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Abstract 

The aim of this study was to investigate the comparative effects of mindful meditation and 

cyclic hyperventilation with retention upon interoceptive ability and heart rate variability 

(HRV). Further studies comparing meditation and breathwork contribute to a greater 

understanding of their potential benefits and have the potential to enhance overall well-being 

in the general population. A pre-post randomized controlled trial design was employed. 

Interoceptive accuracy was assessed through heartbeat detection task. Interoceptive 

sensibility was measured through confidence judgments, and interoceptive awareness by the 

correlation between accuracy and sensibility.  Participants were randomly assigned to 

perform mindful meditation or cyclic hyperventilation with retention once per day for 21 

consecutive days. No differences in interoceptive capacity and HRV was observed between 

the groups, but a tendency towards improved accuracy and increased confidence for both 

groups. However, the mindful meditation group exhibited a stronger positive association 

between HRV and interoceptive accuracy after the intervention, while the opposite was true 

for the cyclic hyperventilation group. Additionally, interoceptive awareness remained stable 

throughout the study. Mindful meditation demonstrated an enhancement in parasympathetic 

activity, as evidenced by higher RMSSD values. In contrast, cyclic hyperventilation with 

retention resulted in a substantial reduction in parasympathetic activity. This study highlights 

the complexity of interoception and emphasizes the need for further investigation in the 

context of mindfulness-based and breathwork interventions.  

Keywords: Interoceptive Accuracy (IAcc), Sensibility, Awareness, Homeostasis, Heart rate 

variability (HRV). 

Sammanfattning 

Syftet med denna studie var att undersöka de jämförande effekterna av medveten meditation 

och cyklisk hyperventilation med bibehållande på interoceptiv förmåga och 

hjärtfrekvensvariabilitet (HRV). Fler studier som jämför meditation och andningsövningar 

leder till en ökad förståelse av dess potentiella fördelar och står att gynna det övergripande 

välbefinnandet i den breda befolkningen. En pre-post randomiserad försöksdesign användes. 

Interoceptiv noggrannhet bedömdes genom en uppgift för att känna hjärtslag. Interoceptiv 

känslighet mättes genom konfidenskattningar och interoceptiv medvetenhet genom 

korrelationen mellan noggrannhet och känslighet. Deltagarna tilldelades slumpmässigt 

medveten meditation eller cyklisk hyperventilation en gång om dagen i 21 dagar. Inga 

skillnader i interoceptiv förmåga och HRV observerades mellan grupperna, men det fanns en 

tendens till förbättrad noggrannhet och ökad sensibilitet för båda grupperna. Likväl visade 

medveten meditation en starkare positiv association mellan HRV och interoceptiv 



   

 

   

 

noggrannhet efter interventionen, medan det motsatta var sant för cyklisk hyperventilation. 

Dessutom förblev interoceptiv medvetenhet stabil under hela studien. Medveten meditation 

visade en förbättring av parasympatisk aktivitet, vilket bevisades av högre RMSSD-värden. Å 

andra sidan resulterade cyklisk hyperventilation med bibehållande en betydande minskning 

av parasympatisk aktivitet. Denna studie belyser interoceptionens komplexitet och betonar 

behovet av ytterligare undersökning inom ramen för interventioner baserade på mindfulness 

och andningsarbete.   

Nyckelord: Interoceptiv noggrannhet (IAcc), Känslighet, Medvetenhet, 

Homeostas, Hjärtfrekvensvariabilitet (HRV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Interoception, the ability to perceive and be aware of the internal state of one’s own 

body, plays a crucial role in our well-being. It encompasses the perception and awareness of 

bodily sensations and signals originating from various physiological systems, including the 



   

 

   

 

immune, endocrine, and autonomic nervous systems. While frameworks such as Bayesian 

prediction have primarily been applied to exteroceptive perception, such as vision, there is a 

growing recognition of its relevance to understanding interoceptive signals (Seth, 2013). The 

Bayesian prediction in the context of interoception, namely predictive coding suggests that 

our brains continuously generate expectations about the internal state of the body based on 

past experiences and incoming sensory information. Any discrepancies between these 

predictions and actual interoceptive signals are then used to update our internal models, 

enhancing our understanding of bodily states and supporting homeostasis. (Seth, 2013; 

Tsakiris & Critchley, 2016).  

Homeostasis can be defined as a biological system that tends to maintain stability, 

through self-regulating processes while adapting to optimal survival conditions. Through 

interoception, our brains gather information about the state of various systems within our 

bodies, such as cardiovascular and respiratory functions, for appropriate regulation. These 

signals provide feedback to the brain, enabling it to monitor and adjust bodily functions to 

ensure optimal equilibrium. Interestingly, some theories go beyond homeostasis and suggest 

that these predictions our brains constantly infer on the environment based on previous 

experiences (priors) are the fundamental property of the brain's attempt to maintain allostasis. 

Allostasis, refers to the adaptive ability of physiological systems to modulate and adjust in 

response to anticipated energy requirements. 

