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Abstract

In English Language

The following text was adapted from the abstract of Kunzendorf et al.'.

Our interaction with the environment relies on the dynamic relationship between body and brain.
Experiments on body-brain coupling investigate how interoceptive signals, conveying
information about the internal state of the body, contribute to cognition, perception, and
behavior. Thereby, physiological visceral oscillations (e.g., the heartbeat) have been found to
modulate mental phenomena: for example, visual perception, oculomotor activity, and memory
performance vary across the cardiac cycle. Recent findings show facilitated visual processing of
higher-level (behaviorally relevant) stimuli during early cardiac phases (i.e., systole), thus
motivating the investigation of modulatory cardiac cycle effects on active (i.e., self-initiated)
engagement with visual stimuli. For my doctoral project, I studied the cardiac modulation of
active information sampling to investigate whether participants implicitly act upon their
environment such that relevant information appears during prioritized cardiac phases.

The core of this investigation consists of a psychophysiological experiment on the topic
of visual memory. During its encoding period, 47 participants clicked through a set of emotional
pictures to memorize them for a subsequent recognition task. Critically, by self-paced key press,
participants actively triggered the onset of the next picture, which quickly appeared on-screen for
100 ms. Simultaneous electrocardiography was recorded to analyze the timing of the (self-
initiated) stimulus onsets relative to the cardiac cycle. Following a 5-minute break, participants
completed the recognition task, in which they were presented with 50% old and 50% new
pictures and were asked to indicate for each picture whether or not they had seen it before.

As main result, I find that self-initiated stimulus onsets varied with alternating cardiac
phases, showing a significant increase during cardiac systole. However, there was no evidence
that memory performance was influenced by the heartbeat. Based on the present findings, I
conclude that active information sampling integrates heart-related signals, and thus extend
previous results on the association between body-brain interactions and behavior. The interplay
of body and brain, which enables us to optimally adapt to changing environments, ensures
homeostasis and well-being of our organism. Further investigations of the underlying
mechanisms by which interoceptive and behavioral processes interact are necessary for a

comprehensive understanding of our health’s psychophysiological underpinnings.



In Deutscher Sprache

Der nachfolgende Text wurde in abgednderter Form dem Abstract von Kunzendorf et al.'

entnommen.

Unsere Interaktion mit der Umwelt beruht auf dem dynamischen Wechselspiel zwischen Korper
und Gehirn. Experimentelle Studien der Korper-Gehirn-Achse erforschen, wie interozeptive
Signale, welche Informationen {iiber innere Korperzustinde vermitteln, zu Kognition,
Wahrnehmung und Verhalten beitragen. Dabei ergab sich, dass physiologische Fluktuationen des
Organismus (z.B. der Herzschlag) mentale Prozesse beeinflussen: beispielsweise unterscheiden
sich visuelle Wahrnehmung, Okulomotorik und Gedéichtnisleistung wéhrend verschiedener
Phasen des Herzzyklus. Jiingste Ergebnisse zeigen eine erleichterte visuelle Verarbeitung von
komplexen (verhaltensrelevanten) Reizen wéhrend frither Herzphasen (Systole) und motivieren
die Untersuchung von Effekten des Herzzyklus auf aktive (d.h. selbst initiierte) Interaktion mit
visuellen Reizen. Uber die Zeit meiner Doktorarbeit untersuchte ich die Rolle des Herzschlags
fiir aktives Information Sampling (d.h. selbst initiiertes Bereitstellen eines visuellen Reizes), mit
der Frage, ob Probanden implizit derart mit ithrer Umwelt interagieren, dass relevante
Informationen zu bevorzugten Herzphasen abgefragt werden.

Den Kern dieser Arbeit bildete ein psychophysiologisches Experiment zur Untersuchung
des visuellen Geddchtnisses. Hierbei klickten 47 Probanden wihrend der Einpridgungsphase
durch eine Sammlung emotionaler Bilder, um sich diese fiir einen anschlieBenden
Wiedererkennungstest einzuprigen. Dabei 10sten sie aktiv durch Tastendruck die Prédsentation
des nichsten Bildes aus, welches unmittelbar darauf fiir 100 ms auf dem Bildschirm erschien.
Die gleichzeitige Messung von Elektrokardiogrammen ermdglichte die zeitliche Analyse der
(selbst initiierten) Bildprisentationen relativ zum Herzzyklus. Nach einer 5-miniitigen Pause
erfolgte der Wiedererkennungstest, bei welchem 50% alte und 50% neue Bilder prisentiert
wurden, und die Probanden fiir jedes Bild angeben sollten, ob sie es bereits gesehen hatten oder
nicht.

Als Hauptergebnis konnte gezeigt werden, dass selbst initiierte Bildprasentationen mit dem
Herzzyklus variieren, wobei ein signifikanter Anstieg in der kardialen Systole erkennbar war. Es
wurden keine Hinweise darauf gefunden, dass die Gedichtnisleistung durch den Herzschlag
beeinflusst wird. Auf Grundlage der vorliegenden Ergebnisse schlussfolgere ich, dass aktives
Information Sampling vom Herz ausgehende Signale integriert und erweitere dadurch bisherige

Befunde iiber die Verbindung von Korper-Gehirn-Interaktionen und Verhalten. Das



Zusammenspiel von Korper und Gehirn, welches eine optimale Anpassung an sich d@ndernde
Umgebungen ermdglicht, sichert die Homoostase und das Wohlbefinden unseres Organismus.
Weitere Erforschung der zugrundeliegenden Mechanismen, durch welche interozeptive und
Verhaltensprozesse miteinander interagieren, sind notwendig fiir ein umfangreiches Verstdndnis

der psychophysiologischen Grundlagen menschlicher Gesundheit.

(Ubersetzung durch die Autorin)



Synopsis

1. General rationale

An essential question in the neurosciences—and particularly in psychophysiology—is: how are
mental phenomena and behavior related to the dynamic relationship between the brain and the
rest of the body? Our interaction with varying environments arises from the fine-tuned coupling
of our external and internal milieus: exteroceptive (e.g., visual or auditory) sensory input is
continuously integrated with bodily (e.g., proprioceptive or interoceptive/viscerosensory)
signals™. The dynamic interplay of mind, brain, and body thereby enables us to optimally react
and adjust to environmental changes in support of our bodily integrity and well-being.

