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Abstract figure legend Periods of rapid eye movement (REM) sleep with or without ocular activity (phasic and tonic
REM, respectively), as well as quiet wakefulness of comparable duration were contrasted in terms of interoceptive
processing at the thalamic level. Eleven epilepsy patients involved in an anterior thalamus (ANT) deep brain stimulation
(DBS) protocol undergoing thalamic local field potential (LFP) recordings by reliance on externalized DBS leads and
co-registration of scalp EEG and ECG were involved in the study. R-peaks of the ECG were semi-automatically detected
and heartbeat-related ANT activity was analysed in terms of the heartbeat-evoked potential, time-frequency measures
and inter-trial coherence values. Findings reveal several significant contrasts between phasic and tonic REM sleep, as
well as between phasic REM sleep and wakefulness, but not between tonic REM sleep and wakefulness, indicating a
notable attenuation of interoceptive processing in the human ANT associated with ocular activity in REM sleep.
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Abstract Rapid eye movement (REM) sleep is a fundamental sleep state associated with diverse
functions from elemental physiological processes to higher order neurocognitive functions. A
growing body of research indicates that REM sleep with eye movements (phasic REM) differs
from REM periods without ocular activity (tonic) in terms of spontaneous and evoked neural
responses. Studies using auditory stimulation consistently observed enhanced evoked responses
in tonic versus phasic REM, indicating that external processing is largely diminished when the
eyes move during REM sleep. Whereas exteroceptive processing during sleep is widely studied,
investigations on interoception (the processing of bodily signals) during sleep are scarce, and limited
to scalp electroencephalographic recordings. Here we studied interoceptive processing in a group
of epileptic patients (N = 11) by measuring their heartbeat-related neural activity in the anterior
nuclei of the thalamus (ANT) during phasic and tonic REM sleep and resting wakefulness. Evoked
potentials and beta—low gamma spectral power locked to the heartbeat were significantly different in
phasic REM compared with tonic REM and wakefulness. Heartbeat-related neural signals exhibited
pronounced inter-trial phase synchronization at lower (7-20 Hz) oscillatory activity in all vigilance
states, but reduced gamma synchronization at later time points in phasic REM only. Tonic REM
and wakefulness did not show significant differences in heartbeat-related activity in the ANT.
Our findings indicate that heartbeat-related neural activity is detectable at the level of the ANT,
showing distinct signatures of interoceptive processing in phasic REM compared with tonic REM
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and wakefulness.
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Key points

e We studied interoceptive processing in the anterior the thalamus (ANT).

e The ANT tracks cardiac signals during wakefulness and rapid eye movement (REM) sleep.
e Phasic REM shows distinct patterns of heartbeat-related oscillatory activity.

¢ Interoceptive processing might be attenuated during REM periods with eye movements.

Introduction

Rapid eye movement (REM) is a fundamental sleep state
that occupies around 20% of the total sleep time in
human adults (Blumberg et al., 2022) and seems to play
prominent roles in various biological functions including
neurodevelopment, synaptogenesis and neural pruning,
as well as cognition and affect (Blumberg et al., 2022,
20205 Li et al., 2017). Compared with non-REM sleep,
REM sleep is characterized by mostly low-amplitude,
high-frequency EEG activity, alongside the transient

appearance of slower frequency activities (such as bursts
of 1-4 Hz delta waves and 4-7 Hz sawtooth waves).
Additionally, irregularities in respiration and heartbeat
are common during REM sleep (Blumberg et al., 2020).
The combination of intense cortical and mental (dream)
activity with muscular atonia makes this state appear
peculiar, which is why it was also named paradoxical
sleep (Jouvet, 1965). REM sleep features the alternation
of periods with and without rapid ocular activity, often
referred to as phasic and tonic REM states (Simor et al.,
2020). Periods of rapid eye movements (phasic REM)

Péter Simor is a psychologist with a particular interest in the neuroscience of sleep, dreaming and mind-wandering. He is
Associate Professor at E6tvos Lorand University (Budapest) and head of the Budapest Laboratory of Sleep and Cognition where he =

investigates a diverse range of topics related to sleep and dreaming, such as the neurophysiology of paradoxical (REM) sleep, the
interplay between sleep and mental health, and the links between mind-wandering and information processing. Being an expert
in cognitive neuroscience and sleep EEG, he applies a variety of methods to study the sleeping brain in healthy and pathological

conditions.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.


mailto:bodizs.robert@semmelweis.hu

J Physiol 603.9

are linked to neural activity originating from the pons
(laterodorsal peduncolopintine tegmental nuclei) and
propagating to the cortex (Fernandez-Mendoza et al,
2009). However, phasic REM may also be initiated from
top-down cortical projections extending to deeper regions
(cortico-hypothalamic projections) (Hong et al., 2023).

Phasic and tonic REM periods alternate approximately
every 60-70 s in humans (Bueno-Junior et al., 2023),
and are proposed to represent two core aspects of
sleep: environmental disconnection during phasic and
external monitoring during tonic REM (Simor et al,
2020). Evidence supporting the distinct roles of phasic
and tonic REM periods comes from studies aiming to
probe cortical reactivity to external stimulation during
REM sleep. These findings indicate that arousal and
awakening thresholds are lower in tonic than phasic REM,
the latter even reaching levels of the deepest stage of
NREM sleep (Ermis et al., 2010). Moreover, acoustic
stimuli during REM sleep appeared to elicit heightened
cortical responses in tonic versus phasic REM sleep,
suggesting that sensory information arriving from the
external environment is selectively suppressed when the
eyes move during REM sleep (Koroma et al., 2020;
Takahara et al., 2006). Attenuated reactivity to sensory
stimulation during phasic REM was also corroborated in
an fMRI study that examined whole-brain blood oxygen
level dependent responses in REM sleep under acoustic
stimulation (Wehrle et al., 2007). Whereas residual activity
in auditory processing regions during tonic REM sleep
were elicited to some extent and resembled those observed
during resting wakefulness, in phasic REM periods no
such responses were apparent. On the other hand, phasic
REM featured the activity of a widespread thalamocortical
network which appeared to be functionally isolated from
external stimulation (Wehrle et al., 2007).

