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Abstract

The influence of physical activity on interoception is apparent, however little is known about within-person
variability following physical activity and sedentary behavior in daily life. To test this, 70 healthy adults
(Mage 21.67+2.50) wore thigh-mounted accelerometers for 7-days, with self-reported interoception recorded on
movement-triggered smartphones. Participants additionally reported the predominant activity type performed
across the last 15 minutes. Investigating this timeframe, multi-level analyses revealed that each one-unit
increase in physical activity was associated with an increase in self-reported interoception (B = 0.0025, p =
.013), whereas contrastingly, each one-minute increase in sedentary behavior was associated with a decrease (B
=-0.06. p =.009). Investigating the influence of different activity types in comparison to screen time behavior,
both partaking in exercise (B = 4.48, p <.001) and daily-life physical activity (B = 1.21, p <.001) were associated
with an increase in self-reported interoception. Regarding other behavior categories, non-screen time behavior
both with (B = 1.13, p <.001) and without (B = 0.67, p = .004) social interaction were also associated with an
increase in self-reported interoception compared to screen-time behavior. Extending from previous laboratory-
based studies, these findings indicate that physical activity influences interoceptive processes in real-life, further
supplemented by the novel and contrasting findings regarding sedentary behavior. Furthermore, associations
with activity type reveal important mechanistic information, highlighting the importance of reducing screen-

time behavior to preserve and support interoceptive perceptions. Findings can be used to inform health
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recommendations for reducing screen-time behavior and guiding evidence-based physical activity interventions

to promote interoceptive processes.

Keywords: exercise, body-awareness, embodiment, movement

1. Introduction

A healthy and accurate perception of the body is considered important for self-regulation (Quigley et al.,
2021), where historically, the importance of somatic cues has been a core assumption of peripheral emotion
theories (Cannon, 1927). Accordingly, research into interoception, the sense of the physiological condition of
the body, has gained increased attention in recent years (Khalsa et al., 2018). This has led to significant
findings regarding between-subject variability in interoceptive abilities, and as such how these differences
may be predictive of self-regulatory strengths and weaknesses (Tsakiris & Critchley, 2016). Contrastingly,
within-subject variability is under-researched, despite it being well accepted that interoception can be
considered a state, as well as a trait, variable (Wittkamp et al., 2018). While this was supported by a recent
pilot study reporting daily variability across interoceptive dimensions (Héller et al., 2021), it remains unclear
as to how different everyday behaviors influence these patterns in a real-world setting.

Whilst interoceptive processes predominantly serve to sustain allostasis, higher-level inferences
regarding these bodily changes are reported to have social, emotional, and behavioral implications (Tsakiris &
Critchley, 2016). Respectively, empirical evidence supports its role in operating self-other distinctions in
social interactions (Palmer & Tsakiris, 2018), influencing the strength of our emaotional experience (Critchley
& Garfinkel, 2017; Pollatos & Schandry, 2008; Terasawa et al., 2013), and regulating physical exertion
(Georgiou et al., 2015; Herbert et al., 2007). Identifying individual differences in ability has therefore been
integral in understanding the clinical implications of aberrant interoception.

Reflecting its hierarchical structure, recent conceptualizations of interoception are multi-dimensional
(Suksasilp & Garfinkel, 2022), advancing on previous, oversimplified frameworks (Garfinkel, Manassei, et
al., 2016). They comprise of various levels of processing, spanning from the periphery to the central nervous
system. These include more subjective dimensions, such as self-reported interoception (previously referred to

as sensibility) — “The ability to reflect upon ones’ autobiographical experiences of interoceptive states, make



judgements about their outcomes, and describe them through verbal or motor responses” (Khalsa et al., 2018),
as well as more objectifiable dimensions, such as interoceptive accuracy — the accurate and precise
monitoring of physiological signals, commonly indexed through performance in behavioral tests (Garfinkel,
Tiley, et al., 2016). Unequivocally, most research has focused on more objectifiable dimensions, providing the
basis for metacognitive evaluations to evolve (Garfinkel et al., 2015). It is becoming increasingly accepted,
however, that self-reported interoception is also important for self-regulation (Gabriele et al., 2022; Nord &
Garfinkel, 2022), whereby a heightened yet healthy subjective perception of the body has been deemed
adaptive, in contrast to the maladaptive anxiety-induced hypervigilance observed in somatization (Trevisan et
al., 2021). Here it has been argued that self-reported interoception may even prove to be a better predictor of
clinical status than behavioral or neural-based measures for many clinical manifestations (Suksasilp &
Garfinkel, 2022).

Regarding physical self-regulation, self-reported interoception is notably relevant during physical
activity, where subjective perceptions of physical fatigue have long been used as a guide of exertion (Borg,
1982). In this way, the conscious observation and evaluation of interoceptive cues can allow for a more
efficient self-monitoring of bodily resources to pace accordingly (McMorris et al., 2018), supported by an
improved regulation of exertion recorded when using associative attention strategies (Razon et al., 2010,
2014). Interestingly, physical activity, defined as any bodily movement produced by skeletal muscles that
results in energy expenditure (Caspersen et al., 1985), has been proposed to simultaneously benefit
interoceptive processing across multiple levels, acting as a form of interoceptive exposure to improve brain-
body communication (Wallman-Jones et al., 2021; Zarza et al., 2019). Acutely, short bouts of physical
activity influence both interoceptive accuracy and self-reported interoception (Antony et al., 1995; Jones &
Hollandsworth, 1981; Montgomery et al., 1984; Wallman-Jones et al., 2022), where changes are thought to
arise based on two key mechanisms: an increased attentional capacity to bodily signals, as well as an
increased salience of the signals themselves (Georgiou et al., 2015; Wallman-Jones et al., 2021). Accumulated
adaptations through repeated exposure are then proposed to promote habituation through altering anticipatory
representations of interoceptive sensations (Garfinkel, Manassei, et al., 2016). This is supported by previous

research, where interventions containing a physical activity component have been found successful in



influencing interoceptive processing at both the self-report and behavioral level (M6lbert et al., 2016; Quadt et
al., 2021).