Classical experiments have typically investigated how the processing of signals in the
external world changes activation in our body and brain, for example by measuring physiological
parameters in the autonomic (e.g., heart rate, electrodermal responses) or central nervous system
(e.g., blood-oxygen level dependent signals)*’. The inverse direction, that is, how interoceptive
signals conveying information about our internal states modulate the processing of the external
world®, has been studied much less frequently (for a review see Critchley & Garfinkel®). Afferent

feedback loops, targeting subcortical and cortical areas'®™"?

, constantly inform the brain about
our bodily states, primarily to drive internal (autonomic and hormonal) regulation (i.e.,
homeostasis'*). There is growing experimental evidence that the influences of our bodily states
extend beyond homeostatic control to mental phenomena, such as thoughts, feelings, and
memory’. Such findings have led to conceptual frameworks of brain-body interactions, which
argue (1) that bodily oscillations underlie unified consciousness'”, and (2) that predictions about
internal signals (see below) contribute to emotional experience'®. Measuring processes in the
body—and their interactions with the brain—is thus necessary for a comprehensive investigation
of the neurobiology of the mind.

How the internal state of the body contributes to mental phenomena can be studied by
capitalizing on the oscillatory nature of internal bodily rhythms, such as cardiac, gastric, or
respiratory activity”'"'®. These natural visceral fluctuations have been linked to phase-related

.. . . .o 171
variation in brain activity 719

, as well as to variation in associated perceptual and cognitive
processes’. As a prominent internal oscillator, the heart has been the focus of studies on phasic
body-to-brain modulations: assessing visual perception in relation to the two cardiac phases,
systole and diastole, recent findings show enhanced visual processing of phase-locked systolic

19-21

compared to diastolic stimuli ™ ~, as well as heightened generation of spontaneous eye

movements” during the phase of systole compared to diastole. Importantly, facilitated visual



perception during cardiac systole has been observed selectively for salient (e.g., threatening)
stimuli”®, which suggests a phase-dependent processing benefit specifically for motivational,
task- or context-relevant stimuli. In line with evidence that heightened arousal biases stimulus
processing, it has been proposed that cardiac interoceptive signaling during systole transmits
arousal states to the brain™. Systolic modulation of higher-level (behaviorally relevant) visual
processing—together with the finding of phase-related spontaneous oculomotor activity—thus
suggests a modulatory role of cardiac fluctuations in perceptual behaviors, that is, active (self-
initiated) perception of the environment.

Here, I present the study of my doctoral project', in which I examined how active
engagement with the environment integrates heartbeat-related information. I thereby built on and
extended theoretical frameworks of brain-body interactions'>'® to investigate the role of cardiac
phase in modulating self-initiated action towards external stimuli. More specifically, I tested
whether participants spontaneously act upon a visual stimulus in a way, which increases the
likelihood of receiving and perceiving relevant visual information during a specific cardiac
phase. To that aim, I designed and implemented an experimental paradigm, which—in contrast
to the prior used externally paced stimulus presentations—allowed for self-induced information
sampling of the participants. In the following section (Part 2), I describe the conceptual
approach to this investigation. Part 3 provides a detailed account of my methodological
approach. In Part 4, I highlight the main findings of my study. In Part 5, I discuss these findings

in context, including their limitations, and propose future investigations and implications.
2. Conceptual approach

2.1. Interoception as multilevel process to support survival, integrity, and well-being

Communication of the internal milieu with the brain, that is, afferent transmission, central
processing and representation of signals originating in the viscera has been called
interoception®**°, the “sense of the physiological condition of the body”'’. Interoception
encompasses sensing and integrating visceral information across multiple levels: not only does it
provide low-level monitoring of physiological parameters (e.g., nutrient and fluid balance,
thermoregulation) via afferent feedback loops that engage internal (autonomic, hormonal)
homeostatic regulation and allostatic adaptation, it also plays an important role in shaping
conscious bodily feelings (e.g., hunger/thirst, cool/warm) that guide motivational behavior and
associated emotional experiences' >, Interoception thus is a crucial process to help an organism
keep its physiological conditions within a functional range and to engage adaptive behaviors in

the face of constant internal and external changes'**°.



2.2. Interoceptive pathways to the brain
Interoceptive information is communicated to the brain through humoral (involving endocrine
and immune) channels, as well as distinct neural pathways linking bodily with brain

12,2
structures' >’

. From their peripheral endings (e.g., baro-, or chemoreceptors, nociceptors),
visceral afferents transmit interoceptive signals along two major routes—via cranial (e.g., vagus
and glossopharyngeal) nerves and the spinal cord (particularly lamina 1 of the spinothalamic
tract'’—to converge in the nucleus of the solitary tract (NTS). From there, these signals are
forwarded to other brainstem areas (e.g., parabrachial nucleus, ventrolateral medulla,
periaqueductal grey) and the hypothalamus'?. As part of homeostatic feedback loops,
viscerosensory relay across these regions enables adaptive physiological responses via efferent
autonomic (sympathetic, parasympathetic) and humoral axes to restore deviation from a desired
physiological state, thus ensuring the organism’s continuous internal stability'>*"**. Importantly,
interoceptive channels also connect to a network of subcortical (e.g., visceral sensory thalamus,
amygdala) and cortical (e.g., insula, anterior cingulate cortices) areas, which are known to
contribute to mental phenomena like cognition, emotion, and perception'>***®. A critical brain
structure for viscerosensory processing is the insular cortex (IC), which has extensive functional

16,29

connections with (pre)frontal, parietal, and limbic regions »”". It has been proposed that

interoceptive input converges towards increasingly abstract, higher-order representations

accessible to conscious awareness. The hierarchical posterior-to-anterior architecture of IC

16,30

subregions thereby allows an integration of top-down cognitive (e.g., attentional,

motivational) processes to support adaptive behavior’>**’.

2.3. Theoretical framework of interoceptive predictive coding
The bidirectional dynamics of brain-body interactions have been captured in the theoretical
framework of interoceptive predictive coding™'®', which applies the fiee-energy principle’ to

interoceptive processes and their relation to consciousness and emotion. Described essentially as

933

“hierarchical prediction machine”””, the brain makes sense of the plethora of—in this case:

bodily—sensations by maintaining internal predictive models to infer their causes based on past

9,27,31

experiences Interoceptive predictions, generated in hierarchical cortical structures

(presumably the IC*'

), cascade downwards to be tested against the actual sensory input. A
mismatch between the expected and the incoming signal, the prediction error, can be minimized
through two types of inferential processes: adjustment of the internal model (via updating the
prediction) or of the interoceptive input itself (via autonomic or behavioral responses)—thus

constantly optimizing adaptation to environmental changes’'**".



