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Potsdam, Potsdam, Germany, 2Faculty of Health Sciences Brandenburg, University of Potsdam,
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Introduction: Vagally mediated heart rate variability is an index of autonomic
nervous system activity that is associated with a large variety of outcome variables
including psychopathology and self-regulation. While practicing heart rate
variability biofeedback over several weeks has been reliably associated with a
number of positive outcomes, its acute effects are not well known. As the strongest
association with vagally mediated heart rate variability has been found particularly
within the attention-related subdomain of self-regulation, we investigated the
acute effect of heart rate variability biofeedback on attentional control using the
revised Attention Network Test.

Methods: Fifty-six participants were tested in two sessions. In one session each
participant received a heart rate variability biofeedback intervention, and in the other
session a control intervention of paced breathing at a normal ventilation rate. After the
biofeedback or control intervention, participants completed the Attention Network
Test using the Orienting Score as a measure of attentional control.

Results: Mixed models revealed that higher resting baseline vagally mediated heart
rate variability was associated with better performance in attentional control, which
suggests more efficient direction of attention to target stimuli. There was no significant
main effect of the intervention on attentional control. However, an interaction effect
indicated better performance in attentional control after biofeedback in individuals
who reported higher current stress levels.

Discussion: The results point to acute beneficial effects of heart rate variability
biofeedback on cognitive performance in highly stressed individuals. Although
promising, the results need to be replicated in larger or more targeted samples in
order to reach stronger conclusions about the effects.

KEYWORDS

attention, self-regulation, heart rate variability, biofeedback, cognitive control, stress,
vagal tone, slow-paced breathing

1. Introduction

“Take a deep breath” is an idiom commonly used in everyday life. Most people seem to
understand that breath control has some kind of connection to one’s mental state. Indeed, the
goal of these breathing exercises is usually to refocus attention away from salient stimuli toward
more relevant targets, such as interrupting anxious thought loops before an exam or bringing the

01 frontiersin.org


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2023.1292983﻿&domain=pdf&date_stamp=2023-11-16
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1292983/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1292983/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1292983/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1292983/full
mailto:berenike.blaser@uni-potsdam.de
https://doi.org/10.3389/fpsyg.2023.1292983
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2023.1292983

Blaser et al.

attention back from unfocused distraction. Research shows consistent
associations between this skill of top-down regulation and the
physiological correlate of vagally mediated heart rate variability
(vmHRYV), an index of parasympathetic activity (Thayer and Lane,
2000; Laborde et al., 2023). Critically, vmHRYV parameters are strongly
influenced by breath (Vaschillo et al., 2006). This influence is driven by
respiratory sinus arrhythmia (RSA), the phenomenon where heart rate
increases with inhalation and decreases with exhalation (Eckberg,
1983; Berntson et al.,, 1993). These sinus wave-like fluctuations of heart
rate are produced by phasic vagal input to the sinoatrial node during
exhalation (Vaschillo et al., 2006). RSA is largely vagally mediated
(Karemaker, 2022), and the quantifications of the contribution of RSA
to heart rate [although not the magnitude of the RSA itself, see
Grossman and Taylor (2007), Kollai and Mizsei (1990)] are interpreted
as the extent of cardiac parasympathetic activation. In heart rate
variability biofeedback (HRV BFB) interventions, RSA can
be maximized through slow-paced breathing, which increases HRV
both during and after the intervention (Laborde et al, 2022a).
Practicing this slow-paced breathing over a longer period of time (e.g.,
4weeks) has been shown to have a wide range of positive emotional
and cognitive effects (Goessl et al., 2017; Lehrer et al., 2020; Pizzoli
etal., 2021).