This new perspective on interoception views emotions as a form of active inference 

on the causes of interoceptive signals (Seth, 2013). Taken together, it seems plausible that if 

our brains engage in ongoing predictive processes to anticipate and interpret internal bodily 

sensations, it must play a vital role in shaping emotional experiences. This new interoceptive 

concept of emotion underpins previous popular theories such as the somatic marker 

hypothesis, although it extends back to James and Lange who first proposed that emotions 

originate from the perceptions of physiological changes in the body. Notably, approximately 

50 years ago, Schachter and Singer (1962) conducted a notable study showing that injections 

of adrenaline, which induce significant physiological changes, could lead to either anger or 

elation, depending on the contextual factors present (such as an irritated or elated individual) 

(Seth, 2012). 

Furthermore, the significance of presence and agency becomes apparent in their role 

of control and guiding behavior, ultimately shaping an individual’s sense of well-being. 

Presence, defined as one’s connection to the moment, and agency, the ability to effect 

change. In the context of anxiety disorders, achieving agency can involve withdrawing from 

stressful situations. This withdrawal can be seen as a form of active inference, which may be 

effective in the short term. However, it can become maladaptive in the long term as the 

person may never realize that the feared outcome is unlikely to occur, resulting in a lack of 



   

 

   

 

learning. For instance, a situation requiring active inference through social withdrawal may 

arise when a person experiences rapid breathing before public speaking, appraising it as an 

indication of incompetence that would lead to embarrassment. Consequently, when 

confronted with threats to agency, maladaptive behaviors are reinforced, hindering the 

exploration and modification of one’s relationship to stressful events. Additionally, according 

to the predictive coding model, the precision of the sensed stimuli and experienced stimuli, 

and their discrepancy, called predictive error (PE) may become reduced from chronic stress, 

resulting in strong priors around recognizing distressing sensations and employing 

confirmatory active inference behaviors to alleviate them. In summary, chronic stress may 

lead to a shift in the way our brain processes sensory information, prioritizing pre-existing 

expectations related to aversive sensations and triggering behaviors aimed at mitigating those 

sensations. While rapid breathing, as a form of unexpected aversive arousal is in itself quite 

unpleasant, modern appraisal theory stresses that the secondary appraisal around agency 

(feeling of incompetence before a public speech) is the causes of the deep distress, thereby 

putting the sense of agency at the heart of subjective well-being (Farb et al., 2015). While at 

the same time, presence is rooted in the core of contemplative accounts of well-being (Brown 

and Ryan, 2003) 

Thus, it becomes clear that the capacity to be able to identify (interoceptive 

awareness) and accurately interpret (interoceptive accuracy) the signals originating from the 

body has the benefit of promoting overall well-being. In fact, Interoception is proposed to be 

fundamental to motivation, emotion, social cognition and self-awareness, supported by an 

increasing array of experimental evidence which links peripheral physiological states to 

mental processes (Tsakiris & Critchley, 2016; Critchley & Harrison, 2013).  

Finally, embedded in ancient traditions, mindful meditation and breathing exercises 

have been proven to facilitate mind-body connections (Farb et al., 2015). For instance, brain 

regions involved in interoceptive processing such as the insular cortex, cingulate cortex, 

inferior frontal gyrus, and the sensorimotor cortex have been shown to produce 

neuroplasticity effects from meditation. The key brain region believed to be involved in the 

enhancement of interoceptive accuracy (IAcc) through mindful meditation is the insular 

cortex, along with its descending vagal afferent tracts (Gibson, 2019; Craig 2009).  

Given the bidirectional relationship between interoception and homeostasis, breathing 

emerges as a unique phenomenon, acting as a mediator between our consciousness and bodily 

state. By deliberately modifying our breathing patterns, we have the potential to fine-tune 

interoceptive signals and deepen our comprehension of mind-body practices. 

The aim of the present study I conducted was to investigate the comparative effects on 

mindful meditation and cyclic hyperventilation with retention, on interoceptive capacity. 

Additionally, the study explores the association between IAcc and heart rate variability 



   

 

   

 

(HRV) as a potential indicator of increased interoceptive capacity. Understanding the impact 

of these interventions on interoception and HRV can provide valuable insights into the mind-

body connection and contribute to promoting overall well-being. 

Cyclic hyperventilation differs in numerous ways from mindful meditation. Firstly, it 

is a deliberate breathing exercise which contains deep, rapid inhalation and exhalation along 

with retention phases. Conversely, mindful meditation as implemented in this study (see 

method section), directs the individual to observe one's breath as it naturally occurs, without 

intentionally trying to change or manipulate it. Notably, even though it is not deliberate per 

se, it serves as a change of respiratory rate when engaging in the practice. Secondly, cyclic 

hyperventilation causes a myriad of changes in the body and brain. The increased total 

oxygen intake from taking more breaths results in feelings of alertness, while at the same 

time the total carbon dioxide disposal increases, resulting in a more hypocapnic state which 

may induce dizziness and anxiety. Intriguingly, it has been demonstrated that the brain 

overall becomes hyperexcitable from hyperventilation, most likely as a result from not 

getting enough oxygen, which results in the neurons in a very nonspecific way to start 

increasing their firing levels (Huttanan et al., 1999). Consequently, this increases the neural 

noise which hinders the detection of the environment (e.g., touch, or sound). Moreover, 

hyperventilation causes the deployment of adrenaline from the adrenals (Kox et al., 2014). 