Taken together, in this view, interoception is understood as a dynamic, prediction-driven
system, linking generative control of the internal milieu (homeostasis) with the generation of

16.31 . . .
631 This overarching theoretical,

subjective feeling states (i.e., emotions) and adaptive behaviors
neuroanatomically plausible, account of interoception can thus provide a framework to interpret
and explain the mechanisms by which bodily fluctuations are related to neural fluctuations in the

brain; and how they could contribute to cognition, emotion, and behavior.
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Figure 1 Schematic of heart-brain interactions. (a) Interoceptive signaling from the heart to the brain not
only ensures adaptive regulation of bodily states via efferent feedback loops (i.e., homeostasis), but also
extends to modulate mental processes and behavior. (b) Cardiac activity occurs in a repeating cycle of
two cardiac phases, systole and diastole. For each cardiac cycle (R-R interval in the electrocardiogram,
i.e., ECG, dark blue curve), baroreceptor signals are generated with the systolic upstroke during blood
ejection (red curve), following aortic valve opening. During diastole, baroreceptors are largely quiescent.
Differences in stimulus processing (light blue curve) in relation to phasic cardiac signaling (systole vs.
diastole) have been investigated in cardiac cycle studies. (Figure 1a modified from the original image by
Alila Medical Media/Shutterstock™).

2.4. Interoceptive signaling from the heart
Recent developments in refining concepts of interoception (see above) have been substantiated
by empirical evidence concerning the coupling of natural rhythmic visceral (mainly: cardiac)

activity with neural and mental processes’. Through the repeating cycle of the two cardiac phases

10



(systole, diastole), the heart generates a distinct oscillatory bodily rhythm (Figure 1): with every
systolic blood ejection and consecutive pressure rises in the arterial system, pressure-sensitive
baroreceptors in aorta and carotid sinuses are activated and transmit information about the
current state of cardiovascular arousal (i.e., the strength and timing of individual heartbeats) via
neural (i.e., vagus and glossopharyngeal) afferents to the NTS (Figure 1a), allowing rapid
reflexive control of blood pressure and heart rate via efferent sympathetic and parasympathetic
responses, respectively (i.e., baroreflex). From brainstem nuclei, cardiac signals are further
carried along the neuroaxis to be integrated in cortical structures (particularly the IC, see above),
which instantiate higher-level efferent control on cardiovascular physiology'**>. Experimental
investigation of cardiac influences on cognition and behavior has been carried out (1) by
studying stimulus processing in relation to the cardiac cycle (cardiac cycle effects; Figure 1b),
and (2) by probing behavioral effects through measurements of brain activity (e.g., neural

responses to the heartbeat).

2.5. Cardiac influences on stimulus processing—cardiac cycle effects
By presenting stimuli at different phases of the cardiac cycle, so-called cardiac cycle studies™**
examine processing variations of external stimuli relative to their timing in the cardiac cycle. The
evidence from a variety of experimental paradigms, involving perceptual (e.g., stimulus
detection) and behavioral (e.g., reaction time) tasks, however, is mixed and the directionality of
cardiac influences on sensorimotor processing has remained unclear (see Table 1 for a detailed
summary of cardiac cycle studies).

More specifically, several—particularly earlier—cardiac cycle studies (see Table 1, 1.)

have shown a general inhibition of stimulus processing during early (i.e., systolic) cardiac

phases: attenuated perception (e.g., measured as increased sensory thresholds or prolonged

139742 36,37,43-48

reaction times) were found for the domains of visua , auditory , and somatosensory

or pain processing™ >’

More recent findings have challenged a generic inhibitory systolic influence, by showing
facilitated processing during systole (see Table 1, 2.), especially for behaviorally or task-relevant
visual stimuli. While such facilitating effects were obtained for complex (nonemotional)
stimulus constellations in visual masking®' or visual search tasks”, studies using valenced
stimuli propose an emotional specificity of cardiac-related cognitive influences™: cardiac
afferent signals have been shown to selectively prioritize the processing of fear and threat, which

19,58,59

suggests that afferent signaling conveys bodily arousal states to the brain . Systole-

associated modulation of emotional processing (for a review see Garfinkel & Critchley®) has

11



thus been shown in the context of enhanced intensity ratings'’, improved detection'’, or
increased attentional capture of briefly presented fearful faces™, as well as increased activation
of race-associated threat stereotypes™ . The gating of visual perception by cardiac signals has
been also linked to memory processing in the shape of systole-coupled variations in memory

encoding and retrieval of nonemotional as well as emotional stimuli®®®.

2.6. Cardiac influences on brain activity—neural responses to the heartbeat

Behavioral evidence of cardiac-related stimulus processing is complemented by studies
investigating neural activation in the central nervous system. Findings of inhibited stimulus
processing during systole were linked to reduced sensory (e.g., visual) evoked potentials (EPs) in
the electroencephalogram (EEG) for the processing of external systolic compared to diastolic

54,64

stimuli”™™”". Moreover, cardiac effects on perception and cognition may be reflected in

measurements of neural responses to the heartbeat (i.e., heartbeat evoked potentials, HEPs)®*>%°.
Similar to EPs to external stimuli, HEPs are thought to depict transient changes in central neural
activity in response to cardiac events and their afferent transmission towards the brain, and are
therefore generated in sync with each heartbeat. For example, variation in HEP amplitude was
found to predict differences in detection of visual threshold stimuli®. Importantly, further
experiments are needed to investigate the physiological basis of HEPs, as well as their interplay
with external stimulus EPs. Associations between heartbeat-related changes in neural activity
and stimulus processing were also shown for blood oxygenation level dependent (BOLD) based
neuroimaging (e.g., functional magnetic resonance imaging, fMRI) signals: amygdala activation
was increased when electric shock stimuli® or fearful faces'® were presented at systole compared
to diastole. These neural findings were suggested to reflect cardiac-associated engagement of
threat-mediating neural systems, which might underpin preferential processing of salient (e.g.,
threatening) stimuli during systole™. Taken together, cardiac and associated neural dynamics
vary with cognitive and perceptual processes: while particularly recent findings point towards a
selective processing benefit for salient visual stimuli, other perceptual processes (e.g., pain

perception) have been shown to be attenuated.

2.7. Novel active sampling approach to study heart-brain interactions

It remains unclear to what extent the cardiac effects on perception and cognition translate to
more interactive—that is, self-initiated rather than passively presented—forms of stimulus
processing. A central feature of previous cardiac cycle studies is that they investigated passive
(phase-coupled) stimulus processing, and thus ignored an essential aspect of perception: action.