Reactivity to environmental stimuli during sleep is
not limited to external sensory inputs. The perception
of the internal state of the body through diverse (e.g.
chemical, somatosensory, visceral, or neural) ascending
pathways, known as interoception, is critical to generate
the cortical representation of the body, which in turn
functions as an interface between the brain and the
body to adaptively regulate homeostatic functions, as well
as to contribute to motivated behaviour and affective
states (Feldman et al., 2024; Seth, 2013). Although our
sense of our body seems to be lost when we fall asleep,
empirical studies indicate that interoceptive processing is
maintained by the sleeping brain to some extent (Mazza
et al., 2012; Wei & Van Someren, 2020), and seems to
influence the regulation of sleep and arousal (Bastuji et al.,
2008). Heartbeat-related cortical activity is one of the
most studied measures of interoceptive processing (Coll
et al,, 2021). Cortical responses locked to the R-peak of
the heartbeats vary in different states of vigilance and
arousal, and also across phasic and tonic REM sleep
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(Immanuel et al., 2014; Simor, Bogdany et al., 2021). More
specifically, heartbeat-related potentials measured at the
level of the scalp were not different in tonic REM and
resting wakefulness but differed in phasic REM periods
at late (~ 500 ms after the R-peak) components (Simor,
Bogdany et al., 2021).

Although heartbeat-related cortical activity is a widely
used measure of interoceptive processing, only a few
studies assessed heartbeat-related activity beyond the level
of the scalp (Park etal., 2018). Nevertheless, the processing
and integration of bodily signals relies on extended sub-
cortical pathways involving structures lying deep below
the scalp such as the nucleus of the solitary tract, the
parabrachial nucleus and the periaqueductal grey, to
reach multimodal cortical sites such as the insula, and
fronto-limbic regions through the thalamus (Berntson &
Khalsa, 2021; Feldman et al., 2024; Park & Blanke, 2019).

Here, we studied heartbeat-related activity in REM
sleep and resting wakefulness by assessing local field
potentials (LFPs) of the anterior nuclei of the thalamus
(ANT) in a group of epileptic patients undergoing surgery
for deep brain stimulation (DBS). The ANT, being a key
hub of the limbic system, is assumed to be involved in the
integration and regulation of autonomic (visceral) inputs
through its involvement in hippocampal-diencephalic
and parahippocampal-retrosplenial networks (Child &
Benarroch, 2013; Gonzalo-Ruiz et al., 1995; Grodd et al.,
2020; Vertes et al., 2001). Animal data also indicate that
the ANT, especially the anterodorsal portion, influences
the hypothalamic-pituitary-adrenal axis under stressful
conditions (Suarez et al., 1998). Moreover, a more recent
study found that DBS of the ANT in epileptic patients
increased heart rate variability (Lorincz et al., 2023),
indicating a potentially positive influence on autonomic
regulation. Moreover, as part of the fronto-limbic network,
the ANT is intimately linked to brain regions (e.g.
amygdala, ventromedial prefrontal and anterior cingulate
cortex) that orchestrate REM sleep (Hasegawa et al,
2022; Luppi et al,, 2011; Miyauchi et al., 2009) and are
also involved in the integration of interoceptive signals
(Boccia et al., 2023; Feldman et al., 2024; Pollatos et al,,
2007), making it a suitable diencephalic site below the
cortex to study heartbeat-related activity in different
vigilance states. In line with the notion of phasic REM
as a state of environmental disconnection which also
involves interoceptive processing, we expected distinct
heartbeat-related neural responses in the ANT in phasic
REM compared with tonic REM and wakefulness.

Methods
Ethical approval

The study protocol was approved by the local ethical
committee of the National Institute of Clinical Neuro-
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sciences (Intézeti Kutatasetikai Bizottsag, IKEB 6/2016),
and all patients were provided with written informed
consent according to the ICH — GCP and the Declaration
of Helsinki. The study conformed to the principles of the
Declaration of Helsinki, except for registration in a public
database.

Participants

We examined the data from 12 epilepsy patients (mean
age = 35.33 years; SD = 13.03; range: 17-64 years; 7
females) who were undergoing ANT DBS treatment at the
National Institute of Clinical Neurosciences in Budapest,
Hungary. Patients were selected from a larger pool (N =
20) based on the following inclusion criteria: one (seizure-
and stimulation-free) recording night of co-registered
ANT LFPs and ECG was available, along with sufficient
amounts (at least 5 min) of both phasic and tonic REM
sleep segments in their nocturnal recordings, and a similar
amount of awake resting state recordings. One patient was
excluded due to a noisy ECG signal hindering the analyses
of heartbeat-related activity. Clinical and demographic
data are reported in Table 1.

Surgical procedures

Medtronic DBS electrodes were stereotactically implanted
bilaterally in the anterior thalamus under general
anaesthesia to mitigate seizures in pharmacoresistant,
surgically untreatable epilepsy patients. In addition
to mostly frontal transventricular trajectories (nine
patients), extraventricular trajectories and posterior
parietal extraventricular approaches were employed
based on the decisions of the clinical-neurosurgical team.

Localization of ANT channels

Preoperative MRI and postoperative CT images were
co-registered using tools from the FMRIB Software
Library (FSL, Oxford, FLIRT, linear registration, 6 degrees
of freedom) to ensure precise localization of thalamic
contacts. A threshold was applied to the co-registered
CT scans to achieve the desired density for proper
lead identification, thus excluding the surrounding brain
tissue. The coordinates of the lead’s most distal point were
identified, and a more proximal point was selected along
the line of contacts to mathematically reconstruct the
centre point coordinates of each contact using Euclidean
distance in three-dimensional space. These points, super-
imposed on the T1 MRI image, provided a guideline for
contact localization by examining their position relative
to the anatomical boundaries of the ANT (see Simor,
Szalardy et al. (2021) for more details). The anatomical
positions of the contacts were double-checked using
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the mamillothalamic tract as a guide to localize the
ANT. When both methods produced convergent results,
the ANT contacts were considered suitable for further
analyses.

