings were included to perform voxel-based
morphometry and FC analyses. Afterward, to compare both models
of cardiac interoceptive disturbance (central versus peripheral), we
applied a machine learning pipeline to identify which dimensions
(accuracy, sensibility, awareness) and levels (behavior, HEP, neuroim-
aging) afforded the most important features discriminating between
neurological and cardiac disorders (model 1). Then, we repeated this
analysis but only within the neurological patients, to test whether
these features distinguished among relevant conditions (model 2).
Considering previous findings, we expected a strong differentiation
between neurological and cardiac conditions (model 1) and a more
diffuse discrimination among neurological conditions (model 2). In
model 1, behavioral measures would have better predictive power
to discriminate groups, as the cardiac group may have a more specific
alteration of the core cardiac interoceptive domain (accuracy) with no
major compromise in the underlying neural mechanisms. Also,
following assumptions from dimensional approaches (37), model
2 should present a less differentiated pattern across neurological
conditions, with unspecific and less convergent predictive features.

The purpose of our study was to test overall classification accu-
racy rather than test hypotheses regarding the interoceptive pro-
files of individual groups. Indeed, considering that interception
hinges on widespread brain structures and that various neurologi-
cal conditions present multidimensional, nonspecific interoceptive
deficits (37), we would not expect large differences between them.
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MATERIALS AND METHODS

Participants

The study comprised 149 participants, including two pathological
groups (neurological and cardiac) with a total of 77 patients and 72
healthy controls. The neurological group (n = 52; 37 female; age:
mean [standard deviation], or M [SD]=55.13 [17.43]; years of ed-
ucation: M [SD] = 14.71 [4.56]) was composed of 11 AD patients,
diagnosed following the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer's
Disease and Related Disorders Association criteria (38,39);
9 bvFTD patients, diagnosed following the current revised criteria
(40); 25 early-stage relapsing-remitting MS patients, all fulfilling
McDonald’s criteria (41); and 7 nonhemorrhagic ST patients with
frontoinsular lesions, evaluated at least 6 months post-ST. The
cardiac group comprised 25 HTD patients (13 female; age: M
[SD] = 66.16 [9.06] years; years of education: M [SD] = 15.40
[3.91]), diagnosed following the current revised criteria (42).
For further details regarding the diagnosis, sample selection
criteria, and demographics, see Supplemental Digital Content,
http:/links.lww.com/PSYMED/A687 (Participants’ Demogra-
phy section) and Supplementary Table 1, http://links.lww.com/
PSYMED/A687. Each pathological group was paired with a
healthy control group matched for sex, age, and education. None
of healthy participants reported a history of drug abuse, neuropsy-
chiatric disease, cognitive impairment, or hypertension. Matching
was performed for each dimension of analysis (accuracy, intero-
ceptive sensibility and awareness, HEP, brain volume, brain con-
nectivity) for each pathological group (neurological and cardiac),
with some controls being shared by both. The exact number of data
available for each dimension and each group, as well as demographics
per variable can be found in Supplementary Data Table 2, http:/links.
lww.com/PSYMED/A687.

Data collection took place at the Institute of Cognitive and
Translational Neuroscience of the National Scientific and Technical
Research Council INECO. Data were collected between January
2014 and July 2017. The study was approved by the ethics committee
of the Institute of Cognitive Neurology as part of an ongoing protocol
(9,10,13,17,18,43). All participants provided informed consent in ac-
cordance with the Declaration of Helsinki, and the study was carried
out observing the privacy rights of human participants and in line
with the Recommendations for the Conduct, Reporting, Editing
and Publication of Scholarly Work in Medical Journals (44).

Data Acquisition and Preprocessing

HBD Task Performance: Accuracy and Learning

Cardiac interoception was examined through a validated HBD task
(10,27,34,45-47) (Figure 1A) encompassing three conditions. The
interoceptive accuracy condition comprised two 2.5-minute blocks
during which participants tapped a key to follow their own heartbeats
without any external cues (7). This condition provides an objective
measure of the individuals’ ability to track their own heartbeats (8).
In a feedback control condition, participants repeated the same task
while receiving auditory feedback via a stethoscope that was
held by themselves with the left hand, while they tapped on the
keyboard with the right one, as in previous studies (19). This
condition is a good proxy to measure the participant’s reaction
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time to noninteroceptive signals (as it is based on an auditory
cue) and thus account for (or rule out) potential slowing, gross
motor impairments, or attentional deficits (10,19,48). In the
learning condition, participants were instructed to follow their
heartbeats again without external cues. The first and third conditions
were repeated twice. The feedback block was not included in
classification analyses because it is an externally controlled
condition (i.e., external feedback), and previous research has
shown no relevant modulations (10). Electrocardiographic (ECG)
recordings were obtained during the whole task. Participants were
requested to respond with their dominant hand, to keep their eyes
on a fixation cross, and to avoid excessive blinking and moving
while the latter remained on screen.