In our daily encounter with varying—and often unpredictable—environments, we typically do

12



not receive signals in a cardiac-timed manner but rather actively select, attend to, and engage
with those of importance for the present context. That is, we naturally interrogate our
surrounding by actively sampling relevant information cues®.

Although scarce, there is evidence that relates the heartbeat to an increased tendency to
act, both for somatomotor behavior in the context of firing a virtual® or a real’ gun, as well as
for oculomotor®® behavior. This suggests that systole provides a facilitating time window for
spontaneous motor activity. Particularly findings of heightened eye movement generation (i.e.,
micro-saccades) in early cardiac phases may underlie facilitated visual processing (e.g., visual
search) during systole’, thus pointing towards cardiac-related sensorimotor coupling in the
oculomotor domain.

The motor system dynamically orchestrates the incoming stream of sensory data, as it
directs the necessary sensors (e.g., eyes, hands, or ears) towards a sensory cue and thereby

71,72

influences the contextual and temporal structure of perceptual input’>'~. Based on research of

active sensing'' behaviors, during which animals unfold repetitive (e.g., tactile, haptic or visual)

. . 1
movements to accumulate sensory information’"”?

, it has been further argued that rhythmic
extraction of task-relevant information generates temporal predictions to align fluctuations of
attention with the timing of sensory cues and to optimize perceptual processing’*’>. While these
paradigms have primarily highlighted the consequences of active sampling behaviors on
processing systems (e.g., increased sensory gain), little is known about the mechanisms that
generate intrinsic sampling policies and their impact on self-initiated exploration and collection
of sensory data®. I here used an active sampling paradigm to integrate the findings of cardiac

cycle effects on both (passive) perception and perceptually relevant actions.

2.8. Main research questions
Based on recent evidence of facilitated processing during early phases of the cardiac cycle in

12" and oculomotor’* domains, I conducted a study', which investigated the heartbeat’s

visua
role for active information sampling. Thereby, I tested whether self-initiated action towards a
visual stimulus shows periodic variations with alternating phases of the cardiac cycle. In the
present self-paced visual sampling paradigm, participants freely decided when to press a key to
receive (and perceive) a visual stimulus—thus extending previous accounts of reactive
sensorimotor behavior by a self-initiated, proactive processing dimension.

I predicted' that facilitated visual perception®*”

19,59

—observed specifically for
motivationally salient stimuli'’”’—as well as heightened oculomotor activity during systole™

guide active sampling in the shape of a preference to prompt a relevant visual stimulus during

13



early cardiac phases. More specifically, my first hypothesis was that participants’ sampling
behavior would be biased towards processing task-relevant stimuli during systole. To address the
emotional specificity of cardiac-phase effects™, stimuli were chosen from a set of standardized
and validated affective picture material (EmoPicS™), depicting humans in different life
situations, which consisted of negative, positive, and neutral content.

Additional stimulus relevance was induced by asking participants to memorize the
pictures during sampling (i.e., self-paced encoding) and testing their recognition memory after a
delay of several minutes (i.e., recognition). Based on the abovementioned systolic influences on
memory formation®', the second hypothesis connected the cardiac timing of memory probes
during encoding to phase-related variations in recognition performance. Specifically, my second
hypothesis was that memory performance for pictures encoded at various time points of the

cardiac cycle would not be uniformly distributed but differ across the cardiac cycle.
3. Methodological approach

3.1. Open science approach

The present study promotes the mission of transparent and open science’’. Given the large
heterogeneity in the existing cardiac cycle literature (see Table 1), the aim of this approach was
to increase methodological transparency, to facilitate access to data analysis, and to enable
exchange across different labs. It thus fostered reproducibility and replication to maximize
accuracy and minimize errors as well as false positives. The hypotheses and the protocol of the
present study were pre-registered prior to the data acquisition at the Open Science Framework’®.

The according pre-registration document’” can be found online (https:/osf.io/5z8rx/). In

addition, the code of the analyses as well as the data that support the findings of this study were
made publicly available™ on the code-sharing platform GitHub
(https://github.com/SKunzendorf/0303 _INCASI). Furthermore, an open access pre-print of the

manuscript’’ (also in its final version) was published on bioRxiv.

3.2. Sample size and exclusion criteria

A total of 47 (23 female) young, healthy, right-handed adults, ranging in age from 18 to 34 years
(M = 25.8 years, SD = 4.31), participated in this study. Prior to the experimental session,
participants’ health status was assessed by a routine medical history and a health questionnaire,
as well as a cardiovascular screening involving resting measurements of blood pressure, heart
rate, and examining the electrocardiogram (ECG) for arrhythmias. Current health complaints,

impaired (and uncorrected) vision, confirmed history of somatic (e.g., cardiovascular,

14
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neurological) or psychiatric diseases, and regular medication other than oral contraceptives were
exclusion criteria. Based on physiological measurements, four participants with diverging
cardiovascular parameters were excluded: two participants with resting tachycardia (mean
resting heart rates > 100 bpm), parallel to previous studies'®”"*; one participant with unusually
high resting blood pressure (171/89 mmHg), based on Tukey’s criterion® of 1.5 times the
interquartile range (IQR) above the third quartile (Q3 = 122 mmHg, IQR = 20.5 mmHg); one
subject with multiple ventricular extrasystoles (> 10 per minute). The remaining group of 43
subjects reported normal health and showed a mean (SD) resting heart rate of 74.0 (9.62) bpm,
mean systolic blood pressure of 112 (13.1) mmHg, and a mean diastolic blood pressure of 70.7
(9.54) mmHg. The sample size was chosen based on previous cardiac cycle studies (see Table
1): expecting 10% participant exclusions, I aimed for a net sample size of 40 to enter the
analyses (see pre-registration”’). Participants were told that their ECG recording served the
general monitoring of physiological changes during the experiment® and they provided informed
consent before participation. The study followed the Declaration of Helsinki and was approved
by the Ethics Committee of the Department of Psychology at the Humboldt-Universitdt zu

Berlin. 8!