Therefore, cyclic hyperventilation, which causes alertness, epinephrine release and even 

anxiety, can be seen as representing the opposite from mindful meditation, which often leads 

to a natural slowing down of the breath, often resulting in a relaxed state with calming effects 

on the body and mind. Thirdly, cyclic hyperventilation with retention, as the name suggests, 

also contains retention phases. During this phase, it is plausible that the individual's attention 

will naturally become more targeted to the physical feelings of the body since attention is 

freed from the previous focusing of breathing. 

This leads to the first hypothesis of this study, which is that interoceptive capacity 

increases to a comparable degree by both mindful meditation and cyclic hyperventilation. 

In order to investigate this, this study employed the framework of Garfinkel et al. 

(2015) who proposes three dimensions of interoception (1) interoceptive accuracy, (2) 

interoceptive sensibility (confidence), and (3), interoceptive awareness. Summarized, the 

authors propose distinct dissociable dimensions of interoceptive capacities as measured by a 

heartbeat detection task with confidence measures (see method).  

Lischke et al. (2021) demonstrated a positive association between IAcc and heart rate 

variability. Given the relatively minimal amount of research regarding this topic, data was 

collected for HRV (SDNN) and (RMSSD) to further explore this area. 

Thus, the second hypothesis of this study is that there is a positive correlation between 

IAcc and HRV both before and after the interventions, and that this connection increases as a 



   

 

   

 

function of the interventions, reflecting an increase in interoceptive capacity.  

While there is abundant room for exploring the brain regions involved and their 

activity during these interventions to gain a deeper understanding of their precise workings, 

such investigation falls outside the scope of this thesis. However, for sake of clarity, I will 

now briefly discuss three distinct mechanisms that support the foundation of our conscious 

control over our emotional state.  

The brain controls breathing through two mechanisms located in the brainstem. One is 

the prebötzinger complex, responsible for regulating rhythmic breathing. The other is the 

parafacial nucleus, which controls non-rhythmic breathing. While the prebötzinger complex 

is responsible for inhale and exhale patterns of breathing regardless of wakefulness or sleep, 

the parafacial nucleus is involved in modifying breathing patterns by such as doubling inhales 

or exhales or inducing deliberate pauses. Interestingly, both of these mechanisms can be 

consciously influenced. Active exhales in a rhythmic pattern are associated with the activity 

in the prebötzinger complex, while doing deliberate pauses after an exhale is represented by 

the parafacial nucleus (Ashhad et al., 2022). It is important to note that both of these 

breathing mechanisms are more likely to work in parallel to achieve optimal homeostasis. 

However, it is plausible that cyclic hyperventilation relies on a combination of both 

mechanisms, whereas mindful meditation primarily engages the prebötzinger complex. 

In addition, we find the vagus nerve which carries information bidirectionally 

between the brain and various organs in the body. It controls many involuntary bodily 

functions, therefore playing a vital role in the autonomic nervous system with its significant 

role in modulating HRV (Gerritsen & Guido, 2018). Subsequently, interventions aimed at 

modifying interoception can involve several approaches, including neuromodulation of the 

vagus nerve, employing techniques like slow breathing to alter respiratory rate and depth, or 

implementing awareness processes such as mindfulness-based interventions (Weng et al., 

2021), often all the mentioned techniques are commonly used in tandem in mindful 

meditation. This finding demonstrated by Lichke et al. (2021) further supports the notion that 

the vagus nerve, through its influence on autonomic processes and HRV, contributes to 

interoceptive abilities and the accurate perception of internal bodily sensations (see also 

Pinna & Edwards 2020).  

Finally, mindfulness can be defined as accepting, open-minded attention to the 

present moment, normally done through breath awareness or body scanning in a meditative 

manner. Theorized to increase body awareness to sensations, assisting one's ability to access 

body sensations. A meta-analysis has linked a small potential link between mindfulness 

meditation and greater body awareness accuracy (Treves et al., 2019) Furthermore, studies 

have shown how interoceptive awareness can be increased by mindfulness interventions in 

populations with post-traumatic stress disorder (PTSD) and substance use disorders (SUD) 



   

 

   

 

(Farb et al., 2015; Price & Hooven, 2018). On the other side, a study by Khalsa and 

colleagues (2020) concluded that meditation is not associated with greater interoceptive 

accuracy. Empirical research covering mindful meditation is extensive and has yielded 

contradictory findings. However, the impact of cyclic hyperventilation on interoceptive 

capacity, and how it compares to mindfulness meditation, remains inadequately investigated. 

The purpose of this thesis is to compare these two interventions and offer a comprehensive 

understanding of the diverse mechanisms underlying interoception. 

Method 

Participants  

 The majority of the 45 participants were studying at Umeå University. Participant 

recruitments began April 2, 2023, and data collection ended May 17, 2023. Inclusion criteria 

was age 18-30 and willingness to return for the post measurement. Also, given the nature of 

the experiment, I tried to gather as many participants as possible to mitigate the dropout rate. 

Additionally, by explaining the experiment properly, I got a sense of the feasibility of 

participants willingness to participate in the study. Most of the participants reached out to me 

after the explanation and expressed genuine interest in participating. Moreover, verbal consent 

was given. 