Electrophysiological recordings

Externalized DBS electrodes were connected to an
EEG headbox/amplifier. Electrophysiological and video
recordings were performed by using an SD-LTM 64
Express EEG/polygraphic recording system and the
System Plus Evolution software (Micromed). Signals were
recorded at an 8192 Hz/channel effective sampling rate
with 22-bit precision and hardware input filters set at
0.02 (high pass: 40 dB/decade) and 450 Hz (low pass:
40 dB/decade). Data were decimated by a factor of four
by the firmware resulting in stored time series digitized
at 2048 Hz/channel with the exception of one patient
where it was set to 1024 Hz/channel due to technical
issues. LFPs of the ANT were assessed by bilateral (L,
left; R, right) quadripolar electrodes (LThO, LTh1, LTh2,
LTh3, RTh8, RTh9, RTh10, RTh11) according to a bipolar
reference scheme: LThO-LThl, LTh1-LTh2, LTh2-LTh3,
LThO-LTh3, RTh8-RTh9, RTh9-RTh10, RTh10-RThl]1,
RTh8-RTh11l. LTh0-LTh3 and RTh8-RThll were the
distant reference derivations on the left and the right side
of the ANT, respectively. Scalp EEG allowing sleep staging
was recorded following standard protocols (Keil et al.,
2014). Scalp EEG was recorded at electrode placements
according to the 10-20 system (Fpl, Fp2, Fpz, F3, F4,
F7, F8, C3, C4, T3, T4, T5, T6, P3, P4, Ol, 02, Oz)
extended with the inferior temporal chain (F9, F10, T9,
T10, P9, P10) and additional two anterior zygomatic
electrodes (ZA1, ZA2; Manzano et al., 1986). EEG signals
were re-referenced offline to the mathematically linked
T9 and T10 points [(T9 + T10)/2]. Ocular movements
facilitating the identification of phasic and tonic segments
were assessed by the ZA1-ZA2 bipolar record created by
offline re-referencing. Submental EMGs were recorded by
bipolarly referenced electrodes placed on the chin. ECG
activity was recorded by an electrode placed at the mid-
clavicular line on the left and the fifth intercostal space
referred to the CP1 location on the scalp.

Data preprocessing

Data and statistical analyses were performed in MATLAB,
using custom-based scripts and functions from the
Fieldtrip toolbox (Oostenveld et al., 2011) and in JASP
(0.18.3) (Team 2020). Acquisition of stimulation-free
nocturnal recordings after the surgical implantation of
thalamic contacts has previously been described in detail
(Simor, Szalardy et al., 2021; Szalardy et al., 2024). In sum,
continuous EEG and LFP recordings were segmented into

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 2. Sleep architecture of the night records of the subjects involved in the study (all measures are expressed in minutes).

Total

recording Phasic Tonic  Resting
Patient time TST WASO Wake Stagel Stage2 Stage3 REM REM# REM# wake #
#1 690.3 416 187 274.6 59.3 226.7 38.7 91.3 252 191 407
#2 596 542.3 29.6 53.7 453 312 66.7 118.3 118 337 205
#3 662.6 247.7 92.3 415 62 146.3 0 39.3 67 83 362
#4 503 461.3 38.7 4.7 10 296.7 86 68.7 390 1263 394
#5 450 397 29.3 53 24 168 82.7 122.3 455 708 374
#6 450 347.3 76.3 102.7 26.3 274.3 14.3 323 113 189 148
#7 450 294.3 155.6 155.7 34 174.3 20 66 480 584 407
#8 630 522 88.7 108 19 420.7 16.7 65.7 230 1161 401
#9 720 574.3 56.7 145.7 15.7 433.3 53.3 72 744 1097 614
#10 630 493.3 119.3 136.7 25.7 386.3 36.3 45 319 782 475
#11 600 560 30 40 47 295.7 98 119.3 164 819 379

Phasic and Tonic REM and Awake trial numbers refer to the number of analysed 1 s segments locked (between -200 and 800 ms) with
reference to the R-peak of the ECG signal. WASO: wake after sleep onset refers to wake time after the first epoch of not S1 sleep.
TST: total sleep time. Since there were no explicit schedules of lights off, we did not analyse sleep latency and sleep efficiency.

90 min chunks by the recording software. Since there were
no specific light on/off times, the first and last chunks
for analysis were chosen based on containing at least
10 min of continuous sleep in the second half for the
first chunk and the first half for the last chunk. REM
periods following sleep staging according to standardized
criteria (Berry et al, 2012) were selected for further
analyses. REM periods with (phasic REM) and without
(tonic REM) eye movements were identified by visual
inspection using the EOG channels. All identified REM
periods from the full-night recording were considered in
selecting specific phasic and tonic REM segments. 4 s
long segments were coded as phasic when the bipolar
EOG channel exhibited at least two consecutive eye
movements and featured 100 uV (or larger) amplitudes
within the specific time window. 4 s long segments without
significant bursts of eye movements (EOG deflections
lower than 25 pV) were categorized as tonic REM. The
selection of segments was conducted by research assistants
trained in sleep scoring, and the selected 4 s periods were
visually inspected by a trained sleep researcher to exclude
segments with inaccurate categorizations. Segments with
artefacts in the ANT and/or ECG channel and those
showing inter-ictal spikes or signs of pathological activity
were discarded after further visual inspection. To compare
REM microstates with resting wakefulness, 5-10 min
of segments containing eyes-closed wakefulness were
selected for further analyses. Since resting state and
eyes-closed recordings were limited in number in our
sample, and on many occasions were contaminated by
movement-related artefacts, we selected awake segments
from both pre-sleep wakefulness and from periods of
wake after sleep onset throughout the night. Similar to the
selection of REM segments, eyes-closed, awake segments

from the full-night recording were also considered. Given
that many patients spent a significant amount of time
awake even after sleep onset (see Table 2), the awake
samples included a mix of night-time resting states,
pre-sleep onset wakefulness, and intra-sleep awakenings.
Since resting state recordings were limited in number
in our sample, we selected awake segments from both
pre-sleep wakefulness and from periods of wake after sleep
onset throughout the night. Preprocessing steps of wake
trials were identical to those performed on REM trials.
Segments were band pass-filtered between 0.3 and 70 Hz
(with Butterworth, zero phase forward and reverse digital
filters) and down-sampled to 512 Hz.