3.3. Experimental procedure

The visual memory experiment consisted of two periods, which were separated by a 5-minute
break (for the detailed setup see Kunzendorf et al.'): during the encoding (Figure 2c¢, 1.),
participants freely clicked through a set of 120 emotional pictures (40 of each valence in
randomized order, Figure 2a) to memorize them for a later memory test. Critically, by self-
paced key press, they actively triggered the immediate onset of the next picture, which briefly
appeared on-screen for 100 ms. In the subsequent recognition period (Figure 2¢, 2.), participants
were passively presented with a set of 50% old and 50% new pictures (overall 40 of each
valence, random sequence), upon each of which they were asked to enter a recognition response
(“old”, “new”). Simultaneous registration of the participants’ ECG signal through an ActiveTwo
AD amplifier (BioSemi, Amsterdam, Netherlands) allowed me to analyze self-initiated picture

onsets relative to their cardiac cycle (for electrode positions see Figure 2b).
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Figure 2 Psychophysiological experiment setup. (a) The selected picture set comprised 180 emotional
photographs depicting humans in different (positive, negative, neutral) life situations. For every subject,
pictures were randomly selected, leading to a random subset of 120 for encoding, as well as a second
random subset of 120 (including the 60 yet unused, and 60 old pictures) for the recognition period. (b)
Three ECG electrodes (EXG1, EXG2, EXG3) were positioned at the right and left lower coastal arch, as
well as the left medial ankle (reference electrodes CMS/DRL on the right clavicle). (¢) Participants
performed the behavioral task consisting of two parts (encoding, recognition) while their ECG was being
recorded. 1. During encoding, participants prompted the onset of the next picture via self-paced key press
(active sampling task). 2. In the recognition period, they were asked to indicate for each picture (50%
new, 50% old) whether or not they had already seen it during encoding. (Photographs taken from the
picture set EmoPicS™; icons of Figure 2b®, 2¢* modified from the original icons by the Noun Project™).

3.4. Circular and binary analyses

In previous cardiac-timing paradigms, stimuli were locked to specific time points (see Table 1)
that were expected to (most likely) fall into either of the two cardiac phases. In the present, self-
paced setting, there were no a-priori experimental restrictions regarding the distribution of
picture onsets across the cardiac cycle. This allowed me to post-hoc analyze the association
between button presses (leading to immediate picture onset) and the whole (individual) cardiac
cycle. The timing of behavioral responses could be related to the participants’ cardiac rhythm by
extracting the R peaks (demarcating the beginning of the next cardiac cycle) from their ECG
signal using the software package Kubios*® (v2.2; available from http:/kubios.uef.fi/*").

Individual patterns of stimulus onsets (120 per participant) and individual cardiac cycles (i.e., the
intervals between two consecutive R peaks) were then compared to analyze the cardiac coupling
of (self-initiated) stimulus presentation (Figure 3a). In particular, two complementary
techniques—circular and binary analyses—were conducted to address the oscillatory (repeating
cycle of cardiac events) as well as the binary (two distinct cardiac phases, systole and diastole)
nature of the heartbeat, respectively.

Both analytical approaches, applied to the analysis of encoding (hypothesis 1) as well as

recognition (hypothesis 2), are described in detail in the paper'. The following outline
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exemplarily focuses on the analysis of the encoding period, as it underlies the main finding of
cardiac-coupled visual sampling and parallels the approach in the recognition period (for more
details see the methods described in Kunzendorf et al.' and the associated Supporting
Information). The analysis code, which was computed in the R Statistical Environment (v3.4.3)
with RStudio (v1.0.136)™, can be accessed on GitHub®.

Circular analysis. As demonstrated by Ohl et al.” circular analysis can be used to detect
patterns of phasic coupling between cyclic (here, cardiac) fluctuations and behavioral events. To
analyze participants’ sampling responses (prompting picture onset) across the cardiac cycle
(Figure 3b), radian values between 0 and 2m were assigned to each stimulus onset, according to
its relative timing within the R-R interval>****. Thus, circular distributions of relative stimulus
onsets and individual circular means were obtained for each participant. In a subsequent group-
level analysis, applying Rayleigh tests, the distribution of participants’ average stimulus onsets
(i.e., individual circular means) was compared against the uniform circular distribution, which
served as null hypothesis’'. Confidence intervals and significance were calculated through a non-
parametrical bootstrapping procedure’’. While circular statistics can infer circular segments
during which the distribution of relative picture onsets differs from a uniform distribution, it does
not allow a clear-cut association of a single circular segment with cardiac systole or diastole—
particularly in the presence of varying heartbeat lengths (see below), for which the same section
of the circular distribution can be associated with different cardiac phases.

Binary analysis. To address the two distinct cardiac phases and to increase comparability
with existing cardiac-timing approaches (see Table 1), I furthermore (“offline””) segmented the
cardiac cycle into two time windows (Figure 3c¢), systole and diastole, with the aim to reflect the

92-96

respective cardiac phase as physiologically correct as possible (based on™™ ). Although largely

ignored in previous cardiac cycle studies, it needs to be noted that systolic phases vary inversely
with the heartbeat’***’: whereas the absolute length of systole decreases in higher heart rates,
its relative proportion in the whole cardiac cycle increases (for details see the Supporting
Information of Kunzendorf et al."). These inter-individual differences in cardiac phase duration
(e.g., arising from different heart rates) emphasize the need to refine cardiac phase analyses.
Exploiting the participants’ ECG trace as physiological reference signal of their cardiac activity,
I did not use global systole and diastole lengths (e.g., determining systole as the 300 ms
following an R peak, see Table 1) but computed individual cardiac phases. For every participant,

the sum of picture onsets in each cardiac phase (i.e., individual systole, diastole) was normalized

to the respective phase proportion in the total cardiac cycle. This resulted in participant-specific
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systolic and diastolic stimulus onset ratios, which were then compared against each other on the

group-level with a two-sided paired t test.

a
self-paced
stimuli
R R R R R R R R R R R R
ECG trace A A A n A
relative o S - S
stimulus onsets — - —
b circular analysis (o binary analysis

N a

PEP X
QT

RR

Figure 3 Two complementary analytical approaches (a) The sampling behavior (i.e., self-paced stimulus
onsets) was analyzed relative to the heartbeat (i.e., ECG). (b) In the circular analysis, each stimulus onset
(black dot) was attributed to a value from 0 to 2 = reflecting its relative timing within the cardiac cycle
(R-R interval with length 2 m). For every subject, circular mean (gray arrow) and circular density (gray
line) of stimulus onsets were computed. Individual cardiac phases from the binary analysis (see below)
are visualized as circular segments (start: solid; end: dashed): systole (orange) and diastole (blue). (¢) In
the binary analysis, stimulus onsets (dashed line) were assigned to participant-specific systole (orange)
and diastole (blue). Based on a template approach, individual systole (ejection phase, EP) was computed
by removing the pre-ejection period (PEP) from the total systolic interval (Q wave onset — T wave end,
QT). A 50-ms window after T wave end (x) was inserted to prevent overlap with diastole (for more
details see Kunzendorf et al.' and the associated Supporting Information; Figure 3b, 3¢ adapted from
figure 2 of Kunzendorf et al.").