Cardiac interoceptive accuracy was assessed through different
approaches to avoid method-selection bias (for further details, see
Supplementary Data, data acquisition and preprocessing section,
http:/links.lww.com/PSYMED/A687). The first one, response-count
accuracy, is derived from Schandry’s classic index (49). It was calcu-
lated as the difference between actual heartbeats (as registered by the
ECGQG) and total motor responses (instead of counted heartbeats, as in
Schandy’s formula). The second one, delay-based accuracy, computes
the total of correct responses instead of total responses, therefore con-
sidering response delay. This index considers two components: correct
responses, which were estimated by comparing each participant’s mo-
tor response relative to the time window of the corresponding heart-
beat and the total of recorded heartbeats during each condition
(10,13,16,27,47,48,50,51). To control for individual differences in
heart rate (HR), each tapped response was time-locked to the ECG
R-peak based on three different time windows: 750 milliseconds after
the beat for an HR less than 69.76 beats/min, 600 milliseconds after
the beat for an HR between 69.75 and 94.25 beats/min, and 400 milli-
seconds after the beat for an HR higher than 94.25 beats/min. The
third cardiac interoceptive metric, mean distance accuracy, estimates
the synchronization between motor responses and corresponding
heartbeats (17,18). This index evaluates the synchronization between
heartbeats and associated motor responses. Within each condition,
each block is subdivided in overlapping windows starting at each in-
dividual heartbeat and extending for 10 seconds. Then, for each win-
dow, the absolute difference between cardiac frequency (measured as
1/mean R-R) and response frequency (1/mean interresponse intervals)
is computed. The last approach, termed d-prime index, offers greater
reliability by factoring in false alarms. This score is based on signal de-
tection theory, a framework that allows for distinguishing ambiguous
stimuli as signal or noise (52). In the context of the HBD, a heartbeat is
considered a signal, whereas its absence represents noise. Accord-
ingly, participants’ responses are tagged as a “yes” (when pressing
the keyboard, a hit) or as a “no” (when omitting, a miss). An affirma-
tive response can only be considered correct if it occurs in a given win-
dow time-locked to the R-wave of the preceding heartbeat (the signal).
Therefore, the absence of a response outside the window is a correct
rejection, whereas a response outside the window is a false alarm.

HBD: Metacognition (Interoceptive Sensibility

and Awareness)

After each block of each condition, participants reported their confi-
dence in their own performance by indicating how well they thought
they performed the task on a scale from 1 to 9 (Figure 1B). Two
values were then calculated. A direct measurement of confidence,
called interoceptive sensibility (6,7), was obtained by calculating the

November/December 2020


http://links.lww.com/PSYMED/A687
http://links.lww.com/PSYMED/A687
http://links.lww.com/PSYMED/A687
http://links.lww.com/PSYMED/A687
http://links.lww.com/PSYMED/A687
http://links.lww.com/PSYMED/A687

Cardiac Interoception in Neurological Diseases

A Heart-beat detection task

@ Heart-beat INTEROCEPTIVE
@ Tapping ACCURACY AND
LEARNING

Heart-beat Response
: Response-count-based

Delay-based

Mean distance
D-prime

B Metacognition

How confident are you of your
performance on a scale of 1 to 9?

112(3|4(5|6|7|8]|9

N
|
-200 0 200 400

Not confident Fully
atall confident
Time (ms)

D Brain morphometry E Brain connectivity

Anterior cingulate cortex

Anterior cingulate cortex

q#'\
Insula e ——="\iddle cingulate
| e ¢ cortex

Postcentral gyrus

Middle cingulate cortex

F Classification analysis pipeline

Feature selection Linear discriminant analysis
Interoceptive accuracy X >
wee” of o 0
oo .
\ Fl \ X

Metacognition -

HEP

Ao ¥

Feature relevance

0.85.