R-peaks of the ECG channel were identified
semi-automatically using scripts of the HEPLAB toolbox
(Perakakis, 2019). Available ANT channels in each
participant were segmented to epochs of 1000 ms
spanning between -200 ms and 4800 ms time-locked
to the R-peak of the ECG channel, yielding to an average
number of 302.9 trials (SD: 246.5, range: 67-744) in
phasic, 655.5 trials (SD: 438.4, range: 83-1263) in tonic,
and 378.7 trials (SD: 152.61, range: 148-614) in resting
wakefulness. Sleep architecture and the number of
selected trials for each participant are summarized in
Table 2.

Data analyses

All analyses were performed in MATLAB, using
custom-based scripts and functions from the Fieldtrip
toolbox (Oostenveld et al., 2011).

Heartbeat-evoked potentials (HEPs) were computed
from the ANT recordings. One-second trials, locked to
the cardiac signal (from -200 to 4+-800 ms relative to the

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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R-peak), were averaged for each condition (phasic REM,
tonic REM, wake) in each participant. For participants
with multiple ANT contacts (N = 5), polarity reversals
were visually inspected and inverted before averaging
over channels within participants. Averaged amplitudes
locked to the heartbeat were baseline corrected with their
mean amplitudes between -200 and -50 ms to avoid the
influence of the rising edge of the R wave (Coll et al., 2021;
Schandry et al., 1986). Amplitude fluctuations locked
to the heartbeat were statistically compared between
conditions along the time window between 350 and
650 ms after the R-peak. We focused on this time window
because HEP-like waveforms were previously identified
in REM sleep at late components (Perogamvros et al.,
2019), the influence of the cardiac R and T waves might be
reduced at 350 ms after the R-peak (Park & Blanke, 2019),
and a previous scalp EEG study identified HEP differences
between REM microstates and wakefulness also in late
components (Simor, Bogdany et al., 2021). To ensure that
the observed differences in HEP amplitudes were not
caused by differences in ECG activity, the ECG waveforms
pertaining to the selected trials were also averaged and
compared across the three conditions. The aim of this
approach was to control for any confounding influence of
ECG activity on the observed differences in HEP across
the three conditions (Park & Blanke, 2019).

We performed time-frequency analyses (TFA) to
characterize heartbeat-related anterothalamic LFPs in
more detail. Power values along the time and frequency
dimensions were extracted using Fast Fourier Trans-
formation (FFT) of overlapping, Hanning-tapered, 150 ms
time windows, sliding in 10 ms steps over the selected
1 s long trials. Zero-padding was applied to extend the
signal to 1.2 s before performing the FFT. Power values
between 7 and 45 Hz (with 1 Hz frequency resolution)
locked to the R-peak were considered for further analyses.
We applied baseline correction (using the period between
-200 ms and -50 ms with reference to the R-peak), and
changes in power were defined relative to this baseline.
The trials of time-frequency power modulations locked
to the R-peak were averaged within each condition in
each participant. Similarly, to the HEP analysis, the power
values of participants with multiple ANT channels were
averaged before statistical comparisons.

Finally, inter-trial phase coherence (ITPC) was
computed to investigate the consistency of the phase
of frequency-specific oscillatory activity relative to the
heartbeat. ITPC is a measure of the phase consistency
of oscillatory signals across trials and is particularly
useful for examining whether oscillatory activity is
phase-locked to an event; in this case, the R-peak of the
heartbeat. The phase information was extracted from
the same time-frequency decomposition used for the
TFA, which involved applying an FFT to overlapping,
Hanning-tapered, 150 ms time windows sliding in 10 ms
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steps across the 1 s trials. For each trial, frequency-specific
phase angles were computed across the frequencies of
interest (7-45 Hz with 1 Hz resolution). The padding was
set to 1.2 s to avoid edge effects and to ensure accurate
phase estimation. ITPC was calculated as follows:

The phase and amplitude of the signal at each frequency
and time point were extracted using complex values
obtained from the FFT. The phase angle (6;) at each
frequency (f) and time point (¢) was used for subsequent
ITPC calculations. ITPC was computed as the absolute
value of the average of the unit vectors representing the
phase angles across trials:

ITPC(f,t) = (1)

N
1 E i6
—_ e fitn
n n=1

where N is the number of trials, and 6 1, ; , is the phase at
the mth trial at frequency fand time ¢. This results in ITPC
values ranging from 0 to 1, where 0 indicates completely
random phases across trials (i.e. high variability) and 1
indicates perfect phase alignment (i.e. high consistency)
(Cohen, 2014).

ITPC values were baseline-corrected (baseline between:
-200 ms and -50 ms) to highlight relative changes in phase
consistency with respect to heartbeats. For TFA and ITPC,
statistical comparisons between conditions (phasic REM,
tonic REM, wakefulness) were performed within the time
range of 50 ms to 650 ms after the R-peak, as amplitude
and phase modulations in intracranial recordings were
observed over a broader time range also including early
components (Garcia-Cordero et al., 2017; Park et al,
2018).

Statistical analyses

Differences between conditions (phasic REM, tonic REM,
wakefulness) were evaluated by pairwise comparisons
using cluster-based statistics, a suitable approach for
the statistical analyses of EEG data. Cluster-based
permutation statistics is a non-parametric approach
that neither applies degrees of freedom nor relies on
assumptions of data distribution. In addition, it efficiently
addresses the issue of multiple comparisons (Maris &
Oostenveld, 2007). In brief, two-tailed, paired ¢-tests
were performed contrasting each condition (i.e. phasic
vs. tonic, phasic vs. wake, tonic vs. wake) along each
data point within the time axis (in the case of HEP), and
time x frequency axes (in the case of TFA and ITPC).
These parametric statistical comparisons served as inputs
for the non-parametric cluster-based statistics, which
assess the significance of clusters of adjacent significant
t-tests. Clusters were defined if at least two adjacent time
points or neighbouring frequency bins showed significant
differences with the degrees of freedom equal to n-1 =
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10 (for n = 11) at the alpha level below 0.05. For each
cluster, the observed cluster statistic was calculated as the
sum of all ¢-values within the cluster. This process was
repeated 2048 (2'!) times using Monte Carlo simulations,
where conditions were randomly shuftled to generate
a null distribution of the largest clusters produced by
chance. (The number of permutations reflected the
maximum number of simulated samples achievable by
Monte Carlo simulations.) During these simulations,
clusters were defined using the same criteria as in the
observed data (significant adjacent bins of time points or
frequency bins), but only the largest cluster from each
permutation was retained for comparison. Finally, the
observed cluster statistics were tested against the null
distribution of maximal cluster statistics of the simulated
dataset, with an alpha level of 0.05. This way, an observed
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cluster was deemed significant if it exceeded the 95th
percentile of the largest clusters in the simulated null
distribution. Effect sizes (Cohen’s d) for each data point
within the significant clusters were computed. Cohen’s d
values (reported as ranges) were provided, reflecting the
minimum and maximum effect sizes across time points
and/or frequency bins within each significant cluster.