Juxtaposed to physical activity-related adaptations, sedentary behavior is proposed to contribute to an
“untrained” interoceptive pathway (Wallman-Jones et al., 2021). In this way, the absence of exercise-induced
changes constrains sympathetic stimulation, potentially limiting the capacity for subsequent higher-level
adaptations. Overtime, this reduced brain-body communication could result in a mismatch between the actual
and perceived state of the body, reflected by inaccurate and unhealthy beliefs. While not a direct measure of
physical inactivity, implicit support comes from negative correlations with body mass index (BMI), where
overweight populations appear to present difficulties in accurately perceiving their internal physiology
(Robinson et al., 2021). Furthermore, sedentary individuals have been found to display differences in their
neurophysiological pre-conscious processing of heartbeats compared to trained individuals, demonstrated by a
reduced heartbeat evoked potential (HEP) (Perakakis et al., 2017). These findings emulate those of Paulus and
colleagues (2015), whereby elite athletes showed attenuated neural processing in the anterior insula cortex to
aversive interoceptive stimulation compared to non-athletes, an area implicated in the regulation of attention
towards interoceptive cues (Wang et al., 2019). Here it was hypothesized that experience in physical activity
translates to a better and more efficient adaptation to physiological perturbations, i.e., more efficient
interoceptive processing (Paulus et al., 2012). Together, these findings point to the deleterious effects of
sedentary behavior, contrasted to the notable benefits observed from physical activity. It remains unclear,
however, as to what characteristics of sedentary behavior result in these responses, and whether they can be
generalized to all activity types.

It is becoming increasingly evident that the type of sedentary behavior is important to consider
(Kanning et al., 2021), where reading a book or partaking in mindfulness activities are likely to have different
health implications than engaging in screen-based activities. Extending this idea to interoception, theories
propose that excessive screen time interferes with our embodied experience within the world (Puk, 2021).
Whilst evidence is scarce, initial findings indicate that excessive screen-time is linked to reduced resting state
functional connectivity in the insula cortex, a key region of the interoceptive domain thought to regulate
interoceptive attention (Paik et al., 2019). This was further supported in a more recent study regarding
problematic smartphone use, whereby altered functional connectivity in the cingulate cortex was proposed to
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draw attention to external stimuli and away from interoceptive cues (Kwon et al., 2022). This growing body of
literature supports the importance of sedentary behavior characteristics in determining subsequent effects to
interoceptive processing, with further research needed to extend this support across different dimensions of
interoception.

While laboratory-based manipulations provide detailed mechanistic insights, ecological validity is
limited. As a result, it remains uncertain as to how momentary physical activity influences self-reported
interoception in daily life. Further, although there is nascent research on the acute effects of physical activity
on interoceptive processing, to the best of our knowledge there is currently no research on the momentary
effects of sedentary behavior. In the present study we therefore used an ambulatory assessment to monitor
momentary physical activity and sedentary behavior-induced daily variability in self-reported interoception.
Considering previous research supporting the influence of baseline interoceptive accuracy on interoceptive
perceptions during states of arousal (Fustos et al., 2013; Herbert et al., 2007; Koteles et al., 2020; Schillings et
al., 2021), and further it’s predictive power in explaining within-subject variability in interoception (Wittkamp
et al., 2018), we also exploratorily tested whether interoceptive accuracy at baseline influenced perceptual
sensitivity to these changes in activity. In addition to these more objectifiable measures, contextual
information was recorded regarding the activity type to further investigate associations with different types of
behaviors and to help unravel the importance of underlying attentional and physiological mechanisms.

As adaptive attention towards interoceptive processes has been found to aid both physical (Razon et
al., 2010, 2014) and emotional (Mehling, 2016) regulation, this study aims to support existing research on the
benefits of physical activity to more objectifiable dimensions of interoceptive processing, as well as reveal
important information regarding the influence of everyday behaviors that could be used as guidance to
promote and support self-reported interoception. Based on the theoretical underpinnings presented above, we
developed two primary hypotheses and one exploratory hypothesis:

1) Regarding within-subject variability, physical activity will relate to an increase in self-reported
interoception, whereas sedentary behavior will relate to a decrease.

a. Exploratory: Baseline interoceptive accuracy will influence changes in self-reported

interoception in response to momentary physical activity and sedentary behavior.



2) Regarding activity type, different behavior categories (exercise, daily life physical activity, non-screen-
based behavior, non-screen based social interactions, and sleeping) will display contrasting associations

with self-reported interoception in comparison to the reference category screen time behavior.

2. Methods

2.1. Participants

In total, 70 participants volunteered to take part in this study (Table 1). Recruitment took place across two
time periods, May-June 2021, and October-December 2021, resulting in two cohorts of participants. The
experiment was approved by the ethics committee of The University of Bern (Nr. 2021-07-00001) and
conducted in accordance with the Declaration of Helsinki. All participants gave written informed consent

prior to participation.