Exclusion criteria were chronic health conditions, such as cardiovascular disease or 

respiratory disorders. Underlying mental health disorders, including conditions like heart 

disease, schizophrenia, bipolar disorder, or a history of seizures. 

Instruments and materials 

 This study employed a pre-post, randomized controlled trial. The majority of the 

participants were recruited via word of mouth. All participants gave their informed consent 

before starting the initial measurement. Physiological data was acquired through Powerlab 8/35 

with BioAmp (ADInstruments). Powerlab enables various physiological signals to be recorded 

such as participants' heart activity through an electrocardiogram (ECG) as I did in this study, 

which according to the literature is the most reliable way of measuring HRV (Laborde et al., 

2017). Electrical activity of the heart was provided by two electrodes placed underneath the 

participants' collarbones. Data was continually recorded in Labchart Pro (AD Instruments) with 

a sampling frequency of 1 kHz throughout the experiment from around 20 seconds before the 

first trial of the heartbeat detection task until some 20 seconds after the experiment. The HRV 

was calculated in Labchart Pro 8 with the additional HRV-analysis module (v2.0.3).  

Interoceptive accuracy 



   

 

   

 

 Both prior to and after the 21 days intervention task, participants completed a heartbeat 

detection task. 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”. This task was repeated six times to form six trials, using the temporal-

window of 25, 30, 35, 40, 45 and 50 s, presented in a randomized order. An accuracy score was 

derived from each trial: 1 - (|nbeatsreal − nbeatsreported|)/((nbeatsreal + nbeatsreported)/2): 

Resulting accuracy scores were averaged over the 6 trials, yielding an average value for each 

participant (Garfinkel et al., 2015). By considering the absolute difference between the reported 

number of heartbeats and the actual number of heartbeats, this accuracy calculation considers 

both overestimations and underestimations. Additionally, the time periods during the different 

trials were written down with pen and paper from the time point of verbally saying “start” to 

the time point of saying “stop”. As similarly done in Garfinkel et al. (2015). 

Interoceptive sensibility 

 To gauge the participants' sensibility (confidence) to their own perceived ability to 

focus on and detect internal body sensations, confidence judgements were employed. After 

each trial during the heartbeat detection task participants immediately rated their confidence in 

their perceived accuracy of response. This confidence judgment was made using paper/pencil 

marked on a continuous visual analogue scale (VAS) with one end labeled “Total guess/No 

heartbeat awareness” while the other end was marked “Complete confidence/Full perception 

of heartbeat”. The visual analogue scale allowed answers from 0 to 9 for ease of interpretation. 

Thus, forming 6 confidence judgements for each participant before and after the intervention, 

resulting in a mean score of self-perceived heartbeat detection from 0-9.  

Description of protocols  

 Following the initial measurement, participants were randomly assigned to one of the 

two intervention groups, (1) cyclic hyperventilation with retention, or (2) mindful meditation. 

Out of the 45 enrolled participants, 22 were assigned to the mindful meditation intervention, 

meanwhile 23 participants were assigned to the cyclic hyperventilation with retention 

intervention. Given the limited time window for this experiment, participants were randomly 

assigned to interventions using a computer-generated randomization procedure. Each 

participant’s assignment was determined by rolling a digital dice, where results of 1-3 

corresponded to the mindful meditation intervention, and results of 4-6 corresponded to the 

cyclic hyperventilation with retention intervention. After each randomization, participants 

received the corresponding instructions in a word-document, which are described below. 

Additionally, participants were encouraged to document their daily practice completion either 

on paper or on their phones, based on their convenience. Furthermore, for participants who 



   

 

   

 

expressed curiosity, a brief demonstration of both exercises was provided at the laboratory. I 

could not determine whether the participant performed the exercise correctly due to the nature 

of this experiment, where participants conduct the exercises at home. Participants were 

instructed to wait at least one hour after waking up before conducting the cyclic 

hyperventilation with retention exercise. Other than this specific instruction, no further 

guidance was provided regarding the preferred time of day for carrying out both interventions. 

Participants were encouraged to schedule the interventions at their own convenience whenever 

they had the available time. 

A) Mindful meditation 

 Participants were recommended to sit/lay down depending on their preference. They 

were then asked to put on a timer for 5 min before starting. They were then told to start the 

practice by closing their eyes and to “find” their breath while focusing their attention on the 

area of the forehead between both eyes. They were told that thoughts easily appear and “steals” 

the attention, and that when this happens, they ought to try to center their attention back to the 

forehead region between both eyes whilst finding acceptance in it - to not try to chase oneself 

up because of loss of focus - that it is common that this happens.  