Results

Anterior thalamic HEPs are different in phasic REM
compared with tonic REM and wakefulness

First, we examined whether HEPs differed across the three
states within the time range of interest (350-650 ms)
(Fig. 1A,B). Significant positive clusters emerged when
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Figure 1. Heartbeat-evoked potential (HEP) in the anterior thalamus in phasic and tonic REM sleep and

resting wakefulness.

A, HEP amplitudes in phasic and tonic REM and wakefulness. HEPs differed at late potentials (over ~400 and
600 ms) between phasic REM and tonic REM, as well as between phasic REM and wakefulness. Black and green
vertical lines indicate significant differences along the time axis between phasic and tonic REM, and phasic REM and
wakefulness, respectively. The vertical dashed line marks the time point of the R-peak. B, HEP amplitudes averaged
along the time ranges where significant differences emerged across conditions. C, averaged ECG amplitudes in the
three conditions. No significant differences were observed between the three vigilance states in ECG amplitudes. D,
ECG amplitudes averaged along the time ranges where significant HEP differences emerged between conditions.
No significant differences in ECG amplitudes over the time range of interest emerged, indicating that HEP
differences were not confounded by ECG activity. [Colour figure can be viewed at wileyonlinelibrary.com]
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comparing phasic REM with tonic REM (424.3-529.9 ms,
tmaxsum = 145.9478, cluster level P = 0.0151, Cohen’s
d = [0.68-0.95]; 571-600.4 mS, fmaum = 38.5384,
cluster level P = 0.0493, Cohens d = [0.69-0.75])
and when comparing phasic REM with wakefulness
(373.4-488.8 mS, fmaxsum = 144.2944, cluster level P
= 0.0122, Cohen’s d = [0.69-0.83]; 500.6-514.3 ms,
fmaxsum = 19.5978, cluster level P = 0.0474, Cohen’s d =
[0.67-0.70]; 541.7-555.4 ms, tpaxsum = 18.2176, cluster
level P = 0.0474, Cohen’s d = [0.69-0.77]). However, no
significant clusters were observed when contrasting HEPs
between tonic REM and wakefulness.

To control for potential confounding effects of cardiac
activity, we conducted pairwise comparisons of ECG
amplitudes between phasic and tonic REM, as well as
between phasic REM and wakefulness, within the same
time range (350-650 ms)). We also examined whether
mean ECG amplitudes differed in the specific time ranges
where significant HEP clusters were observed. The ECG
amplitudes did not significantly differ between phasic
and tonic REM (#(10) = 1.518, P = 0.160, Cohen’s d =
0.46) or between phasic REM and wakefulness (#(10) =
0.606, P = 0.558, Cohen’s d = 0.18) during these periods
(see Fig. 1D). Additionally, no significant ECG amplitude
clusters were found across conditions between 350 and
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650 ms (Fig. 1C). These analyses suggest that HEPs in
the ANT during phasic REM periods differ significantly
from those during tonic REM and resting wakefulness (see
Fig. 1).

Reduced heartbeat-related anterior thalamic fast
frequency power in phasic REM

Next, we explored power changes relative to the R-peak
and examined time x frequency power modulations
across the three conditions. Similarly to HEPs, significant
clusters were observed between phasic and tonic
REM (time range: 315.1-444.2 ms, frequency range:
18.3-35 Hz, tmaxsum = -409.3936, cluster level P = 0.036,
Cohen’s d = [0.67-2.16]), and between phasic REM
and wakefulness (time range: 164.4-465.8 ms, frequency
range: 19.2-45 Hz, fpum = -1276.6199, cluster level
P = 0.002, Cohen’s d = [0.67-2.24] and time range:
524.5-634.1 ms, frequency range: 28.3-45 Hz, fiaxsum
= -322.3900, cluster level P = 0.048, Cohens d =
[0.67-1.18]), while the comparison between tonic REM
and wakefulness did not yield significant clusters. As
shown in Fig. 2, fast frequency activity in the beta and
low gamma range (~20-40 Hz) locked to the R-peak
was relatively reduced in phasic REM as compared

R BA Phasic-Tonic 2 CA | Phasnc-Tomhc 0.05
% 40 % i 40 - g 40 | . 0.04 .
230 i 230 2 230 1 ) 003 =2
2 4 2 0g 2 | E
2 20 r>.: 2 20 > 2 20 | 002 7
g < g PR 1 I . o
<10 = Eq £ 10 | - i
2
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (sec) Time (sec) Time (sec)
12 | Phasic-Wake 2 | Phasic-Wake 0.05
~ - ~ P
@40 11 % %40 I TR, %40 I 0.04
%30 2 Za0 ERES 003 2
=1 1 2 =1 1 0 g =1 1 =
5 50 Z B, 2 %0 0.02
o < o I B o I &
8 9% 8 A g 0.01
=10 . & =10 1 =10 1 :
0.8 2 =
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (sec) Time (sec) Time (sec)
R 12 _ Tonic-Wake 2 _ | Tonic-Wake 0.05
%40 1.1 g im 1, im I ‘ j 0.04
%30 2 330 2 za0 4 . ’ 003 2
: I °oF g | v oo S
220 0o 5 g2 NI ¥ ] [ ] . 02 ¢,
2 =8 2 E 2 0.01
=10 ' MoE0 = =10 1
. 08 L 2
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (sec) Time (sec) Time (sec)

Figure 2. Power modulations in the anterior thalamus locked to the R-peak of the ECG signal.