Two recent meta-analyzes by Holzman and Bridgett (2017) and
Zahn et al. (2016) found consistent, albeit small associations between
vmHRV measures at rest and performance on different laboratory self-
regulation tasks. A theoretical framework for this association has been
proposed by Thayer and Lane (2000) in their model of neurovisceral
integration. The authors suggest vmHRYV as a peripheral marker for the
capacity as well as a reciprocal functional part of the central autonomic
network (CAN). Thayer and Lane (2009) suggest that the reciprocal
inhibitory connectivity of the ventromedial prefrontal cortex (vmPFC)
and the amygdala is the core mechanism of this complex system, which
coordinates behavioral, cognitive and physiological self-regulation.
Thayer and Lane (2000) argue that vmHRV can be viewed as an
indicator of the extent of the influence the higher processing structures
such as the vmPFC have on brainstem and autonomic activity. This
reflects the organism’s capacity to inhibit automatic responses and
instead react flexibly to environmental demands. In their vagal tank
theory, Laborde et al. (2018) expand on the neurovisceral integration
framework. The authors propose that cardiac vagal control (vmHRV)
reflects self-regulatory resources, which can be depleted or replenished
like a tank. While resting vmHRYV is positively associated with self-
regulation, vmHRYV reactivity’s association with self-regulation depends
on the level of activity and stress. In high activity/stress situations, a
larger reduction in vmHRY is seen as adaptive, while in low activity/
stress situations, a lower drop is better for self-regulatory performance.
Self-regulation manifests itself in multiple domains. Although not
statistically significant, both meta-analyzes on resting vmHRYV and self-
regulation (Zahn et al, 2016; Holzman and Bridgett, 2017) have
observed that these associations are larger in the attentional control
domain. One way of assessing attentional control is via the revised
attention network test (ANT-R, Fan et al, 2009). The ANT-R
differentiates between the three networks of attentional processes
proposed in the attentional network theory by Posner and Petersen
(1990). The Alerting Network is the network that sets the system into a
general, vigilant arousal state enabling faster reaction times once action
is needed. The Orienting Network is a system of structures that enables
the efficient and rapid selection of the correct modality and location
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from which sensory input should be primarily processed. In doing so,
salient information that is not relevant for goal attainment is suppressed.
Petersen and Posner (2012) describe the Executive Network as a system
to provide focal attention, the limited awareness of relevant information
which inhibits the processing of other input and enables the complex
neuro-structural activation system that comprises consciousness. In
comparison to the Alerting and Executive Networks, the Orienting
Network, which is assessed through a cueing paradigm and specifically
requires active employment of goal-directed self-regulation, has been
closely linked to vmHRYV measures at rest [medium to large associations
(Pearson’s R between —0.3 and —0.55); Quintana et al. (2017), Ramirez
etal. (2015), Sorensen et al. (2019)]. Additionally, active engagement of
the Orienting Network is associated with activation in the ventral PFC
(Petersen and Posner, 2012), which plays a central role in the CAN
proposed by Thayer and Lane (2000).

All parts within Thayer and Lane (2009) CAN are assumed to
be bidirectional, which implies that the manipulation of vmHRYV can
have modulational effects on self-regulatory capacity. One way to
improve vmHRYV is through HRV BFB training, in which the
individual receives visual feedback on momentary vmHRYV and learns
to influence it via breathing rhythm. A slow-paced breathing
frequency is set at 0.1 Hz or at an individual resonance frequency
between 0.07-0.12Hz (Lehrer et al., 2013), which has been shown to
maximize (individual resonance frequency) or at least strongly
increase (0.1 Hz) RSA (Vaschillo et al., 2006). And indeed, research
suggests that the effects of HRV BFB are almost exclusively driven by
slow-paced breathing rather than the visual feedback of momentary
HRV (Laborde et al., 2022¢).

It has been suggested that, among other interventions, particularly
abdominal slow-paced breathing at around 0.1 Hz increases vmHRV
through the approach of resonance of the respiration-heart beat phasic
relationship and the baroreflex (Lehrer and Gevirtz, 2014). A recent
literature review elaborates on this by explaining how the temporal
coherence between respiratory, blood pressure, and cardiac phases
offers the ideal timing for a complete release of acetylcholine, which
orchestrates the reactive drop in heart rate during exhalation, and its
subsequent hydrolysis (Sevoz-Couche and Laborde, 2022). This, in
turn, leads to an enhanced baroreflex. HRV BFB has been found not
only to enhance baroreflex gain during training but also to produces
long-term increases in baroreflex gain at rest (Lehrer et al., 2003). The
altered autonomous activity can then affect higher cognitive processing
levels through afferent pathways. Lehrer and Gevirtz (2014) describe
one of the most important among these pathways to be the baroreflex
afferent input during exhalation to the amygdala via the nucleus of the
solitary tract, where sensory signals from the baroreceptors are
integrated and processed and projections branch extensively into
structures of the CAN (Henderson et al., 2004). More recent research
has found additional effects of a complementary afferent input to the
nucleus of the solitary tract via afferents from slowly adapting
pulmonary stretch receptors, which increases sympathetic activity
during prolonged inhalation while their activity is terminated during
prolonged exhalation (Noble and Hochman, 2019).