Table 1. Descriptive statistics. Parameters at baseline; age, gender, body mass index (BMI), and interoceptive
accuracy (lAcc), as well as during the 7-day ambulatory assessment period; physical activity (millig —
movement acceleration intensity) and sedentariness are displayed as means + standard deviations. The number

of answered prompts are given per activity type and as a percentage of the total number of prompts.

Variable Mean = SD / N(% of total)
Gender (Female) 33 (47.1%)
Age 21.67 +2.50
BMI 2290+2.31
Interoceptive accuracy (IAcc) 0.68+0.24
Cohort
May-June 2021 37 (52.9%)
Nov-Dec 2021 33 (47.1%)
Activity Type (number of cases)
Screen time behavior 732 (34.6%)
Non-screen time behavior 266 (12.6%)
Non-screen-based social interactions 445 (21.1%)
Sleeping 92 (4.35%)
Daily life PA 374 (17.7%)
Exercise 204 (9.65%)




Variable Mean + SD / N(% of total)

Ambulatory assessment variables

Average sedentariness across the last 15 minutes (0-15 minutes) 10.2 £5.60
Average sedentary minutes per day 498 +70.1
Average physical activity (millig) across the last 15 minutes 106 + 149
Average physical activity (millig) across the week 109 £ 27.2
Average weekly self-reported interoception (0-35) 17.0 +5.08

2.2. Study procedure

Participants first visited the laboratory for baseline testing and familiarization with the ambulatory assessment
procedure. On arrival, height (centimeters) and weight (kilograms) were taken, baseline questionnaires were
completed and interoceptive accuracy (I1Acc) was measured. Before leaving the laboratory, participants were
introduced to the equipment [i.e., introduction to the movisensXS app (Movisens GmbH, Karlsruhe,
Germany), how to answer the questionnaire, etc.], and they were equipped with a thigh-worn accelerometer

which they were instructed to wear for seven consecutive days.

2.3. Baseline measures

Cardiac interoceptive ability

Cardiac interoceptive accuracy was operationalized here as the participants’ performance in the Heartbeat
Counting Task (HCT) (Schandry, 1981). After a practice interval of 20 s, there were three randomized trials
(25, 35, and 45 s) separated by standard resting periods of 20 s (Ainley et al., 2014). During each trial,
participants were given the following instructions: “Without manually checking, can you silently count each
heartbeat you feel in your body from the time you hear “start” to when you hear “stop”. Participants were
seated throughout the task and were given no information as to the length of the intervals or their interoceptive
accuracy scores. In addition, participants were strictly instructed not to guess the number of heartbeats, and to
only count those they felt. The test supervisor signaled the beginning and the end of the counting phases by
announcing “start” and “stop”. Participants were asked to verbally report the number of counted heartbeats
straight after the “stop” signal which was electronically recorded by the research team. Participants’

heartbeats were recorded using the Polar Team? Pro mobile heart frequency monitor (Polar Electro Oy,



Kempele, Finland). Validity and reliability compared to alternative electrocardiogram measurement devices
have been supported in previous research (Radespiel-Troger et al., 2003), and sensors were fitted loosely yet
comfortably with the aim of reducing feedback from pulsatile sensations as much as possible. IAcc was
deduced by averaging heartbeat perceptions score across the three trials, calculated according to the following

equation:

1 51 (|[nbeatsreal - nbeatsreported|)
3 nbeatsreal

The heartbeat perception score typically takes on values from 0 to 1, where 1 depicts perfect accuracy.
Confidence in their response was assessed at the end of each trial using a continuous visual analogue scale with
verbal descriptors of “Total guess/No heartbeat awareness” and “Complete confidence/Full perception of

heartbeat”.

2.4. Ambulatory assessment

Ambulatory assessment is a state-of-the art approach including both device-based and self-reported repeated
measurements of individuals in their natural environment to study behavioral and psychological processes
(Trull & Ebner-Priemer, 2013). This does not only maximize ecological validity, but also minimizes recall
bias (Heron & Smyth, 2010; Kim et al., 2013). This approach distinguishes between- and within-subject
variability, with the latter allowing for the study of dynamic processes (Bolger & Laurenceau, 2013; Hoffman,
2014; Reichert et al., 2020). The following measurements were taken during the 7-day ambulatory assessment

period.

2.4.1. Physical activity and sedentary behavior

The Move 4 accelerometer (Movisens GmbH, Karlsruhe, Germany) was used to continuously capture
physical activity and sedentary behavior at a sampling frequency of 64 Hz. Raw acceleration data were stored
on an internal memory card and were processed by a band pass filter (0.25 — 11 Hz) to eliminate artefacts. The

Move 4 has been successfully used in previous physical activity-based studies where good user engagement,



reliability, and validity has been demonstrated for experience sampling methods (Csikszentmihalyi & Larson,
1987; Fiedler et al., 2022; Giurgiu et al., 2022; Kanning et al., 2021; Reichert et al., 2020). We chose to place
the sensor on the participants thigh as this position has been shown to be valid for the assessment of sedentary
behavior using the Move 4 sensor (Giurgiu et al., 2020) and has been successfully implemented in large
cohort studies for the assessment of 24-hour movement behaviors (Stamatakis et al., 2019). In addition, it also
has been found to have better specificity and sensitivity for measuring physical activity and sedentary
behavior compared to hip- and wrist-worn accelerometers (Montoye et al., 2016). The Move 4 was connected
to smartphones which delivered accelerometry-triggered prompts to the participants during sedentary or active
periods; after either a minimum of 10-minutes of light physical activity, or 30-minutes of uninterrupted sitting
or lying. If none of the above conditions were fulfilled, random prompts were delivered. To avoid
overburdening the participant, prompts were restricted to ten per-day, captured over 7 full days (7:30 am —
9:30pm). Participants were instructed to wear the sensors continuously for the whole intervention period and
only to take it off for water-based activities (e.g., showering).