3.5. Detailed account of individualized cardiac phases
The specifications and (physiological) interpretations of systole and diastole vary in the previous
literature of heart-brain interactions, which contributes to the heterogeneity of empirical results

(see Table 1). Below, I summarize existing cardiac definitions and compare them to my

18



approach (for more information on individualized cardiac phases see the Supporting Information

of Kunzendorf et al.").

3.5.1. Definitions of systole

In previous cardiac cycle studies, systolic stimuli have mostly been presented at fixed time points
relative to the R peak (e.g., varying from R+100 ms to R+300 ms), or to the T wave (see Table
1). Thus, the definition of systole differs between existing studies or labs.

In my approach, individual systole and diastole lengths were computed in relation to
cardio-mechanical events whose critical times could be extracted from the participants’ ECG
trace. Thereby, I aimed at approximating subject-specific phases of present vs. absent
baroreceptor activity. Based on the ECG (Figure 3c), the total ventricular systolic phase is
described as the time interval between Q wave onset and the T wave end (QT; e.g., Fridericia®),
and includes two systolic intervals: pre-ejection phase (PEP), that is, depolarization and
1sovolumetric contraction (no blood outflow), as well as ejection phase (EP, blood outflow into
the aorta and pulmonary artery). While some previous studies have used the R peak as diastolic
reference (see below, Table 1), here, the ECG’s R peak was considered as part of total systole as
it indicates the depolarization that contracts the ventricles, and thus demarcates the systolic PEP,
which prepares the phase of systolic EP. Diastole then refers to the remaining phase of relaxation
and filling until the onset of the subsequent QRS complex’”>. Since our systolic phase of
interest (i.e., baroreceptor activity) is defined by the time course of the pulse pressure wave at

. . 100,101
each blood ejection’'1?

, 1t approximately concurs with the EP, consistent with time estimates
showing that systolic pressure waves activate aortic and carotid baroreceptors within as short
period of 10 — 15 ms (e.g., R+90 ms) and 40 — 65 ms (e.g., R+140 ms) after aortic valve opening,
respectively (see Table 2).

Demarcating the total systolic interval, Q waves and T wave ends were detected in the
participants ECG based on a template approach. For each participant, the EP was then extracted

by removing the PEP from the QT template, using regression equations’®'*>

that were formerly
applied in clinical cardiology as a “non-invasive” approach to determine systolic time intervals®.
In the following, the term systole refers to this extracted EP (Figure 3¢). Thus, individual systole
templates (with an individualized systole length per participant) started approximately with the
opening of the aortic valve initiating the blood outflow shortly after the R peak'®” and finished

with the T wave end, around which the aortic valves close'”

. Of note, the calculated systole may
also include a short period before the arrival of baroreceptor signals at central processing sites.

However, at what point in the R-R interval this arrival occurs can only be approximated—if
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conduction times along afferent pathways are not directly measured—and different values have
been reported (see Table 2).

Importantly, participants’ systoles that were computed with this method strongly overlap
with previously used phases of cardio-afferent signaling: first, individual systoles (i.e., EPs)—
starting between 53.0 — 82.4 ms (M = 65.1, SD = 6.25) after the R peak and ending between 296
— 375 ms (M = 329, SD = 22.2) after the R peak——closely resemble time intervals of increased
baroreceptor activation that were reported or used in previous studies (see Table 2). Second,
central processing of baroreceptor feedback signals has often been related to the T wave'*"%.

As subject-specific systoles comprise the T wave (i.e., end with the T wave end), the central

representation of cardio-afferent signals can be considered to be included.

3.5.2. Definitions of diastole

Also the applied definition of diastole differs between existing experimental paradigms: diastole
has been either defined by the R peak, indicating the end of diastole (e.g., Garfinkel et al.®"), but
also by other diastolic reference points (usually timed earlier during diastole), reaching from
R+350 ms to R+800 ms (see Table 1). From a cardio-physiological point of view, such diastolic
stimuli coincide with different states of the cardiac cycle (e.g., ventricular depolarization vs.
relaxation and filling), which might differentially modulate cardiac-related effects, despite the
absence of baroreceptor activity at this time.

To avoid noise that might arise from other cardiac processes around the QRS complex, as
well as to prevent a cardiac phase overlap, I here restricted the diastolic reference window to the
phase of ventricular relaxation and filling (i.e., until the onset of the subsequent QRS complex),
and excluded the PEP from the analysis. Consequently, individual diastolic phases (Figure 3c),
which varied (within-subject) from trial to trial due to beat-to-beat heart rate variability were set
to begin after T wave end plus a buffer interval of 50 ms and extended to the onset of the Q wave
from the following QRS complex (indicating the start of ventricular depolarization). Beginning
between 346 — 425 ms (M = 379, SD = 22.2) after the R peak and ending between 652 — 1101 ms
(M = 805, SD = 129) after the R peak, participants’ mean diastolic phases thus included the
diastolic time points of earlier studies (see Table 1).

Taken together, in this analysis', I followed the rationale that excluding the PEP as
physiologically distinguishable interval of ventricular depolarization and contraction helps to
determine—and to distinguish—the two distinct cardiac phases of interest: the systolic phase of
blood ejection (activated baroreceptors) and the diastolic phase of ventricular relaxation and

filling (quiescent baroreceptors). I conclude that, in line with previous studies, the here computed
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systolic intervals include the (central representation of) baroreceptor/cardiac signals. In addition,
the diastolic intervals contain the time points at which diastolic stimuli have typically been
presented in earlier studies. While consider the present approach more precise than previous
methods (e.g., being participant-specific) it allows the comparison of results with the existing

literature.

4. Results

In the present study', I investigated the association between the cardiac cycle and self-paced
visual (information) sampling as well as visual recognition memory for pictures of different
emotional valence (for a detailed description and graphical illustration of the present findings see

Kunzendorf et al.").