VBM
fMRI

" Metacog HBD  HEP  MRI FMRI

FIGURE 1. Rescarch framework. A, In the HBD task, subjects were asked to follow their heartbeats by pressing a keyboard key. Four interoceptive
accuracy indexes were calculated. B, After each block, the participants rated their confidence about their performance; this score was used to derive
the confidence and metacognition indexes. C, HEP is a negativity presented between 200 and 400 milliseconds after the R-peak wave of the
heartbeat. Two windows were selected: one between 200 and 300 milliseconds, and the other one between 300 and 400 milliseconds. D,
Interoceptive regions of interest were selected from the brain volume analysis for the classification analysis: bilateral middle cingulate cortex
(green), anterior cingulate cortex (red), postcentral gyrus (fuchsia), and insula (blue). E, Based on resting-state recordings, we calculated functional
connectivity between the same areas considered for structural analysis. F, Classification linear discriminant analyses were performed with one
feature selected from each level and dimension previously presented; a feature relevance analysis was then performed to determine the weight
each feature had in the classification. HBD = heartbeat detection; HEP = Heart-evoked potential; fMRI = functional magnetic resonance imaging;
VBM = Voxel-based morphometry; LDA = Linear discriminant analysis.
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average answer in each block per condition. Afterward, a corrected-
by-accuracy score (interoceptive awareness) was calculated by divid-
ing the interoceptive sensibility outcome by the mean performance
accuracy for the same condition. To match all previous accuracy
values, a metacognition score was calculated for each of them
(10). All values were previously transformed into a percentage
scale. In this way, confidence was normalized by performance
and considered relative to zero (scores nearer zero mean better
metacognition).

Electrophysiological Signatures (HEP)

During the HBD task, high-density EEG signals were recorded
with a Biosemi Active-two 128-channel system at 1024 Hz. Also,
two external electrodes were included to record ECG data. The sig-
nals were later resampled offline at 256 Hz. Data were band-pass fil-
tered during recordings (0.1-100 Hz) and offline (0.3-50 Hz) to
remove undesired frequency components. The reference was set
by default to link mastoids and re-referenced offline to the average
electrodes. Segments that showed eye movement contamination
were removed from further analysis by using independent compo-
nent analysis and a visual inspection procedure. All epochs were
baseline-corrected (baseline: =300 to —200 milliseconds) (53).
Epochs that showed noise signal were rejected from the analysis
using a visual inspection procedure as done in previous studies
(10). There were no significant differences between groups or con-
ditions in the total number of epochs (Supplementary Table 3, http://
links.lww.com/PSYMED/A687).

EEG data were segmented between —300 and 500 milliseconds
to analyze the HEP. Epochs were time-locked to each peak of
the R-wave during the cardiac interoceptive block. Considering
previous publications, we chose two windows (200-300 and
300—400 milliseconds) to analyze the HEP signal only after
the 200-millisecond mark, as previous reports suggested a pos-
sible contamination of the signal by cardiac field artifacts (54)
before this time (55). These windows have been typically reported
to show HEP modulations (10,13,27,47). Considering the frontal
topography of the HEP (10,20,21,56) and following previous re-
ports (13,27,51), HEP analysis was delimited to a frontal region
ofinterest (ROI). As done previously (10,21,57), we selected three
ROIs for analysis: a right frontal ROI (Biosemi C3, C4, C5, C6,
C7, C9, C10, C13, Cl14, C15), a left frontal ROI (Biosemi C26,
C27, C28, C31, C32, D3, D4, D5, D6, D7), and a centrofrontal
ROI (Biosemi C11, C12, C18, C19, C20, C21, C22, C23, C24,
C25; Figure 1C). We obtained the mean signal for each window
in each condition for each participant.

Neuroimaging

Image acquisition and preprocessing are reported as indicated by
the Organization for Human Brain Mapping (58,59). Participants
were scanned in a 1.5-T Phillips Intera scanner with a standard head
coil (eight channels). First, whole-brain T1-weighted anatomical
three-dimensional spin echo volumes were acquired parallel to the
plane connecting the anterior and posterior commissures. The follow-
ing parameters were used: repetition time, 57,489 milliseconds; echo
time, 53,420 milliseconds; flip angle, 8 degrees; 196 slices; matrix di-
mension, 256 x 240; and voxel size, 1 x 1 x 1 mm’. The sequence
duration was of 7 minutes. Then, sequentially and ascendingly func-
tional spin echo volumes, parallel to the anterior-posterior commis-
sures, covering the whole brain, were acquired with the following
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parameters: repetition time, 2777 milliseconds; echo time, 50 milli-
seconds; flip angle, 908 degrees; 33 slices; matrix dimension, 64 x 64;
voxel size in plane, 3.6 mm x 3.6 mmy; slice thickness, 4 mm; and
number of volumes, 209. During acquisition, participants were asked
not to think about anything, to keep their eyes closed, and to avoid
moving or falling asleep. Participants were discarded if they had
artifacts or acquisition mistakes established through visual inspec-
tion of the data and/or excessive head motion (movements greater
than 3 mm and/or rotations higher than 3°; Supplementary Table 4,
http://links.lww.com/PSYMED/A687.