For the analysis, physical activity was calculated as the movement acceleration intensity (millig)
aggregated across the last 15 minutes. According to sedentary behavior research, sitting or lying itself is not
enough to be classified as sedentary, but the person must also have a low energy expenditure (less than 1.5
metabolic equivalents) (Tremblay et al., 2017). This means that any physical activity conducted in a sitting or
lying position (e.g., cycling, rowing, sit-ups) would not be considered as sedentary. Hence, the average millig
was calculated across all minutes where the body position was classified as sitting or lying. Based on previous
research showing that walking activity starts at 350 millig, sedentary behavior was determined as a lying or
sitting body position with less than two standard deviations above the average millig across all sitting/lying
minutes, corresponding to less than 187 millig in this dataset. This means that 4.0% of the cases categorized

as sitting/lying by the sensor were re-classified as non-sedentary.

2.4.2. Activity type
Considering the suggested importance of attentional mechanisms, we further aimed to elucidate contextual
information regarding the type of activity performed. In other words, certain activities might cultivate

attentional capacity to attend to the internal body more than others. For example, it is possible that performing
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goal-oriented exercise is more likely to direct attention to the state and form of the body than when
performing more automized daily life physical activities (Toner et al., 2016). Identifying differences resulting
from varying characteristics of behavior could therefore reveal important mechanistic information regarding
the proposed play off between attentional and physiological mechanisms in physical activity-related
influences on interoceptive processing; indexed here at the self-reported level. Furthermore, it is becoming
increasingly clear that the quality and context of sedentary behavior is important to consider (Kanning et al.,
2021). To address this, we asked participants, “What have you been doing mostly in the last 15 minutes”.
Response options were chosen using previous studies (Cabanas-Sanchez et al., 2018; Giurgiu et al., 2022;
Hallgren et al., 2020), yet due to the large number of activity options, for the present study the response
options were collapsed into the following relevant categories as a factorized predictor variable with six levels,
including: 1) screen time behavior (e.g., watching a video, using social media, being in a zoom meeting) 2)
non-screen time (usually sedentary) activities (e.g., reading, relaxing, eating), 3) non-screen based social
activities (e.g., talking to somebody on the phone, meeting in-person), 4) sleeping, 5) daily life physical
activities (e.g., cycling to commute, household work), and 6) exercise (Please see also supplementary material

1).

2.4.3. Self-reported interoception

Self-reported interoception was measured using the 6-item body subscale of The State Mindfulness Scale
(SMS) (Tanay & Bernstein, 2013). The SMS aims to quantify the participants’ perception of their present
experience during the past 15 minutes. More specifically, it aims to capture the subjective levels of present
attention to and awareness of bodily sensations. Items include, “T noticed physical sensations come and go”,
and “I felt in contact with my body”. Responses were given on a 5-point Likert scale ranging from 1 (not at
all) to 5 (very well). Although the SMS was not originally developed as an explicit measure of interoception,
the body subscale draws parallels with interoceptive processes, centered around the non-judgmental noticing
of bodily sensations. Furthermore, the SMS represents a suitable option to detect small changes in the bodily
state, as one of the few validated questionnaires measuring state changes in bodily perceptions. The body
subscale has previously shown good internal consistency (Cronbach’s o = .89) (Tanay & Bernstein, 2013).
We assessed within-person variability of the scale using multilevel confirmatory factor analysis (MLCFA)
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which is based upon generalizability theory (Cranford et al., 2006; Geldhof et al., 2014). Here we calculated
multilevel composite reliability (o) using the “lavaan” package (Rosseel et al., 2023). The scale showed a
high degree of within-person (wwitin = 0.92) and between-person (wpeween = 0.97) reliability. Detailed results

regarding within- and between-person factor loading and model fit are presented in supplement 2.