In addition, HRV BFB may stimulate the afferent vagal pathway
(Lehrer and Gevirtz, 2014), which also projects into all structures of
the CAN and can therefore influence higher cognitive processing
levels as proposed in the theory of neurovisceral integration (Thayer
and Lane, 2009). Through these afferent pathways projecting into the
CAN, the non-adaptive default threat response as proposed by Thayer
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and Lane (2000) can be altered to ensure more adaptive regulatory
processes. Gerritsen and Band (2018) propose that this respiratory
vagus nerve stimulation is the driving factor behind the many benefits
of contemplative practices.

Furthermore, the interplay between the afferent input from the
pulmonary stretch receptors and baroreceptors do not only impact
CAN activity but also produces synchronized cortical rhythms in the
same frequency as the slow-paced breathing (Noble and Hochman,
2019). These slow global potentials could potentially interact with
other networks involved in stress and memory, including the default
mode network. Mental effects of the concentrative practice in HRV
BEFB as well as direct cortical pathways via activation of the olfactory
bulb might be additional elements (Lehrer and Gevirtz, 2014).

Based on the proposed mechanisms of HRV BFB (Lehrer and
Gevirtz, 2014), it is not clear which of the effects of HRV BFB are
immediate and which develop over the course of long-term training.
Several meta-analyzes (Goessl et al., 2017; Lehrer et al., 2020; Pizzoli
etal, 2021) demonstrate the beneficial long-term effects of HRV BFB
on cognitive and emotional states, possibly by way of increased
general activity as well as functional connectivity of and within the
CAN (Schumann et al,, 2021). Tinello et al. (2022) found mixed
results in a systematic review of HRV BFB effects on executive
functions with about half of the included studies reporting beneficial
effects. The authors reported effects especially in the domain of
attention and inhibition and in vulnerable populations such as samples
experiencing high stress or clinical samples. However, it remains
unclear whether the acute increase in CAN activity due to afferent
vagal activation is sufficient to observably affect cognitive and
emotional measures.

A small number of studies, however, already point to immediate
beneficial effects in terms of stress relief. One study found acute
anxiety-reducing and calming effects of HRV BFB in a sample of
students with high perceived stress levels (Meier and Welch, 2016).
Similarly, another study found that HRV BFB acutely reduces the
excitability of motoneurons in the medulla (Pagaduan et al., 2021).
Prinsloo et al. (2013a) studied a small group of men (N=18) in
managerial positions who rated high in perceived life stress as well as
current work stress, and found acute increases in self-reported
relaxation, energized positive feelings and mindfulness and decreases
in anxiety (Prinsloo et al, 2013b). Additionally, they showed changes
in electroencephalography (EEG) signals both during and after the
intervention, which reflected increased relaxation and attention
(Prinsloo et al., 2013c). Furthermore, lower levels of salivary alpha-
amylase were found in participants who completed an HRV BFB
session after a stress-inducing laboratory task compared to a control
group, but no difference in cortisol levels or self-reported stress,
indicating differential effects on different measures of stress (Hunter
et al, 2019). A last study employing a one session slow-paced
breathing intervention additionally showed changes in EEG frequency
activity, i.e., increases in alpha-band activity and decreases in beta-
band activity in areas critical to stress regulation as revealed by source
localization (Sherlin et al., 2010).