Structural Data

Structural brain data were preprocessed, as described in previous
reports (10,45,60,61), using the Statistical Parametric Mapping
software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). T1-weighted images were segmented in native space
using the default parameters of the SPM12 (bias regularization
was set to 0.001 and bias full-width at half-maximum FWHM
was set to 60-mm cutoft) in white matter (WM), gray matter
(GM), and cerebrospinal fluid (CSF). The sum of these three tis-
sues was later used to estimate the total intracranial volume. Then,
using the GM and WM segmented images, we ran the “DARTEL
(create template)” module—with the default parameters indicated
by the SPM12—to create a template that is generated from the
complete data set (increasing the accuracy of interparticipant align-
ment) (62). To affine register, the last template from the previous
step into the MNI Space, we ran the “Normalise to MNI Space”
module from DARTEL Tools. This transformation was then ap-
plied to all the individual GM segmented scans to also be brought
into standard space. Subsequently, all images were modulated by
Jacobian determinants to correct volume changes introduced by
the normalization and to avoid bias in the intensity of an area
due to its expansion during warping. To favor normal data distribu-
tions for subsequent parametric analysis, an isotropic Gaussian
kernel of 12-mm full-width at half-maximum was applied to all
images. The size of the kernel was selected based on previous rec-
ommendations (60).

Then, to analyze key interoceptive areas, we selected six ROIs
involving the bilateral regions of the insula, ACC, middle cingu-
late cortex, and the somatosensory cortex (8,20,26,35,63,64).
Also, a mask was created with all the areas together. Coordinates
for the ROIs—namely, areas 9-34 and 57-58 (Figure 1D)—were
obtained from the Automated Anatomical Labeling Atlas (AAL)
(65). From these ROIs, GM volume size was obtained for each
area and participant.

Functional Data

To study functional resting-state data, images were first preprocessed
using the Data Processing Assistant for Resting-State (DPARSF
V2.3) (66), an open-access toolbox that generates automatic analysis
pipelines for imaging data. This toolbox also works with the Statistical
Parametric Mapping (SPM12) and the Resting-State fMRI Data
Analysis Toolkit (based on default functions of the REST V.1.7 tool-
box). The first five volumes of each participant were discarded before
preprocessing to ensure that magnetization achieved a steady state.
Afterward, using as reference the middle slice of each volume, images
were slice time corrected and aligned to the first scan of the session to
correct for head movement. To reduce the effect of motion and phys-
iological artifacts (such as cardiac and respiration effects), six motion
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parameters, CSF, and WM signals were removed as nuisance vari-
ables. After co-registration of each participant’s structural image with
the functional image, tissue segmentation of each participant’s T1
scan in native space with SPM12 was performed, obtaining CSF
and WM masks for this procedure. Later, a normalization of func-
tional images was done to the MNI space using the echo-planar imag-
ing template from SPM (67), and then they were smoothed using an
8-mm full-width-at-half-maximum isotropic Gaussian kerel (SPM
functions). Using the REST V.1.7 toolbox, data were band-pass
filtered between 0.01 and 0.08 Hz given the relevance of slow fre-
quency in the analysis of resting-state networks (68,69).

To analyze differences in pairwise connection patterns, we esti-
mated interregional connectivity based on the connectivity strength
between each pair of region associations (based on the 116-node FC
network). The same key interoceptive areas extracted as features from
the Voxel-based morphometry analysis were used to estimate each pair
of regions of the connectivity matrix for each participant (Figure 1E). To
obtain this information, we used the AAL (65) to extract mean time
courses by averaging the Blood oxygenation level dependent sig-
nal of all voxels from each of the ROIs (70). Pearson correlation
coefficient was used to construct a node FC network for each par-
ticipant. A matrix of functional correlation was obtained.