4.1. Visual sampling

My results show that self-initiated action (i.e., key presses) in a visual sampling paradigm is
coupled to the heartbeat. In particular, I found that participants were significantly more likely to
prompt a picture during early phases of the cardiac cycle (i.e., during systole). The circular
analysis showed an accumulation of individual mean picture onsets in early phases of the cardiac
cycle (see Kunzendorf et al.', Figure 2a), supported by Rayleigh tests indicating a nonsignificant
trend that the self-initiated picture onsets were unlikely to be uniformly distributed (Rayleigh test
statistics Ry= 0.26, p = .053). Notably, the same analysis with our preregistered sample size (i.e.,
the first 40 healthy subjects of N = 43; see pre-registration’’) revealed a significant deviation
from the uniform distribution (Ry = 0.28, p = .039) that was driven by a significant increase in
self-paced key presses in the interval from 0.24 to 0.44n (see Kunzendorf et al.', Figure 2a), as
shown by nonparametric bootstrapping. These results were corroborated by the binary analysis
(see Kunzendorf et al.', Figure 2b), showing a significantly larger ratio of picture onsets in
participants’ individual systole (#42) = 2.76, p = .009, Cohen’s d = 0.42), compared to diastole
(similarly for n = 40; #(39) = 2.70, p = .010, Cohen’s d = 0.43).

4.2. Memory performance

Memory performance was only modulated by picture valence, replicating a significant memory
benefit for emotional content'® ", but did not significantly vary as a function of the cardiac
phase during which targets were encoded®'. The circular analysis—testing whether distributions
of mean picture onsets during stimulus encoding showed differences for hits (correctly
remembered) or misses (erroneously identified as new)—did not indicate a significant deviation

from the circular uniform distribution, neither for hits (Ry) = 0.20, p = .21), nor for misses (Ry =
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0.16, p = .36). Furthermore, the binary analysis—employing a general linear mixed model
(GLMM) to predict the binary recognition outcome (hit, miss) of memory targets from the
cardiac phase during encoding (systole, diastole)—revealed that valenced pictures (negative,
positive) were significantly better recognized than neutral pictures (see Kunzendorf et al.', Table
1). Critically, adding cardiac phase to the model did not significantly improve the model fit (see
Kunzendorf et al.!, Table 1), that is, neither phase nor its interaction with picture valence

significantly accounted for variation in recognition memory.
5. Cardiac signals as bodily reference—discussion and future implications

5.1. Central integration of intero- and exteroceptive signals

Taken together, the present results demonstrate, to my knowledge for the first time, that self-
paced sampling of task-relevant cues shows periodic variations across the cardiac cycle. This
implies that the heartbeat, as a bodily signal, contributes to our active engagement with the
external world. Building on previous findings of facilitated visual processing during systole, the
cardiac coupling of self-initiated actions with a visual stimulus proposes a link between the
heartbeat and active perception. The study thus extends the existing literature on the association
between heart-brain interactions and behavior on two levels: (1) conceptually, as the present
results complement previous cardiac cycle paradigms by the dimension of active sampling and
(2) methodologically, as the analyses account for inter-individual differences in cardiac
fluctuations (i.e., phase length).

Adding to emerging mind-brain-body frameworks of action and perception'>'®, I hereby
propose that we implicitly exploit ongoing visceral (cardiac) oscillations when interacting with
external stimuli. Although the physiological pathways underpinning systolic influences on
cognition and behavior remain to be fully elucidated, cardiac coupling of external stimulus
processing has been attributed to the phasic nature of interoceptive (e.g., baroreceptor)
signaling’. Transmitted to the brain periodically with each blood ejection, baroreceptor signals
(reflecting the current heartbeat’s strength and timing) constitute a fine-tuned reference to a
crucial property of the bodily state: deviation from normal variation (e.g., drop in arterial
pressure) is directly expressed in alternated cardiac signaling, thereby serving as feedback
control to counteract environmental challenges (e.g., body position, exercise, or threat). In terms
of interoceptive predictive coding, visceral (e.g., cardiac) afferents thus constrain interoceptive
predictions and compute interoceptive prediction errors for the maintenance of homeostasis™'®.

In line with previous cardiac cycle studies, the present findings suggest that interoceptive

signals further modulate exteroceptive predictions (i.e., concerning the external world), yet
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experimental investigation how the integration of interoceptive and exteroceptive processing is
represented centrally remains sparse. Capitalizing on neural responses to heartbeat signals (i.e.,
HEPs), it has been found that temporal synchronization of exteroceptive (e.g., visual, auditory)
and interoceptive (cardiac) signals not only modulates activity in the multimodal integration site
IC'® (see above), but also shapes predictions towards upcoming external cues, as detected in a
violation response in HEPs upon stimulus omission—indicating that internal cardiac signals
participate to external regularity processing'®’. This suggests that implicit monitoring of internal
and external events, and their temporal relation, might generate intrinsic temporal models to
drive predictions about future events'®. Ongoing bodily (cardiac) fluctuations might thus
contribute to structured guesses upon the external environment, thereby optimizing sensory
processing'™”.

At the same time, exteroceptive predictions modulate the processing of interoceptive
(cardiac) signals. Critically, modulation of neural cardiac responses (i.e., measured as HEP
amplitude) through external predictions concerning upcoming sensory events was found to be
specific to the predicted emotional content''’: expected angry (but not neutral) faces evoked a
repetition suppression (i.e., reduced HEP amplitude), suggesting that affective predictions of
external emotionally salient information attenuate interoceptive processing. Such emotion
specificity was explained in the context of attentional weighting between interoceptive and
exteroceptive processing, thereby promoting an attentional shift from internal to external
relevant (e.g., threat) information''®'!".

This dynamic interplay between interoceptive and exteroceptive processing implies that
exteroceptive predictions towards upcoming (particularly salient) external stimuli integrate
interoceptive heartbeat-related information. It could be argued that natural, ongoing cardiac
activity generates oscillating phases of predicted (and thus decreased) interoceptive processing,
which promotes the allocation of attention towards relevant external stimuli (as shown in
selective enhancement of motivationally salient cues during systole). As suggested by the present
findings of cardiac-coupled engagement towards relevant external stimuli, interoceptive
(cardiac) oscillations might thus serve as a predictable bodily reference upon which interaction

with the ever-changing (and often unpredictable) external environment can arise.