Additionally, a handful of studies suggest an acute improvement
effect of single-session HRV BFB on cognitive outcomes. In the study
elaborated on in the previous paragraph, better performance on a
modified Stroop task was also observed after the BFB intervention
compared to a control condition (Prinsloo et al, 2011, 2013a).
Similarly, better performance in Stroop tasks was found after a
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one-session slow-paced breathing intervention in a population of
adults who reported high stress levels (Sherlin et al., 2010), and in a
population of athletes who underwent a physical exhaustion protocol
(Laborde et al., 2019). Another study also reported similar findings as
well as improved performance in an operation span task after a slow-
paced breathing intervention compared to a control condition
(Laborde et al., 2022b). Hoffmann et al. (2019) investigated the effects
of slow-paced breathing on the performance in a flanker task. The
results showed no significant effect on task performance, but there was
an increase in the amplitude of the error-related negativity component
of the event-related potential, which has been interpreted as indicating
increased attention to performance accuracy.

Taken together, these results point to acute effects of alleviating stress
and improving cognitive outcomes. Most of the above-mentioned
studies, however, focused on samples that rated high in baseline stress
levels or underwent a stress-inducing protocol. While high self-reported
stress might make individuals more susceptible to the BFB intervention,
this question has not explicitly been examined yet.

To investigate the acute effects of HRV BFB on attentional control
and whether or not stress is a moderating factor, we conducted a
laboratory study that tests the effects of a single-session HRV BFB on
the ANT-R. As a manipulation check in this study, we hypothesize that
vmHRYV indexed by the root mean square of successive differences
(RMSSD) is higher during an HRV BFB intervention compared to
paced normoventilation during a control condition (Hypothesis 1).
Secondly, we aim to replicate the positive association between resting
vmHRV and attentional control (Hypothesis 2). We furthermore
hypothesize acute improvements in the Orienting Network score after
an HRV BFB session compared to a control condition (Hypothesis 3).
Lastly, we postulate that the effect of HRV BFB on the Orienting score
of the ANT-R is moderated by the individual stress level, as indicated
by a self-report questionnaire on current stress (Hypothesis 4).

2. Materials and methods
2.1. Participants

Sixty participants were recruited from the population of students
at the University of Potsdam through flyers on campus as well as the
online recruiting platform for study participants of the cognitive
sciences (Sona Systems, https://www.sona-systems.com). One person
dropped out after the first session and three had to be excluded due to
incomplete data, leaving a sample size of 56 (age=23.1 £ 3.4 years, 75%
women, 23% men, 2% diverse), see Table 1. Informed consent was
given by all participants after being given both verbal and written
information about the study. The study protocol was approved by the
ethics committee of the University of Potsdam (proposal No 15/2021).

Following recommendations by Laborde et al. (2017), individuals
were excluded who took medication that alters autonomic functioning,
had a chronic or acute disease associated with altered autonomic
functioning or were pregnant. Competitive athletes were also
excluded, as athletes show systematically altered HRV (Da Silva et al.,
2015). Since vmHRYV varies across the lifespan (Voss et al., 2012), in
order to achieve a homogenous sample participants younger than
18years and older than 30 years were excluded.

The sample size was calculated based on the effect size of HRV
BFB on the RMSSD, which is around d=1.6 (Laborde et al., 2022¢).
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TABLE 1 Sample characteristics (N = 56).

10.3389/fpsyg.2023.1292983

Variable Mean SD Min Max
Age in years 23.1 3.41 19 30
BMI 214 24 18.4 29
Gender 75% female; 23% male, 2% diverse
RMSSD baseline in ms 44.4 31.5 12.2 207.3
RMSSD gain from BFB in ms 20.3 17.1 —42.3 56
ANT-R Alerting network score 37.5 323 —48.7 127.8
ANT-R Orienting network score 95 37.6 10.1 190.8
ANT-R Executive network score 122 32.1 49 221.4
ANT-R Orienting-Executive interaction

18.8 37.7 —-89.1 127
score
ANT-R Alerting-Executive interaction

-1 52.2 —148.8 143.2
score
Perceived stress scale score 27.9 6.1 14 41

SD, standard deviation; Min, minimum; Max, maximum; BMI, body-mass-index; RMSSD, root mean square of successive differences, BFB, biofeedback; ANT-R, revised attention network

test.