A, changes in time-frequency power relative to the baseline period (between -200 and -50 ms) are visualized
for phasic REM, tonic REM, and wakefulness. Values above 1 indicate increased power, whereas values below 1
mean reductions in power relative to the baseline. B, pairwise statistical comparisons across conditions highlighting
the value of the statistical test (T value) along the time and frequency axis. C, uncorrected significant differences
(P < 0.05) at each time x frequency point and significant clusters remaining after the correction for multiple
comparisons are visualized (with red contour). Power changes locked to the R-peak in the beta and low gamma
range (~20-40 Hz) were relatively reduced in phasic REM as compared with wakefulness and tonic REM sleep. The
vertical dashed line marks the time point of the R-peak. [Colour figure can be viewed at wileyonlinelibrary.com]
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with wakefulness and tonic REM sleep. Although fast
frequency power modulation locked to the R-peak seemed
to peak at relatively higher frequencies in wakefulness
(above 30 Hz) than in tonic REM (between 20 and 30 Hz),
these differences were not significant after cluster-based
correction.

To explore whether differences across conditions in
heartbeat-related high-frequency activity were mainly
driven by a relative reduction of beta-low gamma power
in phasic REM, or a relative increase in high-frequency
power in tonic REM and wake, we contrasted power
values of the baseline periods with those of the peri-
ods after the R-peak within each condition. To test
whether power in the beta and low gamma (20-40 Hz)
frequency range differed between the baseline (-200 ms
to -50 ms) and the post-R-peak periods, we contra-
sted the 150 ms baseline (pre-R-peak) periods with the
subsequent period after the R-peak chunked into four
non-overlapping 150 ms segments between 50 and 650 ms.
Fast (20-40 Hz) frequency power in the baseline peri-
ods was hence compared with the post-R-peak period
using cluster-based permutations statistics along the time
axis. High-frequency power fluctuations as referenced to
the baseline (pre-R-peak period) were relatively reduced
in phasic REM, but not in tonic REM and wakefulness.
Statistically significant differences between the baseline
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and post-R-peak periods were only observed in phasic
REM (time range: 324.8-354.2 ms, fmaxsum = -9.7095,
cluster level P = 0.0068 Cohen’s d = [0.67-1.03] and
time range: 375.7-434.4 ms, tmaxsum = -20.9739, cluster
level P = 0.0020, Cohen’s d = [0.69-0.97] and time
range: 565.5-575.3 ms, tmaxsum = -5.3738, cluster level P
= 0.0283, Cohen’s d = [0.59-0.77]), but not in tonic REM
and wakefulness.

Heartbeat-related low-frequency phase modulation
in the anterior thalamus across all vigilance states

Pairwise comparisons of ITPC between REM microstates
and wakefulness are presented in Fig. 3. As indicated in
the figure, no significant differences emerged between
conditions after cluster-based correction of multiple
comparisons. On an exploratory level, uncorrected ¢-tests
showed trend-like differences between phasic and tonic
REM microstates, showing increased ITPC in lower
(~10-17 Hz) and gamma (~40-45 Hz) frequencies
during tonic REM, and relatively increased phase
coherence in the beta (~20-30 Hz) frequency range
during phasic REM. Nominal differences between phasic
REM and wakefulness showed a similar pattern with
respect to the relative increase in 20-30 Hz ITPC in
phasic REM, and the relative increase in 40-45 Hz
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Figure 3. Inter-trial phase coherence (ITPC) in the anterior thalamus relative to the R-peak of the ECG

signal.

A, changes in ITPC relative to the baseline period (between -200 and -50 ms) are visualized for phasic REM, tonic
REM and wakefulness. Values above 1 indicate increased power, whereas values below 1 mean reductions in power
relative to the baseline. B, pairwise statistical comparisons of ITPC changes across conditions highlighting the value
of the statistical test (T value) along the time and frequency axis. C, uncorrected significant differences (P < 0.05) at
each time x frequency point are visualized. Changes in ITPC locked to the R-peak were not significantly different
across conditions. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 603.9

gamma ITPC in wakefulness. ITPC in tonic REM showed
slightly increased values in the (8-15 Hz) alpha frequency
range compared with wakefulness. Nevertheless, none of
the above differences remained significant after correction
for multiple comparisons.

Given that ITPC analyses indicated a robust
heartbeat-related increase in low-frequency phase
coherence between 7 and 20 Hz in all of the conditions
(see Fig. 3), we examined whether such increase was
statistically significant as compared with ITPC values of
the baseline (pre-R-peak) period. Therefore, ITPC values
at baseline (from -200 ms to -50 ms) were statistically
compared (applying cluster-based permutation statistics)
with post-R periods chunked into four non-overlapping
150 ms segments between 50 and 650 ms. ITPC between
~7-20 Hz showed robust increases in all conditions
after the R-peak between 130-444 ms in phasic REM
(fmaxsum range: 182-233, cluster level Prypg.. 0.0001-0.01,
Cohen’s d = [0.70-1.97]), between 54 and 444 ms in
tonic REM  (fmaxsum range: 139-258, cluster level Pringe.
0.001-0.03, Cohen’s d = [0.70-1.8]), and between 55
and 424 ms in wakefulness (fmaxsum range: 139-258, cluster
level Prapge; 0.001-0.03, Cohen’s d = [0.70-1.80]) (Fig. 4).
In addition, a negative cluster emerged in phasic REM,
pointing to decreased ITPC at 36-45 Hz between 475 and
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524 ms after the R-peak (fmaxsum = -81.1285, cluster level
P =10.0107, Cohen’s d = [0.54-0.92]).

Discussion

We studied interoceptive processing during REM
sleep and resting wakefulness by measuring LFP in
the ANT locked to the heartbeat. Heartbeat-related
neural activity in the ANT was distinct during REM
periods with ocular activity (phasic REM) compared
with tonic REM and wakefulness. More specifically,
evoked potentials and power fluctuations of beta-low
gamma frequencies locked to the heartbeat were
significantly different in phasic REM states compared
with tonic REM and wakefulness. On the other hand,
heartbeat-related amplitude and power fluctuations did
not show significant differences between tonic REM and
wakefulness. Moreover, heartbeat-related neural signals
exhibited pronounced phase synchronization at lower
(7-20 Hz) oscillatory activity in the ANT lasting 400 ms
after the R-peak in all vigilance states, but reduced gamma
synchronization at later time points (~500 ms after the
R-peak) in phasic REM only. Our findings indicate that
heartbeat-related neural activity is detectable at the level
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Figure 4. Changes in inter-trial coherence (ITPC) in the anterior thalamus locked to the R-peak.