B) Cyclic hyperventilation with retention 

 Participants were recommended to lie down and set a timer for 5 min. They were 

instructed to take deep breaths through their nose and to let the air pass out through the mouth 

as if the air was “falling out of your mouth”. If it was not possible to breathe through the nose 

for various reasons, they were told that they could inhale through their mouth. For this protocol 

one inhalation and one exhalation counted as one 1 breath. The participants were told to 

experiment with their breath so that they could reach 4-5 breaths within a span of 10 seconds, 

but that they should breathe at a comfortable pace. They were told to take a total of 30 breaths 

(in and out), to inhale deeply on the last breath and to exhale slowly to empty all the air from 

the lungs and to wait with lungs empty for 15 seconds. Afterwards they were told to take a 

deep breath and hold the air in their lungs for 15 seconds. This counts as one round, 30 breaths 

(in and out), one exhalation-hold and one inhalation-hold. They were then told to repeat this 

cycle for round two as well. Thirty breaths in and out, followed by a lung-emptying exhale and 

a 15 second breath retention (hold) and an inhalation followed by a 15 second hold. They were 

instructed to repeat this cycle for round three as well. Thirty breaths in and out, followed by a 

lung-emptying exhale and a 15 second breath retention (hold) and an inhalation followed by a 

15 second hold. Following that, participants were instructed to resume their breathing to a 

normal state. See figure 1 for a visual representation of the practice. 

 



   

 

   

 

Figure 1 

Visual representation of cyclic hyperventilation with retention practice implementation.  

 

Data analysis 

A mixed model ANOVA was employed in order to determine the effect of both 

interventions. Incorporating the following HRV variables SDNN (1), RMSSD (2), and the 

variables representing the interoceptive capacity, accuracy (3), awareness (4), and sensibility 

(5). 

Standard deviation of normal-to-normal heartbeats (SDNN) stands for the time between 

two successive heartbeats. Since Labchart Pro displays the RR, which represents the time 

between two detected heartbeats, same as NN, differs in the way that NN represents the RR 

but with artifacts removed, such as a missing heartbeat. Thus, I had to carefully examine each 

of the time periods of data extracted to make sure that the section did not contain a missing 

heartbeat. In a few participants I therefore had to select another identical time period of clean 

data but at another time, which was possible due to the excess amount data gathered. I 

calculated the time periods for each participant from three-time intervals consisting of 50, 40 

and 30s. The RR intervals during these time periods were exported manually from Labchart 

Pro (AD Instruments) by selecting the corresponding time collected during the recording of the 

heartbeat tracking task. These RR intervals were analyzed in Jasp to figure out the standard 

deviation, which results in the SDNN. These were done individually across all the 35 

participants for both measurements. Furthermore, RMSSD were collected instantly from 

Labchart Pro and averaged over three differential time periods of 50, 40 and 30 seconds.  

Interoceptive awareness during the heartbeat tracking task were calculated using 

Pearson correlation, between IAcc and confidence. Furthermore, to establish whether the 

participants expressed any level of interoceptive awareness, a one-sample t-test was employed 

to investigate whether confidence-accuracy correlations differed significantly from zero. 



   

 

   

 

Finally, all the variables saved in Excel consisted of each of the following values before 

and after the intervention. (1) SDNN, (2) RMSSD, (3) Awareness, (4) Accuracy and (5) 

Sensibility (confidence). The means were derived from SDNN and formatted in Excel after 

each trial in Jasp (e.g., total mean from three trials 0.719 * 1000) to represent its values in MS 

from seconds. RMSSD was already displayed in MS, therefore no formatting was required.  (3) 

Accuracy score was averaged across each of the six trials and represented in percent. (4) 

Awareness was calculated using Pearson's R correlation between each accuracy score and the 

corresponding confidence judgements ranging from 0-9, resulting in a value from -1 to +1 

where +1 represents a strong correlation. (5) Sensibility, the participants' subjective confidence 

judgment, was averaged from each trial to represent a score from 0-9. 

Values were calculated using a mixed model ANOVA in SPSS, with two levels of time 

representing before and after the intervention. A group variable was used as the between 

subject’s variable, which either consisted of mindful meditation or cyclic hyperventilation with 

retention. The number of days completed was used as a covariate to investigate if days 

completed affected the outcome.  

Results 

Participants 

Most participants were recruited from the student population of Umeå University, 

through word-of-mouth and social media. All participants were healthy young individuals. 

The number of participants who did not continue from the initial cohort was ten in total. I set 

a minimum number of days completion for 13, therefore any participant who completed their 

given exercise under this number was excluded from participating in the second 

measurement. Consequently, due to lack of days completed, data from nine participants were 

excluded from the analysis. 

Furthermore, one participant was excluded from the analysis due to abnormal 

breathing observed during the second measurement. Normal breathing is important in order 

to draw reliable data from HRV. The participant in this case tried to deliberately modify the 

breathing in order to sense their heartbeat. Discouraging this, the participant indicated that 

they used the same pattern of breathing in the initial measurement, however after analysis this 

was not the case.  

 Therefore, the final sample size included in the analysis was (N = 45 - 9 - 1 = 35) 

participants. Cyclic group = 17 and mindful group = 18. In the mindfulness meditation 

intervention group, participants completed an average of 16 days of the intervention. In a 

similar fashion, in the cyclic hyperventilation with retention group, participants completed an 

average of 16.47 days of the intervention. 



   

 

   

 

Interoceptive capacity and Intervention Effects 

A mixed-model ANOVA was conducted to examine the effects of two interventions, 

mindful meditation, and cyclic hyperventilation with retention, on interoceptive capacity 

measures including accuracy, confidence and awareness and HRV measures such as SDNN 

and RMSSD. However, the results did not reach statistical significance, indicating that the 

interventions did not have a significant overall effect on these measures (p > 0.05).  