2.5. Statistical analysis

All data were pre-processed using SPSS version 27 (SPSS Inc., Chicago, IL, USA) and R Project version
4.2.0 (R Core Team, 2021). Due to the hierarchical structure of the data, multi-level models were used (Bolger
& Laurenceau, 2013) with self-reported interoception (level 1) nested in participants (level 2) to identify the
within- and between-subjects effects. The package “nlme” (Pinheiro et al., 2021) was used with a covariance
matrix with continuous autocorrelation structure. A hierarchical approach was used for the inclusion of the
control variables and the model fit was assessed with -2 restricted log-likelihood and the Akaike information
criterion (AIC). Model assumptions were visually inspected using the package “performance” (Lldecke et al.,
2021), with no considerable violations detected. A 15-minute time frame was chosen as previous ambulatory
assessment studies have demonstrated that this timeframe is highly relevant for momentary psychological
constructs in physical behavior (Giurgiu et al., 2019; Reichert et al., 2017; Schwerdtfeger et al., 2010). The
intra-class correlation coefficient (ICC) was calculated using unconditional models which provides
information regarding how much of the self-reported interoception is explained within- and between-person
(Bolger & Laurenceau, 2013). In the next step, a model was set up to investigate the main effects of physical
activity, sedentary behavior, and activity type: First, the predictors physical activity (millig) and sedentary
behavior in the last 15 (dimensional variable ranging from 0-15) were person-mean centered and added as
level-1 variables to the model. Second, baseline interoceptive accuracy (IAcc), average sedentary behavior
across the study week, and average physical activity (millig) across the study week were grand mean centered
and added to the model. Third, the predominant activity type performed in the 15-minutes prior to the prompt
was recorded to unravel potential differences between different behavior types. Activity type was treated as a
factorized predictor variable, and since we expected screen time behavior to be the most detrimental to self-
reported interoception considering the literature discussed above, we set screen time sedentary behavior as the
reference category and compared this to non-screen time behavior (which predominantly consists of sedentary
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activities), non-screen-based social interactions, daily life physical activity, exercise, and sleeping. Fourth, the
following control variables were entered one by one into the model but were only kept in the main model if
the model fit improved: gender, BMI, age, time, time squared, week-part (weekday [Monday-Friday] and
weekend [Saturday-Sunday]) and cohort (Cohort 1: May-July 2022; Cohort 2: November-December 2022). In
a second model, we added interactions between baseline interoceptive accuracy and both physical activity and
sedentary behavior to explore potential influences on those relationships. If the interactions were significant,
we added another interaction model in which participants were grouped into tertiles based on their baseline
interoceptive accuracy scores. This was done to determine more robust conclusions regarding the direction of
the interactions with each of the interoceptive accuracy tertiles. The 3" tertile representing the highest
interoceptive accuracy score was set as the reference category, which was then compared against the 2"
(medium) and 1% (low) interoceptive accuracy tertiles. Interactions were then plotted based on the interaction
model with predicting values using the package “ggeffects” (Liidecke, 2018). All result tables of multi-level

models were generated using the package “sjPlot” (Ludecke et al., 2022).

3. Results
3.1. Associations between physical activity, sedentary behavior, and self-reported interoception
For the state self-reported interoception score, the ICC indicated that 51% of the variance was attributable to
between-person differences. Within-subject. Results show that each one-minute increase in sedentary
behavior was associated with a 0.06-point decrease in self-reported interoception (B = -0.06, p =.009).
Translating this into an example based on the unstandardized beta coefficient: if a person was consistently
sedentary for 15 minutes, self-reported interoception decreased by 0.90 points (scale range = 0 — 35).
Contrastingly, each one-millig increase in physical activity was associated with an increase in self-reported
interoception (B = 0.0025, p = .013). Translating this into an example: If a person engaged in on average 350
millig (which is considered the threshold for walking, see Ebner-Priemer et al., 2013) across the last 15
minutes prior to the e-diary prompt, self-reported interoception increased by 0.88 points. Between-subject.
Results indicate that higher levels of weekly physical activity were associated with lower self-reported
interoception (B=-0.05, p <.001). Conversely, results showed no significant between-subject effects of
average weekly sedentariness (B =-0.11, p =.179) (Table 2).
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Table 2. Multi-level model main effects analyses.

Predictors B Esrtgc;r b Cl t-value p
(Intercept) 16.06 040 -0.19 1527-16.85 39.75 <.001
Sedentariness across the -0.06 0.02 -0.06 -0.10--0.01 -2.62 .009
last 15 minutes within-person (acute)

Average weekly sedentariness between- -0.01 001 -0.11 -0.02 - 0.00 -1.37 175
subject

Millig across the last 15 0.0025 0.00 0.07 0.00-0.00 2.50 .013
minutes within-person (acute)

Average weekly millig -0.05 001 -029 -0.08--0.03 -3.80 <.001
between-subject

Baseline interoceptive accuracy 4.50 160 0.21 1.31-7.69 2.81 .007
Activity type — (Reference category = Screen-time behavior)

Non-screen-time behavior 0.67 0.23 0.13 0.21-1.13 2.86 .004
Non-screen-based social interactions 1.13 021 0.22 0.73-1.54 5.45 <.001
Sleeping -1.73 035 -0.34 -2.41--1.05 -4.94 <.001
Daily life physical activity 1.21 024 0.24 0.74-1.68 5.02 <.001
Exercise 4.48 031 0.88 3.88 -5.08 14.60 <.001

Random effects

o’ 9.90
T00 Participant 9.91
T11 Participant.millig_15_ws 0.00

T11 Participant.Sedentariness3_15_minutes ws 0.00

po1 0.14

-0.40
ICC 0.51
N participant 70

All results are displayed using the unstandardized Beta (B), with the number displayed showing the change in

self-reported interoception if the independent variable (e.g., sedentary behavior) changes by one unit (e.g.,

one minute); the standardized beta (8) which as calculated using the package “sjPlot” by refitting the model

on the standardized data (Lldecke, 2022), 95% confidence intervals for the unstandardized Beta coefficient
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(CI), the t-value, and the p-value (p), where bold values indicate p = <.05. The within-person residuals (%),
the between-person intercept (too) and slope (t11) variance, the intraclass correlation coefficient (ICC), first-
order autocorrelations (po1), and the number of participants (N) included in the analysis are also displayed.

Variables were grand mean centered.

3.2. The influence of baseline interoceptive accuracy on the associations between physical activity,
sedentary behavior, and self-reported interoception.