Classification Data Analysis
To evaluate the relevance of the cardiac interoceptive dimensions
in the discrimination of neurological and cardiac pathologies, we
implemented a classification pipeline using the metrics of each
behavioral dimension (accuracy and metacognition) and level
of analysis (HEP, brain morphometry, and FC) described previ-
ously. This procedure was also performed for a model in which
we compared the capacity of cardiac interoceptive features to dis-
criminate between different subtypes of neurological conditions.
The first preprocessing step of the classification analysis consisted
of eliminating outlier values within each participant, considering a
threshold of £2.5 SDs for each group and variable. This helps to avoid
bias in sample variance introduced by extreme (higher or lower)
values. Overall, less than 5% of data were eliminated. The exact num-
ber of data available for each variable and each group can be found in
Supplementary Data Table 2, http:/links.lww.com/PSYMED/A687.
Concerning the age gap between the two target groups (Supplemen-
tary Data Table 1, http:/links.lww.com/PSYMED/A687), all scores
of all levels of analysis were weighed by the age of their respective
control sample (after outliers were eliminated), as done in previous re-
search (71). After this procedure, we obtained weighted scores for
each patient for all measures, which also allowed us to compare both
pathological groups in a classification analysis, as they both have dif-
ferent control groups (for further details, see Supplementary Data,
data acquisition and preprocessing, http:/links.lww.com/PSYMED/
A687). To choose the best features for each level of analysis, an attri-
bute selection analysis was performed within each one (Figure 1F).
This analysis was performed with the Waikato Environment for
Knowledge Analysis suite of ML software (72,73), as in previous
research (74), using the “SVMAtributteSelection” function (an
attribute evaluator); for further details, see Supplementary Data,
http:/links.lww.com/PSYMED/A687 (classification data analysis).
Two models were run for classification analysis. The first one
compared the two target pathologies (neurological versus cardiac),
whereas the second one looked within the neurological group to dis-
criminate among neurological diseases (AD, MS, ST, and bvFTD).
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For the first analysis, our objective was to determine which feature
(or combination of features) best established group membership be-
tween the neurological and hypertensive groups. For the second anal-
ysis, our aim was to analyze whether these same or different features
could differentiate between specific neurological diagnoses (Supple-
mentary Data, classification data analysis, http://links.lww.com/
PSYMED/A687). For the second model, four comparisons were per-
formed: one for each neurological pathology (AD, MS, ST, and
bvFTD) in contrast with the other neurological diseases, allowing
for a binary classification model. Because of the differences in group
sizes, we repeated the analysis for 10 randomized subsamples of the
other neurological disease, for the ST, AD, and bvFTD, and obtained
mean results of all subsamples for each comparison.

Using the PredPsych package of R (75), we used the cross-
validated Linear Discriminant Analysis function, to perform cross-
validated Linear Discriminant Analysis (Figure 1F). A fivefold
cross-validation analysis was performed for training and testing
data set, with a 70% fraction of data to keep for training data.
To determine whether classification accuracy was biased by the
sample size difference between the pathological groups, we
repeated the classification analysis 10 times with different
randomized subsamples of the neurological group that were
of the same size as the cardiac group (Supplementary Data,
results classification, http:/links.lww.com/PSYMED/A687). To
clarify which dimension contributed most to both models’
classification accuracy, we performed a feature relevance analysis
(Figure 1F). To do this, we repeated the classification analysis that
was performed by omitting one dimension for each of the five
features in the classification, as done in previous reports (76).
Finally, classification was repeated again by taking out one by
one the features following the merit order (Supplementary Data,
Results Classification, http://links.lww.com/PSYMED/A687).

RESULTS

Feature Selection

To determine the cardiac interoceptive features that best discrimi-
nate between neurological and cardiac samples, we performed a
support vector machine attribute selection analysis. From model
1 (comparison between the neurological and cardiac groups, both
w-scored with age for each control group), the first rank variables
obtained in each dimension were the following: a) for the HBD
task, accuracy based on the mean distance value for the intero-
ceptive accuracy condition (Figure 2IA and Supplementary
Data Table 5, http://links.lww.com/PSYMED/A687); b) for
the metacognitive dimension, interoceptive sensibility for the
post-feedback interoceptive accuracy condition (Figure 2IB and
Supplementary Data Table 6, http://links.lww.com/PSYMED/
A687); ¢) for the HEP modulation, the central ROI in the 200- to
300-millisecond window after the R-wave peak in the interoceptive
accuracy condition (Figure 2IC and Supplementary Data Table 7,
http://links.lww.com/PSYMED/A687); d) for the structural data, the
mean brain-total volume of all four interoceptive areas on the right
hemisphere (Figure 2ID and Supplementary Data Table 8, http://
links.Ilww.com/PSYMED/A687); and d) for FC, the correlation of
connectivity between the left anterior cingulate (area 31 AAL) and
the right somatosensory region (area 58 AAL; Figure 2IE and
Supplementary Data Table 9, http://links.lww.com/PSYMED/A687).
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FIGURE 2. Main results. I, The average rank of features is shown for each dimension, presenting the first and the last four variables
ranked. 111, Model 1: classification between the neurological and the cardiac group. 112, Model 2: classification among neurological
conditions. A. Confusion matrix of each analysis. B, Accuracy, specificity, and sensitivity are represented for both analyses. Sphere
size is proportional to accuracy value. II3, Feature relevance analysis for each model (A, for the comparison between the neurological
and the cardiac group; B, for the comparison among neurological conditions). These figures show the model’s accuracy as each dimension
is added following the order of importance of each feature. L = left; R = right; Acc = accuracy; B = bilateral; cond. = condition; AD =
Alzheimer’s disease; ST = stroke; MS = multiple sclerosis; FTD = (behavioral variant) frontotemporal dementia; NEU = neurological;
CAR = cardiac; OT = other neurological diseases; HDB = heartbeat detection task (accuracy); HEP = heart-evoked potential; MRI =
magnetic resonance imaging; fMRI = functional magnetic resonance imaging; ROI = region of interest; W = window.