To investigate whether HRV is positively associated with heartbeat detection, several 

correlations were made. In the mindful meditation group, the correlation between SDNN and 

IAcc increased from 0.17 to 0.37, while for RMSSD, it increased from 0.23 - 0.41. Indicating 

a stronger positive correlation between higher HRV values and increased accuracy in heartbeat 

detection following the intervention. Conversely, in the cyclic hyperventilation group, a 

reversed pattern was observed. The correlation between SDNN and IAcc decreased from 0.24 

to 0.20, and for RMSSD, it decreased from 0.33 to 0.19 after the intervention. Further details 

and interpretation of these findings will be brought up in the discussion. 

To thoroughly investigate the nature of this experiment, which involved participants 

completing the same task twice, a post hoc analysis was conducted. The aim was to examine 

the specific impact of doing the heartbeat detection task on the variables of interest, 

independent of any potential influence from the covariate ‘days completed’. It was 

hypothesized that due to the participant’s familiarity with the task during the second 

measurement, an increase in performance, confidence and awareness might be expected. 

Through the removal of the covariate, the post hoc analysis revealed more pronounced and 

statistically significant changes. The analysis showed that the effect of measurement time on 

accuracy was marginally significant, p = 0.086 compared to 0.368 with ‘days completed’ as a 

covariate. Although the p-value did not reach conventional levels of statistical significance, it 

resembles a trend towards improved accuracy independent of days completed as covariate. 

Additionally, the effect of measurement time on confidence was highly significant, p <.001 

independent of the covariate.  

Moreover, the dimension of interoceptive awareness derived from confidence-accuracy 

correlations, namely the Pearson’s R during heartbeat tracking, significantly differed from zero 

at the overall group level [t(34) = 2.331, p = 0.13]. In other words, validating the notion that 

IAcc and interoceptive awareness can be thought of as distinct dimensions, as discussed in 

detail by Garfinkel et al. (2015). 

 Notably, while all the variables showed some increase, awareness did not. Hence, the 

metacognitive interoceptive awareness variable was excluded from the post hoc analysis. 

Table 1 



   

 

   

 

Descriptive statistics for the comparison of pre- and post-intervention 

changes in interoceptive capacity. 

Interoception N M Std. Deviation 

Accuracy_m 18 .09 .40 

Accuracy_c 17 .12 .29 

Confidence_m 18 1.24 1.65 

Confidence_c 

Awareness_m 

Awareness_c 

17 

18 

17 

.63 

.00 

-.03 

1.13 

.80 

.72 

Note: N = Normative, M = mean. 

This table shows a comparison of values after the intervention subtracted by values 

before the intervention. Where M = Meditation and C = Cyclic. Displayed for each 

dimension for both groups after each other for interpretation ease. 

The descriptive statistic illustrates the notion that mindfulness meditation tends to 

increase participants' confidence independent of actual increase in accuracy. Given how 

accuracy increased slightly more in the cyclic hyperventilation with retention group even 

though the confidence increase was half of the mindful meditation group. Furthermore, 

interoceptive awareness in cyclic hyperventilation with retention group showed a decrease. 

However, this reduction was minimal and should be interpreted with caution.  

Table 2  

Descriptive statistics for the comparison of pre- and post-intervention 

changes in HRV. 

HRV N M Std. Deviation 

SDNN_m 18 -2.64 17.74 

SDNN_c 17 -5.35 23.52 

RMSSD_m 18 .32 21.97 

RMSSD_c 17 -14.17 24.69 

Note. This table shows a comparison of values after the intervention subtracted by 

values before the intervention. Where M = Meditation and C = Cyclic.  For 

transparency, RMSSD_m had a skewness of 1.240 and RMSSD_c had a skewness of 

–1.760. SDNN = Standard deviation of NN intervals. RMSSD = root mean square of 

successive differences between normal heartbeats. 

In addition, Table 2 illustrates an increase in RMSSD for mindful meditation group and 

larger decrease in RMSSD for cyclic hyperventilation with retention group. Although the 

increase in RMSSD was minimal, put in comparison with the larger decrease for the other 

group, a pattern emerges which indicates that the practices differ in their effect on RMSSD.  

Discussion 

The present study aimed to investigate the effects of two interventions, mindful 



   

 

   

 

meditation, and cyclic hyperventilation with retention, on interoceptive capacity measures and 

HRV measures. Additionally, a post hoc analysis was conducted with the covariate ‘days 

completed’ removed. This enabled an exploration to whether simply doing the first 

measurement increased the IAcc and confidence independent of how many days the 

participants completed their assigned intervention exercise. This section will discuss the key 

findings and their implications, while also addressing the observed disparities in significance 

levels when using and not using the covariate. Lastly, the trends described in the descriptive 

statistics will be further explored.  