From the main effects multi-level model, higher interoceptive accuracy (IAcc) at baseline was associated with
an increase in daily self-reported interoception (B = 4.51, p = .007) (Table 1). We therefore performed an
additional exploratory model including interactions between baseline 1Acc and both physical activity and
sedentary behavior (Supplementary 3). Results from an additional model revealed a significant interaction
between baseline 1Acc and acute physical activity (marked as the behavior performed in the last 15 minutes
prior to the prompt) (B = -0.01, p =.004). There were no significant interaction effects between baseline IAcc
and acute sedentary behavior. To allow for more robust conclusions, we set up another model with
participants grouped into tertiles based on their baseline interoceptive accuracy scores (see Supplementary 4
for descriptives), adding an interaction between the 1Acc tertile groups and acute physical activity with the
participants in the highest tertile set as the reference category. The interaction revealed that compared to the
participants in the highest tertile (3'), the association was different for participants in the medium (2"%) (B =
0.005, p =.002) and the lowest (1%) tertile (B = 0.005, p = .004) (Supplementary 5). Graphical visualizations
of the data reveal that for individuals in the 1% and 2™ | Acc tertile, acute physical activity was associated with
increases in self-reported interoception compared to individuals in the 3" tertile who were associated with

decreases (Figure 1).
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Figure 1. Model-based predictions of interactions between baseline interoceptive accuracy and acute
physical activity (millig — milligravity units of acceleration) on self-reported interoception. Predicted patterns
of self-reported interoception displaying interactions between acute physical activity and baseline
interoceptive accuracy scores (1Acc) split into tertiles. The red line represents the 3 (high scores) tertile, the
green line represents the 2" (medium scores) tertile, and the blue line represents the 1% (low scores) tertile.
Individuals in the 1% and 2™ tertile are associated with increases in self-reported interoception after acute
physical activity, whereas individuals in the 3" tertile are associated with decreases (please note the y-axis

only runs through 10-25 for predicted self-reported interoception scores — actual scale: 0-35).

3.3. Associations between activity type and self-reported interoception

Compared to the reference category screen time behavior, both partaking in exercise (B = 4.48, p <.001) and
daily life physical activity (B = 1.21, p <.001) were associated with improved self-reported interoception.
Regarding the other behavior categories, both non-screen time behavior (B= 0.67, p = .004) and non-screen-

based social interactions (B = 1.13, p <.001) were associated with an increase in self-reported interoception
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compared to screen time behavior. Compared to screen time behavior, sleeping was associated with lower

self-reported interoception (B = -1.73, p <.001) (see also Table 2 and Figure 2).
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Figure 2. A heatmap displaying differences in self-reported interoception between different activity types.
Scores are displayed on a color gradient, with darker purple indicative of higher self-reported interoceptive
attention, and lighter yellow indicative of lower self-reported interoceptive attention. Activity types included
are daily life physical activity, exercise, non-screen time sedentary behavior, social non-screen time sedentary

behavior, screen time sedentary behavior, and sleeping.

4. Discussion

This study used ambulatory assessment, applying movement-triggered e-diary prompts to evaluate within- and
between-subject effects of physical activity and sedentary behavior on self-reported interoception in daily life.
Our results showed that momentary physical activity was associated with an increase in self-reported
interoception, while in contrast, sedentary behavior was associated with a decrease. Exploratory interactions

revealed that baseline interoceptive accuracy influenced relationships with physical activity, where model-
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based predictions revealed low and medium baseline interoceptive accuracy (IAcc) scores to be associated
with increases in self-reported interoception, contrasted to observed decreases with high IAcc. Activity type
also mattered, whereby in comparison to screen-time behavior, partaking in exercise was associated with a
higher increase in self-reported interoception than daily life physical activities. Similarly, non-screen time
behavior was associated with higher self-reported interoception than screen-time behavior, with an even
greater difference found for non-screen-based social interactions.

Conceptually, the increase in self-reported interoception following momentary physical activity may
be explained by the fact that during physical activity, sympathetic nervous system activation increases the
salience of interoceptive cues beyond resting-state boundaries (Ekkekakis & Acevedo, 2006), thus making our
bodily signals more noticeable. Alternatively, the cue utilization hypothesis posits that as physiological
arousal increases, the number of cues that can be utilized decreases, resulting in the subsequent filtering of
irrelevant stimuli in the environment (Easterbrook, 1959). This increased arousal therefore allows
interoceptive sources of information to dominate space in our consciousness, narrowing attentional resources
to focus on internal physiological signals (Schulz & Vogele, 2015). The results of the present study vuild on
findings from previous laboratory-based studies (Antony et al., 1995; Jones & Hollandsworth, 1981;
Montgomery et al., 1984; Wallman-Jones et al., 2022), demonstrating how momentary physical activity can
influence interoceptive perceptions in a real-world setting, represented here by changes in self-reported
interoception. Considering the growing need for interoceptive interventions (Weng et al., 2021), these
findings show support for and provide guidance for the use of physical activity-based interventions to support
interoceptive processes.

In contrast to the effects of physical activity, momentary sedentary behavior was associated with a
decrease in self-reported interoception. The negative effects of sedentary behavior to emotional, social, and
physical health have been widely reported (Beauchamp et al., 2018), however little is known about influences
on interoceptive processing. Despite this, it is widely known that stimulation is essential for growth of any
perceptual processing system (Livingston et al., 2020). It would therefore be logical to assume the same
principle applies with interoceptive mechanisms, which can be seen in the way physically trained and
sedentary individuals have been found to differ in their neural processing of heartbeats (Perakakis et al.,
2017), or similarly how BMI and physical activity participation has been found to predict interoceptive
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abilities (Georgiou et al., 2015; Molbert et al., 2016; Robinson et al., 2021). This was further supported by our
findings, where even momentary states of sedentary behavior are associated with decreases in interoceptive
processing at the self-report level. These findings add to the body of research indicating the contrasting effects
resulting from sedentary behavior, whereby recommendations to reduce physical inactivity should be
reconsidered to incorporate interoceptive pathways.