5.2. Limitations and future directions
For the interpretation of the current results, a number of limitations should be considered (see
also Kunzendorf et al."). First, a better understanding of cardiac influences on active perception

could be gained by manipulating the temporal relation between action and stimulus onset. In the
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here presented paradigm, stimuli were immediately prompted by the participants’ key presses,
which does not allow to separate somatomotor, sensory, and cognitive processes. Manipulating
this synchronicity through dissociating action initiation (i.e., key presses) from self-initiated
action effects (i.e., stimulus onset) could thus allow disentangling the underlying processes. For
example, reaction time studies have suggested differential modulation (see Table 1, 3.) of motor

112,11 .
13 Future studies could

and (pre-motor) sensory components of the reaction response
therefore decompose the different processing stages, for example, by keeping the temporal
regularity between action and stimulus onset but using fixed delays after key presses. In this
way, it could be tested if intrinsic sampling models are adapted and participants learn to shift
their key presses to continue perceiving (and receiving) stimuli in preferred (i.e., systolic)
cardiac phases. On the other hand, increased motor movements (i.e., key presses) during systole,
independent of the delay in stimulus presentation, might point towards other sources of cardiac-
coupled key presses, for example due to cardioballistic effects (i.e., bodily vibrations associated
with the heart contraction). To rule out a pure motor effect, a control condition could test
spontaneous motor actions that are not explicitly coupled to perception of (relevant) sensory
input. The hypothesis would be that key presses that do not trigger relevant stimuli would be
randomly (i.e., uniformly) distributed across the cardiac cycle.

Second, further investigation is needed to study the role of stimulus predictability in the
context of cardiac-coupled visual sampling. Clear temporal relations between action and
perceptual processing allow a highly predictable timing of self-initiated action effects (i.e.,
stimulus onsets). In other words, in the present paradigm, the self-initiated picture onset has a
clearly predictable relation to the preceding action: whenever a key is pressed, a picture is
simultaneously prompted. This regularity might possibly support the formation of temporal rules
upon which predictable phases of cardiac signaling could be integrated. Violating temporal
regularities between motor- and sensory processing to intrude such intrinsic sampling rules (e.g.,
by including omitted trials or unpredictable stimulus delays) could thereby test the role of
ongoing cardiac fluctuations in the context of increased sensory uncertainty. It would be
expected that decreasing stimulus predictability shifts the attentional focus to external cues to
update violated internal sampling models, thereby diminishing the degree to which interoceptive
cardiac fluctuations participate to active stimulus processing.

Third, more fine-grained experimental manipulations should not only address temporal
aspects of stimulus presentation but also stimulus attributes (e.g., stimulus salience). Based on
the observed cardiac-coupled selective enhancement of motivationally salient stimuli®, the role

of stimulus relevance as defining factor could be investigated through further refined stimulus
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features. A question would be whether enforced stimulus relevance (e.g., expected monetary
gain) strengthens cardiac modulation of visual sampling such that participants increasingly
exploit preferred cardiac phases.

Beyond stimulus manipulations on the behavioral level, a crucial future step to
investigate interactions of cardiac signals and active stimulus processing would be to measure
cardiac-related changes in central neural activity (e.g., through EEG or
magnetoencephalography, MEG), as the processing of all studied behavioral components (motor
movements, stimulus perception, recognition memory) occurs in the brain. Detection of neural
responses to cardiac signals (e.g., HEPs), and their variation with external stimulus processing at
different cardiac phases, is needed to extend our understanding of neural mechanisms underlying
the central integration of interoceptive and exteroceptive processing. Since the current results are
primarily at an observational and behavioral level, measurements of brain activity are essential
for a more comprehensive mechanistic understanding of cardiac influences on cognition.

Finally, the present correlational finding does not imply a causal influence of the
heartbeat on active sampling, and the functional relevance of this bias remains unclear. While
influences of the cardiovascular state on sensorimotor processing emerge subtly with heartbeat-
related pressure fluctuations, a sustained shift of the bodily state beyond physiological variability
(e.g., under stress) might more pervasively drive cognition and behavior, ultimately aiming at
maintaining our physiological integrity and well-being. During heightened arousal, we prioritize
relevant information (e.g., threat), whereas other types of stimulus processing (e.g., pain) are
attenuated, which is considered beneficial for our survival. An increased heart rate under
stressful situations results in relatively increased amounts of systolic signaling (as faster
heartbeats occur mainly at the expense of diastole length). It could be argued that the generation
of more time intervals of selectively facilitated sensory processing thereby supports what
information is preferentially processed. This proposal is supported by evidence from a recent
study that associated experimentally raised heart rates''* with prioritized fear processing across a
variety of measures (reaction time, peak velocity, response acceleration, choice uncertainty).
Experimental manipulation of the cardiac state (e.g., increasing the heart rate) could thus be used
to investigate whether altered cardiac activity modulates the coupling between heartbeat and
behavior (e.g., active perception and self-paced action). If cardiac signaling causally influences
the generation of sampling movements, raising the heart rate would increase the rate of self-
initiated actions during systole. Hence, this approach would help to test the idea that the strength
of the coupling between heartbeat and behavior becomes relevant in states of high arousal (e.g.,

stressful situations). To further address the question regarding the functional relevance of cardiac
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contributions to cognition, our group currently conducts an experiment in the context of a virtual
reality environment, investigating whether interaction with more naturalistic, emotionally salient
stimulus paradigms (e.g., threatening animals) elicits stronger cardiac cycle effects.

In conclusion, the novel finding that cardiac fluctuations modulate how we act upon our
environment probes further systematic investigation of the underlying mechanisms by which
interoceptive processes—and their central integration—shape human cognition and behavior. A
better understanding how the body and its interaction with the brain relates to mental processes
and behavior in health may inform our knowledge about pathological mind-brain-body
interactions, which underlie mental and physical disorders. Growing evidence highlights the
important role of interoceptive processing for our health®”'". Altered or dysfunctional
interoception, assessed on behavioral as well as neural levels, has been associated with a variety
of psychopathological conditions, such as eating disorders including anorexia and obesity''*'"”,
addiction''®, anxiety disorders and depression''”'?’, dissociative syndromes™, autism spectrum
conditions'?', somatoform disordersm, and functional motor disorders'**. Furthermore, aberrant
interoceptive processing was shown for multiple somatic diseases, including Parkinson’s

. 124 . . . . 12
disease'**, focal brain lesions (as present in insular stroke'*

), dementia syndromes (fronto-
temporal dementia and Alzheimer’s disease'’’), chronic pain'?’, multiple sclerosis'*®, and
hypertension'”’. Altered interoceptive processing across this wide range of psychological and
(psycho)somatic conditions might thus provide a handle to further explore the relation of
compromised brain- and body-functions in various clinical conditions—for example, regarding
the high concurrence of affective disorders (e.g., anxiety, depression) in coronary heart

. 130-132
disease!** "3

. Studying the impaired interoceptive processes of these disorders might support the
development of novel therapeutic targets and strategies addressing interoceptive deficits. As the
way we perceive and engage upon our environments relies on the complex interplay of brain and
body, knowledge of the integration of bodily (e.g., cardiac) processes in mental phenomena is
essential for a comprehensive understanding and promotion of our psychological and physical

well-being.
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