All in all, the results of the mixed-model ANOVA did not reveal a significant overall 

effect of the interventions on interoceptive capacity measures or HRV measures. This suggests 

that the interventions did not generate a substantial impact on these variables. Yet, the effect 

of measurement time on the variables of accuracy and confidence differed when the covariate 

‘days completed’ was removed in the post hoc analysis. The analysis revealed a marginally 

significant effect of measurement time on accuracy (p = .084) indicating a possible trend 

towards improved accuracy independent of the number of days completed for each 

intervention. Although it was not significant per conventional levels of statistical significance, 

it was comparably different from (p = .583) when the covariate ‘days completed’ was employed 

in the within participant post hoc analysis and raises the possibility that this disparity reflects 

the participants increasing familiarity with the task during the second measurement. 

Additionally, the effect of time on confidence level was highly significant (p = < .001). 

Notably, mindful meditation had a larger increase in confidence compared to the cyclic 

hyperventilation group. While at the same time, there were no significant changes in IAcc 

between both groups, but a trend towards significance. Thus, it appears that mindfulness 

meditation has the effect of increasing a participant's confidence comparatively more than an 

increase in IAcc. This effect has been demonstrated in several studies (Fischer et al., 2017; 

Parkin et al., 2013). Interestingly, despite the observed increases in IAcc and confidence over 

time, interoceptive awareness, as indicated by confidence-accuracy correlations, remained 

stable throughout the study. Perhaps the lack of change might be due to the measurement 

limitations. Normally a heartbeat discrimination task is done in tandem with the heartbeat 

detection task in this context, allowing for more trials to be conducted. Which in turn would 

enable a more precise correlation between accuracy and confidence enabling a more robust 

interoceptive awareness measurement. Unfortunately, this was beyond the possibility of this 

study. 

Moreover, there is an interesting pattern emerging from the changes in interoceptive 

capacities and HRV values. Most notably, the correlation between IAcc and HRV values had 

a significant increase in their association in the mindfulness meditation group. Interestingly, 

this pattern was reversed for the cyclic hyperventilation with retention group. One plausible 



   

 

   

 

explanation for this disparity lies in the nature of each exercise. Mindful meditation is known 

to modulate the vagus nerve through slow, deep breathing thus stimulating the parasympathetic 

nervous system. Consequently, RMSSD is a commonly used measure of HRV which primarily 

reflects parasympathetic activity, reflecting the activity of the vagus nerve. Where higher 

RMSSD indicates greater parasympathetic activity and better autonomic regulation. Whereas 

lower values suggest a potential sympathetic dominance. Additionally, given the disparity 

between both groups and their corresponding values in RMSSD (see figure 2), there seems to 

be lasting effects of conducting the cyclic hyperventilation with retention practice. The 

observation that cyclic hyperventilation with retention induces a predominant sympathetic 

activity is well-established. Although, as shown here, it seems that as little as 5 minutes per 

day may be adequate to shift the dominance of the nervous system.  

 Furthermore, in a systematic review, Pinna and Edwards (2020) found that greater 

HRV and interoception are associated with better emotional regulation (ER). Where the use of 

adaptive ER strategies such as reappraisal, and better acceptance of emotions was largely 

predicted by high parasympathetic activity. Thus, it would be reasonable to stay away from 

cyclic hyperventilation with retention if one is already sympathetic dominated.  

However, in the study by Kox et al. (2014) they found that voluntarily activating the 

sympathetic activity by doing cyclic hyperventilation with retention enabled the participants to 

deliberately affect their nervous system in a way to effectively reduce their sickness rate when 

injected by E. Coli compared to a control group. However, the group also conducted mindful 

meditation and cold immersion. 

The initial motivation for this study was derived from the work of Balban et al. (2023) 

who conducted a comparative study between mindful meditation and different breathing 

interventions. They found significant differences in physiological measures between the 

groups, comparing baseline and end-of-study (4 weeks), despite participants only engaging in 

the exercise for 5 minutes per day. Considering Balban et al. findings, I aimed to investigate 

whether a similar pattern could be observed in interoceptive capacity. However, due to the 

timeline constraints of this thesis, the intervention duration was reduced to three weeks.  

Additionally, 5 minutes per day of both interventions is relatively short, especially 

when targeting interoception, a dimension naturally hard to capture. Therefore, one might think 

how a longer duration would have affected the result. In a study by Fischer et al. (2017), no 

significant difference was found between two groups. Group 1 (20-minute body scan 

audiobook) and group 2 (physiological thriller audiobook) in terms of accuracy from the first 

to the third measurement. Interestingly, within the thriller audiobook (N = 24), accuracy 

increased, although not statistically significant, from a mean of 0.56 to 0.67 after 4 weeks of 

listening and then a slight decrease to a mean of 0.65 after an additional 4 weeks. This illustrates 

potential confounding factors that might affect the result independently of the intervention and 



   

 

   

 

its duration.  

Furthermore, a meta-analysis conducted by Treves et al. (2019) focused on objective 

measurements of body awareness in several studies. Among the included studies, 5 out of 7 

randomly controlled trials (RCTs) employed a similar heartbeat perception task as utilized in 

this study. A post hoc analysis conducted by Treves et al. indicated that the length of the 

intervention did not moderate effect sizes within the RCTs. However, the study found a small 

significant positive relationship between mindfulness and body awareness. Furthermore, when 

examining 9 studies related to heartbeat tracking or discrimination, mindfulness was not 

associated with heartbeat-related tasks (g = 0.13). Additionally, in a separate study conducted 

by Otten et al. (2015) a group of 22 experienced meditators were compared to a matched control 

group of 22 individuals in the heartbeat perception task. The results revealed a mean score of 

0.79 for experienced meditators and 0.78 for the control group.  