There is growing evidence for the importance of context when considering sedentary behavior. For
example, sitting during leisure time has been associated with higher affect than sitting during work, and
similarly, sitting during social interactions has been associated with higher affect than sitting alone (Kanning
et al., 2021). This principle is further supported by the way that different interoceptive dimensions can be
increased with sedentary interoceptive attention-based manipulations (Ainley et al., 2012, 2013; Fischer et al.,
2017). Supporting this notion, indeed activity type mattered in the present study, where in comparison to
screen time behaviors, non-screen time behaviors were associated with an increase in self-reported
interoception. This could be explained by the competition of cues hypothesis, where it is stated that attention
to one source of information diminishes attentional resources to other sources of information (Pennebaker &
Lightner, 1980). In this context, focused attention towards screen-based activities may come at the expense of
interoceptive cues. As such, while previous research found screen time behavior has been associated with
negative implications to neural levels of interoceptive processing (Paik et al., 2019), this might not be
generalizable to all sedentary behaviors. Interestingly, this increase was accentuated further during non-
screen-based social interactions. Interoception is rooted in socialization, beginning with early interactions with
caregivers (Oldroyd et al., 2019), to the establishment of self-other distinctions later in life (Palmer &
Tsakiris, 2018). This finding therefore reiterates the embodied benefits of social interactions, supplementing
what is already known regarding the psychological risks of isolating behaviors (Elovainio et al., 2017).
Together this supports the importance of attentional mechanisms, where our findings elucidate to the fact that
the direction and demand of attention during the activity is an important factor to consider with regards to
subsequent effects to self-reported interoception, not just the intensity alone.

Regarding physical activity, similar patterns were observed, whereby exercise was related to higher
self-reported interoception compared to screen-time behavior than daily life physical activities e.g., walking

upstairs, cleaning etc. This could be seen to emulate the importance of attentional mechanisms, whereby
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during exercise, there is a heightened focus on the body, whether that is in the monitoring of breathing to pace
exertion, or in the positioning of the limbs in executing a movement sequence (Toner et al., 2016).
Conversely, automized daily physical activities often have an external oriented attentional focus, reducing the
attentional capacity to focus on the body. Alternatively, these effects could be explained by the intensity of the
activity. As mentioned earlier, physical activities of a higher intensity are considered more likely to elicit
adaptations to interoceptive processing, representing an intensity-dependent relationship (Ekkekakis, 2003,
2009). It could be assumed that activities in the exercise category are likely to be of a higher intensity than
daily physical activities, which are often characterized by light-moderate intensities (Brooks et al., 2004). If
true, this would instead highlight the importance of the salience of the physiological signals, rather than the
attention towards them. However, as intensity was not accounted for in the present study, we can only
speculate. Further research investigating the intensity-dependent patterns would therefore reveal important
information regarding the play off between the physiological and attentional mechanisms.

Exploratory interactions revealed a significant relationship between within-subject physical activity
and baseline IAcc, suggesting that individual differences in sample characteristics may influence perceptual
responses to physiological perturbations. Model-based predictions of these interactions found low and
medium IAcc scores at baseline to be associated with increased self-reported interoception in response to
momentary physical activity, whilst contrastingly high IAcc scores were associated with a decrease. These
findings reflect previous laboratory-based studies using behavioral measures of interoception, where
individuals with higher IAcc at baseline were less likely to experience physical activity-related increases in
their 1Acc, with some even experiencing decreases (Wallman-Jones et al., 2022). As mentioned earlier in the
context of physical activity participation, having a higher accuracy in interoceptive perceptions might reduce
the perceived sensitivity to physiological changes due to the familiarity of the signals, whereby more
objectifiable interoceptive abilities at rest influence more subjective perceptions in response to perturbations
(Marshall et al., 2018). Alternatively, these patterns could also be explained by a potential ceiling effect,
whereby those with higher interoceptive abilities at baseline have little room for improvement across
dimensions. While the exact mechanism is uncertain, this highlights interesting patterns that replicate previous
findings, demonstrating how individual differences at baseline might influence responses across different
interoceptive dimensions in response to perturbations. It should be noted, however, that these exploratory
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findings should be considered with caution, where the sample size used may not be sufficient to accurately
measure cross-level interactions. Future studies using well-powered designs to address these differential
effects are therefore warranted.

In contrast to our within-subject findings, between-subject analyses revealed that higher physical
activity performed across the week was associated with a decrease in self-reported interoception. While at first
these findings appear to oppose our original hypothesis, these differences could be explained by the
dimensions of interoception measured. Previous associations between habitual physical activity and
interoceptive processing were found using more objectifiable behavioral measures of interoception (Georgiou
et al., 2015; Mdlbert et al., 2016), whereas in the present study, self-report measures were used. Whilst
repeated exposure to salient signals could improve the accuracy in perception due to the increased familiarity,
this may not translate across all dimensions of interoception. Conversely, at the most basic, self-report level,
there might be a habituation effect, whereby repeated exposure to signals of arousal reduces perceived
sensitivity to these changes over time. In other words, individuals who are more physically active become
accustomed to exercise-induced changes in the body, freeing up attentional resources towards external stimuli
(Marshall et al., 2022). This complements previous findings whereby elite athletes showed attenuated
activation of the anterior insula cortex in response to aversive interoceptive stimulation, which was
hypothesized to reflect how experience in physical activity translates to experience in adapting to
physiological perturbations (Paulus et al., 2012). Interestingly, the anterior insular cortex has been proposed to
regulate attention towards physiological signals (Wang et al., 2019), which undoubtedly plays a role in self-
reported indices of interoception. This reduction in self-reported interoception in the present study may
therefore represent an adaptive shift in attentional mechanisms that should be investigated in further research,
whereby optimum values of interoception may differ depending on the dimension measured, the individual,
and the context.