We performed additional analyses to discard potential motor ~ Classification
and/or attentional deficits that could impact HBD outcomes in
any patient group (thus biasing the model’s good discriminatory Model 1

power). Specifically, we compared the performance of the neuro- In the first analysis, in which we tested the classification between the
logical and cardiac groups relative to their matched controls in neurological and cardiac groups using the most relevant features of
the control (feedback) condition of the HBD task. Results revealed each cardiac interoceptive dimension and level (detailed in previous
nonsignificant differences (Supplementary Data, Results: Control section), the model yielded 0.81 accuracy, 0.92 sensitivity, and 0.79
of motor and attentional deficits in pathological samples, http:// specificity (Figure 21IB). The confusion matrix of these results
links.lww.com/PSYMED/A687). showed a better prediction for the neurological group, as shown
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by a 98% accuracy (Figure 2I1A1). We repeated the classification
analysis to determine whether the classification accuracy was biased
by the sample size difference between the pathological groups.
Overall classification accuracy was the same when using different
subsamples of the neurological group (Supplementary Data, Results:
Classification, http:/links.Iww.com/PSYMED/A687). In conclusion,
these results suggest that multimodal measures of cardiac
interoception are different (nondimensionally shared) across
cardiac and neurological conditions.

Model 2

The average classification results within the neurological condi-
tions yielded a mean 0.53 accuracy test, a mean 0.52 sensitivity,
and mean 0.56 specificity (Figure 21IB and Supplementary Table
11, http://links.lww.com/PSYMED/A687). The confusion matrix
showed a better prediction for the ST group, as shown by a
66.7% accuracy (Figure 2IIA2). In brief, neurological conditions
are not well discriminated based on multimodal measures of
cardiac interoception.

Feature Relevance

Model 1

For the distinction between neurological and cardiac conditions,
the variable that contributed the most was metacognition, as its
removal induced the higher decrease in classification accuracy
(0.71). This was followed by interoceptive accuracy (0.73) and
HEP (0.80). Eliminating the brain volume dimension did not
change the accuracy of the model (0.81), and taking out the FC di-
mension increased accuracy (0.83; Figure 2I1IA and Supplemen-
tary Table 12, http://links.lww.com/PSYMED/A687). Then, we
repeated the classification analyses by pruning in each step the
least informative variable based on the previous results: we found
that the highest accuracy was reached with the combination of
metacognition, HEP, and HBD (0.83). In both cases, adding edu-
cation levels to the model only decreased the ensuing accuracy
(Supplementary Table 15, Feature relevance section, http://links.
lww.com/PSYMED/A687). Results show that direct psychophys-
iological measures of cardiac interoception can differentiate be-
tween cardiac and neurological conditions.

Model 2

In the discrimination among neurological conditions, the highest
predictor variable was different for each group, namely, HBD task
accuracy for ST and MS, metacognition for AD, and FC for
bvFTD. The lowest predictors were FC for MS, metacognition
for ST, brain volume for AD, and HBD task accuracy for bvFTD
(Supplementary Table 13, http:/links.lww.com/PSYMED/A687).
Then, we repeated the classification analyses by pruning in each
step the least informative variable based on the previous results.
The highest accuracy was reached with the combination of
brain volume and HBD task accuracy for ST and MS. For AD
and bvFTD, the highest classification accuracy was reached
only with the first relevant feature for each group, metacognition
for AD, and FC for bvFTD. However, the percentage of accuracy
was low across comparisons (Figure 2IIIB and Supplementary
Table 14, http:/links.lww.com/PSYMED/A687). Thus, these cardiac
interoceptive markers seem to be unspecific and undifferentiated
across neurological conditions.
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DISCUSSION