A, statistical comparisons of ITPC between the baseline period (-200—-50 ms) and the post-baseline peri-
ods (50-650 ms) in phasic REM, tonic REM, and wakefulness. Statistical parameters (T value) of within-state
comparisons along the time x frequency axis are highlighted. B, significant clusters at each time x frequency point
after cluster-based permutation statistics are highlighted. [Colour figure can be viewed at wileyonlinelibrary.com]
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of the ANT, showing distinct signatures of interoceptive
processing in phasic REM compared with tonic REM and
wakefulness.

Sleep in general, and especially REM sleep, has long
been viewed as a state of reduced environmental alertness.
However, a wide variety of studies indicate that the
sleeping brain is not fully impermeable to external
stimulation (Salvesen et al., 2024). Although its potential
to integrate and process complex information is limited,
a range of cognitive operations remains functional,
allowing the sleeping brain to process or suppress
external inputs (Andrillon & Kouider, 2020). Whereas
cortical reactivity to external inputs in the sleeping
brain were extensively studied (Bastuji & Garcia-Larrea,
1999; Colrain, 2005; Halasz et al., 2004; Halasz et al.,
2014), neural responses to interoceptive signals received
relatively less attention. Nonetheless, previous studies
indicate that beyond exteroception (mostly studied in the
auditory domain), the sleeping brain is also susceptible to
interoceptive signals, which, by providing a rich source
of information, seem to affect the regulation of sleep and
arousal (Mazza et al., 2012; Wei & Van Someren, 2020).

Recent studies suggest that during REM sleep, the
alternation between phasic and tonic periods facilitates
environmental disconnection and alertness, respectively.
Specifically, while the processing of auditory inputs is
largely reduced in phasic REM sleep, cortical responses to
external stimulation are reinstated during tonic REM peri-
ods (Koroma et al., 2020; Sallinen et al., 1996; Takahara
et al., 2006, 2002; Wehrle et al., 2007). In line with studies
on auditory processing, a recent study (Simor, Bogdany
et al., 2021) examined HEPs of scalp electrode recordings
in phasic and tonic REM sleep, and observed different
modulation of HEPs at late components (~550-650 ms)
in phasic compared with tonic REM and wakefulness.
Moreover, similar to results in auditory stimulation
studies (Sallinen et al., 1996; Wehrle et al., 2007), HEPs
in tonic REM sleep featured intermediate values between
those of phasic REM and wakefulness (Simor, Bogdany
et al., 2021). Our findings in the ANT align with this
pattern: amplitude modulations locked to the heartbeat
in the ANT differed between phasic and tonic REM
during late potentials (400-600 ms) and between phasic
REM and wakefulness (370-550 ms), with HEPs in
tonic REM appearing intermediate between phasic REM
and wakefulness. Moreover, such differences in HEPs
were not confounded by differences in ECG amplitudes.
Notably, HEP modulations differing across states were
observed at slightly earlier time points in the current study
compared with findings on the level of the scalp. Since the
ANT, in coordination with other fronto-limbic regions, is
involved in the integration of visceral afferents, we may
speculate that signals from the visceral pathway reach the
ANT before being processed in cortical layers. Likewise,
heartbeat-related neural responses in deeper brain regions
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(e.g. insula) were observed at relatively earlier time points
(Parketal.,2018) than HEPs in scalp EEG recordings (Coll
et al., 2021).

Heartbeat-related phase modulations of oscillatory
activity, as quantified by ITPC, revealed a robust increase
in phase alignment at lower frequencies (7-20 Hz)
during REM states and wakefulness. This finding aligns
with a previous study that examined ITPC of LFPs
recorded intracranially from the insula (Park et al,
2018), a key region involved in interoceptive processing
(Berntson & Khalsa, 2021; Chen et al, 2021; Craig &
Craig, 2009; Park & Blanke, 2019; Seth, 2013). In that
study, the authors observed an increase in ITPC lasting
approximately 400 ms after the R-peak during resting
wakefulness and during conditions that enhance inter-
oceptive processing (Park et al., 2018). Our findings
corroborate this result by demonstrating strikingly similar
increases in ITPC with respect to both temporal and
frequency characteristics. Moreover, our finding indicates
that oscillatory activity in the ANT seems to track
cardiac signals not only in wakefulness, but also in REM
sleep. While phase alignment in lower frequencies was
not distinct between the three vigilance states, beta—low
gamma power was relatively reduced in phasic REM
compared with tonic REM and resting wakefulness. The
reduction of heartbeat-related beta—low gamma power
was paralleled by a decrease in gamma synchronization
(ITPC) apparent only in phasic REM sleep. In sum, in
addition to HEPs, modulations of time-frequency power
and synchronization in the beta—low gamma and gamma
frequency range, respectively, point to distinct processing
of cardiac signals in the ANT during the phasic REM state.