All in all, the literature around interoception is differential and complex, it seems to 

suggest that mindfulness-based interventions work to enhance interoceptive processes (Weng 

et al., 2021), however, the framework proposed by Garfinkel et al. (2015) which suggests three 

separate dimensions of interoceptive capacity, as utilized in this study, does not capture the 

changes proposed to occur through mindfulness-based strategies in a significant manner. Thus, 

making it hard to rule out the possibility that just by conducting one heartbeat detection task 

naturally increases a person's confidence, with trends suggesting improved IAcc.  

Moreover, this study employed ultra-short recordings of HRV recordings consisting of 

50, 40 and 30 seconds averaged to represent the ‘actual’ HRV. However, to capture the full 

dimension of HRV a recording of 24 h would be necessary (Shaffer & Ginsberg, 2017). 

Therefore, this study only investigated ‘time domain’ variability. According to the literature, 

ultra-short-recordings as utilized in this study manage to capture the conventional short-term 

recordings of 5 minutes, in a significant manner. In a study by Munoz et al. (2015) longer 

recordings than 120 seconds were deemed unnecessary to capture the ‘actual HRV’ in RMSSD 

and SDNN. 

Conclusion 

The overall impact of mindful meditation and cyclic hyperventilation with retention 

interventions on measures of interoceptive capacity and heart rate variability was found to be 

nonsignificant. However, a trend towards improved accuracy, independent of the intervention 

duration, was marginally significant. Furthermore, a highly significant effect of time on 

participants' confidence levels was observed, with a doubled effect in the mindful meditation 

group. Interoceptive awareness, as measured by confidence-accuracy correlations, did not 

show a significant change from baseline to the end of the study, indicating that participants had 

a stable baseline of interoceptive awareness. 



   

 

   

 

Investigating the association between HRV and heartbeat detection, notable differences 

emerged between the mindful meditation and cyclic hyperventilation groups. Mindful 

meditation demonstrated a stronger positive correlation between HRV values and accuracy 

values in heartbeat detection following the intervention, indicating enhanced parasympathetic 

activity reflected by higher RMSSD values. Conversely, the cyclic hyperventilation group 

exhibited a reversed pattern, with a decreased correlation between HRV and IAcc following 

the intervention. In addition to lower RMSSD values post intervention. These findings suggest 

that mindful meditation may improve IAcc through parasympathetic enhancement, while 

cyclic hyperventilation may have an opposing effect. These results emphasize the complex 

relationship between interoception, HRV, and different intervention approaches. 

The literature on interoception and the impacts of mindfulness-based interventions is 

intricate and characterized by conflicting outcomes. While a number of studies propose that 

strategies employed in mindfulness-based interventions can augment interoceptive processes, 

the three-dimensional framework employed in this study may not adequately capture the 

alterations posited by mindfulness-based approaches. 

Limitations 

This study focused on a specific breathing pattern that contained a retention phase of 

only 15 seconds following exhalation. Typically, the retention phase is prolonged, ranging from 

30 to 60 to 1.30 from each phase, or even longer depending on the individual comfort (Hof., 

2020). However, considering ethical and safety considerations in this home-based intervention, 

the participants were instructed of a 15 second limit on the retention phase. If interested, 

additional exploration is warranted to investigate the proposed and potential advantages of 

conducting the breathing exercise in a supervised setting to ensure accurate performance and 

participant safety. 

The absence of a control group in this study-imposed limitations on drawing definitive 

conclusions regarding the impact of the intervention on the targeted interoceptive variables of 

interest. Additionally, the sample size was quite small (N = 35), which made it hard to draw 

any meaningful conclusions.  

While the heartbeat perception task is supposed to reflect accuracy in detecting 

interoceptive signals, a lot of the participants severely underestimated the objective heartbeats. 

This raises the question also to why some showed a massive decrease or a massive increase pre 

and post measurement. Anecdotally, some participants said that they “filled” out their 

heartbeats, when they knew they should have “felt” a beat since they have learned the rhythm. 

Even though the participants were told to only report the heartbeats they felt. Additionally, it's 

hard to rule out whether the heartbeat counting reports are based on time estimation. E.g., If a 

participant is reporting the value based on their heart rate belief in tandem with time estimation, 



   

 

   

 

the reported value might not reflect their actual IAcc (Zamariola et al., 2018). Although for 

some participants this issue was not a problem given their openness, for some it might have 

affected the outcome considering the discrepancy between pre and post measurement.  

Future directions 

Future research should adopt larger sample sizes to enhance the statistical power and 

generalizability of findings, allowing for a more definitive conclusion. Given the observed 

contrasting effects of cyclic hyperventilation with retention and mindful meditation, 

investigating the outcomes of combining these interventions with other breathing exercises 

would offer a deeper understanding of their potential effects. Additionally, given the 

technological advance it is now possible to use wristbands to measure HRV values 

continuously. This would provide a more holistic understanding of autonomic regulation and 

its association with interoceptive capacities. 
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