The goal of our study was to evaluate the relevance of interoception as
a transnosological marker of neurological (relative to cardiac) condi-
tions (model 1) and as a discriminatory marker among neurological
diseases (model 2). Cardiac interoceptive outcomes were different
enough to classify between groups in model 1 (80% accuracy) but
not in model 2 (53% accuracy). These results suggest that multimodal
cardiac interoceptive deficits would be sensitive to discriminate be-
tween central and peripheral compromise of neurovisceral pathways,
but probably not to differentiate between neurological conditions.
One critical caveat of cardiac interoception is the complexity of
dimensions in subsumes across behavioral and multimodal neural
levels (7,29,77). Multimodal (behavioral, electrophysiological, and
neuroimaging) signatures are hardly systematically reported (but
see Ref. (29) for an exception). We assessed different measures (sev-
eral HBD accuracy metrics, metacognition, HEP, brain volume, and
FC) to evaluate their capacity to discriminate between the cardiac
and neurological groups. For a) HBD behavioral results, mean dis-
tance accuracy was the best predictor, confirming previous compar-
isons of different indexes (29). This metric presents advantages to
capture ongoing and temporally subtle adaptations across the task
(18,78). Moreover, cardiac interoceptive accuracy proves more sen-
sitive than cardiac interoceptive learning (10,13,30) across cardiac
and neurological conditions. Regarding b) metacognition, the top
feature was afforded by sensibility (i.e., confidence about one’s
own performance (7,79,80)) of the learning condition. This is con-
sistent with deficits in confidence of learning (10,81) and lack of in-
sight (82—-85) in neurological conditions, whereas cardiac patients
show normal confidence ratings (86). As regards ¢) HEP, modula-
tion during the learning condition was another selected feature,
supporting the effects of learning in this event-related potential
(19,21). Regarding d) brain volume, results evidenced that main right
interoceptive regions ranked first, consistent with previous lateraliza-
tion results (87-89). Finally, brain connectivity was betted indexed by
the left ACC and the right postcentral gyrus (somatosensory re-
gions). Although the insula is a key interoceptive hub, both the
ACC and the somatosensory cortex are also critical (8,10,90), and
both cardiac and neurological conditions have shown similar insular
connectivity alterations (10,13). In summary, the top multifeatured
ranking across different measures of cardiac interoception is con-
sistent with previous results, paving the way for these potential
markers to be studied in future multidimensional approaches.
The discrimination of cardiac versus neurological conditions
(model 1) yielded a robust classification accuracy, even when both
groups presented cardiac interoceptive alterations. This might imply a
nondimensional disturbance triggered by different physiopathological
deficits (central versus peripheral disruptions of neurovisceral path-
ways). Notably, direct ongoing measures of cardiac interoception
(metacognition, accuracy, and HEP) were the best predictors. Insight
impairments, usually linked to metacognition, are a hallmark of neu-
rological conditions assessed here (82,84,85). Moreover, the direct
measure of interoception (accuracy) is the most representative index
of cardiac interoception (7,77). The HEP, another ongoing measure
of cardiac interoception, followed the highest point of discrimination.
The classification then declined with the inclusion of brain volume
and FC. This is not unexpected because these interoceptive areas
(8) are also involved in other cognitive processes and are not necessar-
ily a direct proxy of the interoceptive performance. Also, because the
ongoing measures of the cardiac interoceptive task provide the
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strongest classification power, those of neuroimaging hardly contrib-
ute to the classification while the others are present (see Supplemen-
tary Data, http:/links.Iww.com/PSYMED/A687, for an analysis of
neuroimaging alone showing an improved classification than in com-
bination with direct cardiac interoceptive measures).

Contrary to model 1, the analysis within neurological conditions
(model 2) was barely superior to chance. Thus, the features ob-
served in one condition were not different enough from those in
other conditions, suggesting a more common disturbance. More-
over, subsequent analysis evidenced that different features appear
in each subcomparison, suggesting that beyond a shared impairment
in cardiac interoception, only a few levels of cardiac interoceptive
impairments can be distinguished across conditions. These undiffer-
entiated patterns were present even when the involved diseases
have different patterns of compromise, including nonhemorrhagic
focal lesions (ST), progressive local degeneration (AD and bvFTD),
and diffuse alterations of GM and WM (MS). These effects were
preserved when we controlled for different sample sizes. Taking this
into consideration, cardiac interoceptive deficits seem to be similar
and undifferentiated across disparate neurological conditions.

Some caveats from this study must be mentioned. First, we ac-
knowledge that HBD performance in motor-tracking tasks can be
affected by slowing, gross motor impairments, and/or attentional
deficits. Indeed, these impairments are expected in patients, partic-
ularly those with neurological conditions involving frontal, ACC,
and insular damage (10,91-94). To address these potential con-
founds in the models’ performance, we compared the accuracy
of the neurological and healthy participants in the control (feed-
back) condition of the HBD task, which required them to follow
an external stimulus (i.e., an auditory cue). We also compared
the performance of both groups in sensitivity (confidence) ratings
for the control (feedback) condition. Results of those analyses re-
vealed nonsignificant differences between neurological patients
and controls (Supplementary Data, Results: Control of motor
and attentional deficits in pathological samples, http://links.lww.
com/PSYMED/A687), suggesting that interoceptive deficits could
hardly be explained by unspecific attentional or response/processing
speed deficits. The same was true for the cardiac group.