Although the specific role of heartbeat-related activity
in the ANT in interoception should be explored in
future studies that experimentally manipulate inter-
oceptive processing, our findings offer new insights into
the distinctive nature of phasic REM sleep. Building
on previous studies that primarily investigated the
exteroceptive (predominantly acoustic) domain, we found
that neural activity associated with cardiac events differs in
phasic REM compared with tonic REM and wakefulness.
Additionally, consistent with prior research on evoked
and spontaneous neural activity (Andrillon & Kouider,
2020; Koroma et al., 2020; Simor et al, 2020), our
findings place tonic REM sleep as an intermediate state
between phasic REM and resting wakefulness. Although
the present findings only evidence the distinctiveness
of cardiac-related anterior thalamic activity in phasic
REM, we may speculate that such indices point to the
reduction of interoceptive processing in phasic REM sleep.
More specifically, we propose that reduced high-frequency
power and synchronization in response to heartbeats may
reflect attenuated processing of interoceptive afferents
during phasic REM periods. Beta EEG oscillations
are commonly implicated in sensorimotor processing
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(Pfurtscheller & Da Silva, 1999). Recent evidence suggests
that beta EEG waves are inherently transient in nature,
whereas distinct types of beta bursts have different
functions (Lundqvist et al., 2024). Indeed, according
to current insights into the functional role of these
oscillatory bursts, decreased beta activity in the period
after the ECG R-peak in phasic REM sleep could indicate
blunted interareal communication (Lundqvist et al,
2024), which might arise shortly after the interoceptive
input. In addition, gamma band activity is associated with
cortical information processing, modulating attention
and awareness (Fell et al., 2003; Kaiser & Lutzenberger,
2003), and enhancing the neural gain of exteroceptive
(van Es & Schoffelen, 2019) and interoceptive inputs (Li
et al., 2023). For instance, induced changes (increases)
in gamma band power were linked to selective attention
to nociceptive stimuli (Tiemann et al., 2010) and to
the subjective intensity of pain (Zhang et al., 2012).
Phasic REM sleep is viewed as a closed-loop state in
which the influence of (bottom-up) lower-level signals
arising from the sensory periphery is largely reduced
(Simor et al., 2020; Wehrle et al., 2007). From the
perspective of predictive coding, attenuated processing
of sensory inputs from the periphery is thought to
contribute to the fragmented, discontinuous, and vague
nature of dreams. In the absence of constraints provided
by prediction errors from sensory inputs, the brain
transitions from one prediction to another, resulting
in the bizarre and uncertain perceptual experiences
characteristic of dreaming (Bucci & Grasso, 2017). A
rare exception is the state of lucid dreaming, a unique
experience that typically occurs during phasic REM sleep
(Baird et al., 2022, 2019; Simor et al, 2022). In this
state, the processing of lower-level signals — particularly
vestibular, proprioceptive and interoceptive bodily signals
- is assumed to be enhanced and transmitted to the
brain’s multimodal, associative processing levels (Simor
et al., 2022). The attenuation of cardiac signals in phasic
REM sleep might be associated with reduced neural
gain on lower-level afferent pathways. This diminished
neural gain on interoceptive signals is consistent with
the particularly unstable nature of autonomic nervous
system activity during phasic REM sleep, characterized
by irregular breathing, sudden surges in heart rate and
blood pressure, and impaired thermoregulation (Amici &
Zoccoli, 2021). Accordingly, even autonomic reflexes that
facilitate homeostatic adjustments, such as the baroreflex,
have been observed to be suppressed by central commands
during the phasic period of REM sleep (Silvani, 2008;
Silvani & Dampney, 2013). Attenuated sampling (and
information processing) of the sensory periphery during
periods of phasic REM sleep is paralleled by increased
activity in a thalamocortical network which seems to
operate in isolation from the inputs of the external
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environment (Maquet et al., 1996; Miyauchi et al., 2009;
Wehrle et al., 2007). Although the functions of such
internally driven processing remain elusive, recent animal
studies suggest that saccades of REMs are associated with
the internal representation of a virtual environment (i.e.
the generative model of the real world) in which the
animal simulates actions and sensory outcomes (Senzai &
Scanziani, 2024, 2022), which may give rise to perceptually
immersive dreams.

Acknowledging the limitations of the present study, we
note that due to the small sample size, our findings should
be interpreted with caution. Further research is needed to
determine whether distinct heartbeat-related responses in
phasic REM are present in other cortical regions involved
in interoception (e.g. the insula and somatosensory
cortex). Additionally, sleep recordings were conducted
after surgery, leading to fragmented sleep and reduced
REM sleep in our sample. Therefore, we cannot fully
rule out the possibility that the medical environment
affected sleep quality and interoceptive processes. Finally,
the patients were on anti-seizure medication, which
may have influenced oscillatory activity. Although we
carefully discarded sleep periods with inter-ictal spikes
or signs of pathological activities, we should be cautious
in generalizing our findings. Future studies applying
DBS in non-epileptic clinical conditions may explore
heartbeat-related neural activity in other subcortical sites.

Understanding the characteristics of REM microstates
could also be relevant from a clinical point of view. For
instance, patients with refractory epilepsy compared with
patients with less severe, medically controlled epilepsy
showed a reduction in phasic REM sleep (Yeh et al,
2023), in line with the observation that phasic REM
seems to exert an inhibitory influence on epileptic activity
by suppressing the propagation of inter-ictal spikes and
pathological high-frequency oscillations (Nobili et al,
2024). Beyond epilepsy, studying the distinct nature of
phasic and tonic REM sleep may also facilitate the under-
standing of the pathological mechanisms of other neuro-
logical conditions in which REM sleep is heavily affected.
For instance, REM sleep behaviour disorder (RBD) is
now recognized as a precocious expression of an alpha
synucleinopathy which in 50-80% of the cases leads to
severe neurodegeneration, most commonly Parkinson’s
disease (Howell & Schenck, 2015; Mahowald & Schenck,
2010). In RBD patients, muscle atonia during REM sleep
is dysfunctional, leading to complex motor behaviours
during REM sleep (Hogl et al., 2022). Interestingly,
these episodes occur most frequently in phasic REM,
indicating abnormal motor cortex activation specifically
in the phasic REM state (Manni et al., 2009). Notably, the
motor behaviours observed in RBD are closely tied to the
patients’ dream experiences. These behaviours appear to
be unconstrained by the external environment, instead
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reflecting the internal mental models of the sleeper,
which operate in isolation - in line with the concept of
the closed-loop state characteristic of phasic REM sleep.
Accordingly, cortical activity between phasic and tonic
REM sleep showed more pronounced differences in RBD
patients compared with controls (Sunwoo et al., 2019). In
addition to neurological disorders, several mental health
problems, such as post-traumatic stress disorder (de Boer
etal., 2020), depression (Yasugaki et al., 2023) or insomnia
(Riemann et al., 2022) also exhibit altered REM sleep
and REM sleep microstructure. Exploring the neuro-
physiological features of the phasic and tonic constituents
of REM sleep may also shed light on the pathological
mechanisms of these disorders.

In summary, despite the limitations of our
small clinical sample, this study provided a unique
opportunity to investigate heartbeat-related activity
in the anterior thalamus. Our findings contribute
novel empirical evidence to the understanding of
REM sleep heterogeneity, emphasizing the distinct
cognitive processes that occur during phasic REM peri-
ods, particularly in relation to interoception.
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