This study does not come without limitations. Despite using behavioral tests to measure baseline
interoceptive ability, we relied on self-report in measuring momentary interoception across the 7-days. Whilst
self-reported indices of interoception are gaining increased importance for their role in mental health (Nord &
Garfinkel, 2022), alone they do not paint a full picture of the hierarchical nature of interoceptive processing.
Considering the dissociable dimensions of interoception and the importance of their correspondence to self-
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regulation (Garfinkel, Tiley, et al., 2016), additional objectifiable measures should be included to see if
findings translate across all levels of processing. In discussing the use of behavioral tests to measure
interoception, however, their validity should also be discussed. In the present study, IAcc was indexed by
scores from the widely used heartbeat counting task, however, it should be noted that the validity of this task
has been questioned in previous research (Adams et al., 2022; Corneille et al., 2020; Desmedt et al., 2022).
Findings of the present study should be interpreted with consideration that scores may not reflect a purely
objectifiable measure of 1Acc due to undoubtable influences of subjective perceptions (Desmedt et al., 2018).

As stated in the methods, the questionnaire used to measure self-reported interoception was not
explicitly designed for this purpose. This may present problems, whereby items vary in their relatedness to the
construct in question. For example, the item: ‘I noticed various sensations caused by my surroundings (e.g.,
heat, coolness, the wind on my face)’ is likely to involve exteroceptive perceptions. It should also be noted
that more recent classifications differentiate self-reported interoception into of categories of accuracy and
attention (Gabriele et al., 2022; Murphy et al., 2020). Considering the items of the State Mindfulness Scale
(body subscale), questions could be considered to crossover the domains of both self-reported accuracy (e.g., |
clearly physically felt what was going on inside my body) and attention (e.g., | noticed physical sensations
come and go). In light of the proposed distinctions between these two domains, it is unclear from our findings
what factor is being represented in the results. Future research would therefore benefit from the development
of validated self-reported interoception questionnaires adapted to measure state changes, acknowledging the
different domains of accuracy and attention. In addition to the suggested improvements to the included self-
reported interoception questionnaire, the inclusion of non-interoceptive control questionnaires would allow for
a more confident attribution of the findings to interoceptive processes.

Regarding our between-subject physical activity measure, differing intensities were not considered. It
has been suggested that physical activity influences interoceptive processing in an intensity-dependent manner
(Williamson et al., 1997, 1999). This is outlined in the dual-mode theory of exercise, where it is proposed that
attentional resources shift in dominance from cognitive to interoceptive cues around the point of the anaerobic
threshold (Ekkekakis, 2003). Similarly for sedentary behavior, it is becoming increasingly accepted that
context matters (Kanning et al., 2021), supported by the differentiation between activity type in the present
study. This is further reflected in the ability for sedentary, attention-based manipulations to increase
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interoceptive ability (Ainley et al., 2012, 2013; Fischer et al., 2017). It could therefore be possible that
averaging across activity types and intensities may mask effects. For example, the negative effects of screen-
time behavior might be mitigated by alternative sedentary activities, such as reading a book, chatting to a
friend, or meditating. Further research should therefore investigate whether controlling for intensity and
context alters the effects of weekly physical activity and sedentary behavior.

Regarding sedentary behavior scores, it is unclear which millig cut-off qualifies as light physical
activity. Based on previous research (Ebner-Priemer et al., 2013), millig during sedentary behavior is between
100-350. Additional models were therefore calculated to investigate whether our results remained stable using
other cut-offs; with sedentariness defined as body position equals sitting or lying and a) without considering
the millig; b) physical activity less than 100 millig, and c¢) physical activity less than 350 millig
(Supplementary 6). The results remained stable when using the body position in combination with the 100
millig but were not significant anymore for sedentary behavior across the last 15 minutes when either only the
body position or the combination with 350 millig cut-off were used. However, in all three cases, the directions
of the results remained the same. Hence, future validation studies are warranted considering both the body
position and the physical activity level to determine sedentary behavior.

Finally, due to lack of relevant prior research, we did not conduct an a-prior power calculation.
However, based on previous ambulatory assessment studies with mood as a commonly investigated
psychological construct in relation to movement behaviors (Liao et al., 2015), we are confident that our
sample size was sufficient to detect within-person associations, and future studies may use these results to

conduct an a-priori power calculation.

5. Conclusion

The findings from this study extend from previous research, demonstrating the contrasting associations
between momentary physical activity and sedentary behavior with self-reported interoception in daily life,
influenced by individual differences. Considering activity type, differing contexts and characteristics appear to
significantly influence self-reported interoception, particularly highlighting the importance of reducing
participation in screen-time behaviors to preserve and support interoceptive perceptions. Together this sheds
further light on the potential underlying interactions between attentional and physiological mechanisms,
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supporting the shared influences of attention towards bodily signals and the salience of the signals themselves.
Findings can be used to inform individualized health recommendations for reducing screen-time behavior and

guiding evidence-based physical activity interventions to promote interoceptive processes.
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Highlights

Physical activity influences self-reported interoception in daily life

Baseline interoceptive accuracy influences the direction of effects

Momentary sedentary behavior displays contrasting relationships

Activity type matters — supports both attentional and physiological mechanisms
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