Relatedly, systematic comparisons of performance in motor-
tracking HBD tasks between neurological (9,10) or hypertensive
(13) patients and healthy controls revealed no relevant modula-
tions associated with the exteroceptive (i.e., externally guided)
condition. More specifically, patients presented selective deficits
in the interoceptive condition, alongside disrupted HEP modula-
tions and anatomofunctional abnormalities in key interoceptive
brain regions (10,13). Selective interoceptive differences have also
been reported for psychiatric patients (27,47), suggesting that car-
diac interoceptive deficits could represent a marker for diverse dis-
eases, irrespective of motor or attentional difficulties (37).

Finally, research in healthy participants has revealed that accuracy
in the interoceptive (but not the exteroceptive) condition of a motor-
tracking HBD task is associated with canonical markers of interoception,
including HEP negative-going; FC within insular, somatosensory, and
frontal networks; and socioemotional skills (17,37). Altogether,
evidence from healthy and disease supports the validity of the
motor-tracking HBD task used here and the specificity of its inter-
oceptive condition as a robust marker of cardiac interoception.

As a second caveat, possible extrapolations of present results to
other interoceptive modalities must be taken with caution. Beyond
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cardiac sensations, interoception includes the monitoring of other
internal signals, such as temperature, respiration, touch, pain, and
gastric contractions (35,95,96). Although some studies suggest a
direct (although modest) association between cardiac and noncar-
diac interoception, specifically gastric signal perception (97,98), most
evidence shows uncoordinated responses across different interocep-
tive channels (77,99-106). Thus, more research is needed to assess
whether our results are generalizable beyond the cardiac domain.

As already pointed out (106), inferences about general intero-
ceptive ability should not be drawn from studies targeting individual
domains. Even studies focusing on bivariate associations between
different interoceptive modalities are insufficient to reach firm con-
clusions. Future research should aim at disentangling how the brain
integrates multimodal visceral signals (be they correlated or not) to
provide a coherent sense of the body’s dynamic physiological states
(35) and how this process can be best tracked using behavioral tasks
(106). The integration of multimodal signals, mainly grounded in
the insular cortex (16,64), could prove critical for survival by
allowing for successful allostasis, i.e., neural anticipation of phys-
iological needs and efficient preparation of the organism to meet
them according to the context (107-109).

Nonetheless, beyond cross-modal integration, cardiac interoception
is itself a relevant research target given its potential as a clinical marker
(95,110-112) and its relationship with cognitive functions such as
emotion processing (6,8,113), empathy (20,114,115), time percep-
tion (116), memory (117,118), and decision making (119-121), all
of which are frequently impaired in neurological conditions.

Finally, our study present limitations and provides novel ave-
nues for further research. Our sample was small and inconsistent
among subgroups. Still, although machine learning methods work
better with larger (122,123) and equal-sized (124) groups, we rep-
licated result when using subsampling analyses. Moreover, all data
were normalized against controls and weighted by age. In addition,
we also analyzed the relevance of education, which did not change
the results. Nevertheless, future studies should use larger samples
to confirm present results. Also, although our results support the
hypothesis of dimensional and nonspecific interoceptive deficits
in neurological diseases, future studies should use not only larger
but also balanced samples to test specific predictions regarding
the interoceptive profile of each condition.

Lastly, we included only neurological conditions as central ner-
vous system disorders. However, psychiatric conditions are co-
morbid in different neurological patients (125-127) and present
cardiac interoceptive deficits (27,47). Comparing interoception
across cardiac, psychiatric, and neurological conditions may repre-
sent a thought-provoking approach to dimensionality. Future stud-
ies may extend the present results by adding other measures of
interoceptive awareness and sensitivity (128), as well as neuroim-
aging from active HBD tasks (64,129).

CONCLUSIONS

Transdiagnostic dimensional approaches are quite scarce in neu-
rology, and despite theoretical proposals (12), few empirical re-
ports have assessed interoception across neurological conditions
(10). Ours result reinforce the need to study the potential applica-
tion of research domain criteria (2,86,130-132) to neurological
conditions. Moreover, considering the artificial distinctions among
neurology and psychiatry that have pervasively affected cognitive
neuroscience (133,134), research on interoception may bring a
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new agenda for transnosological research. This may also allow for
exploring interoceptive dimensions that are not usually evaluated
in clinical neurology and for evaluating the potential to refine pa-
tient characterization and treatment.
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