The Orienting component of the ANT-R shows a correlation between
0.3 and 0.55 with vmHRYV at rest (Ramirez et al.,, 2015; Quintana et al.,
2017; Serensen et al., 2019). Assuming conservatively that about half
of the shared variance of the lowest value (covariance=r*=.3%2)
might respond to the intervention leads to an estimated effect size of
d=1.6 * sqrt(.3%/2) =0.34. To observe this main effect in a within-
subject design, a G*Power analysis (Faul et al., 2007) revealed a
necessary sample size of N=55. To account for dropouts and data
trimming, 60 participants were tested.

2.2. Testing procedure

Participants were tested in two different sessions exactly 1week
apart, at the same time of day between 9am and 7 pm. Before signing
up for the testing sessions, participants filled out an online questionnaire.
The online questionnaire screened for exclusion criteria and assessed
current perceived stress levels (German version of the Perceived Stress
Scale — PSS; Klein et al,, 2016) as well as information known to
be associated with vmHRYV, namely age, gender (Zhang, 2007), body-
mass-index (BMI, Molfino et al., 2009), and habitual use of caffeine
(Koenig et al., 2013), nicotine and alcohol (Koskinen et al., 1994).

Following the recommendations of Laborde et al. (2017),
participants were asked not to drink alcohol or do intense physical
training, and to follow their normal sleep routine and take note of the
time they fell asleep and woke up 24h before the sessions.
Furthermore, they were instructed not to drink caffeinated drinks or
have a meal 2 hours before each session.

At the beginning and end of each session, the RMSSD at rest was
measured to obtain a baseline RMSSD. Participants had been sitting
down for at least 15min before the measurement. The measurement
was taken in a sitting position. Participants were instructed to sit
comfortably, place their feet side by side on the floor, close their eyes
and were told that they do not have to pay attention to anything in
particular. Following the recommendations by Laborde et al. (2017),
the measurement had a duration of 5min.

Frontiers in Psychology

After the initial RMSSD assessment, a one-minute threshold
assessment followed in each session. Secondly, participants completed
a 5-min HRV biofeedback training in one session and a comparative
control condition in which normoventilation (NV) was applied in the
other session.

Each participant was tested in both NV and BFB conditions. The
order in which the participants received BFB and NV was pseudo-
randomized. Since gender effects may be expected due to prior
research showing differential RMSSD between those groups (Sammito
and Bockelmann, 2016), the order of BFB and NV conditions was
balanced among biological men and women. Additionally, an
approximation of an age median split was applied before the testing,
based on prior samples in studies of our group (</> 23 years of age)
(e.g., Wendt et al., 2019; Szeska et al., 2020). Within each of the four
subgroups (women <23 y/o, women >23 y/o, men <23 y/o, men >23
y/0), condition order was balanced. After the breathing intervention,
the ANT-R was completed followed by a second RMSSD assessment
at rest (see Figure 1).

2.3. Heart rate variability assessment,
biofeedback and normoventilation

Resting RMSSD and biofeedback threshold assessments as well as
HRYV biofeedback (and the control condition) were conducted using
the BioSign soft- and hardware (“HRV-Scanner”; Biosign®, D-85570,
Ottenhofen, Germany). Heart rate was measured by a one-lead
electrocardiogram (ECG) through two surface sensors attached to the
right and left wrists of the participant. The device works with a
sampling rate of 500 Hz and a 16-bit resolution.

Artifacts and abnormal beats were filtered in a two-step process
following the protocol outlined in the HRV-Scanner software
documentation (BioSign GmbH, 2023). First, the HRV-Scanner
software automatically marked areas of the heart rate curve that
included implausible changes in heart rate through the division of the
heart rate curve into small segments and a subsequent scan of each
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t0 [ online questionnaire: sociodemographics, PSS J

t1| HRVpre | TA BEEIEE] HRYV post
order pseudorandomized
t2 | HRV pre NV ANT-R HRV post
S5min  1min  5min 15-20 min 5 min
FIGURE 1

Testing procedure. The order of BFB and control condition is
randomized within sociodemographic groups. PSS, perceived stress
scale; HRV, heart rate variability; TA, threshold assessment; BFB,
biofeedback; NV, normoventilation; ANT-R, attention network test-
revised. Online questionnaire was filled out before sign up, t1 and t2
were exactly 1week apart at the same time of day.

segment. This process is based on an algorithm patented by the
BioSign® company that identifies outliers in a Poincaré plot, in which
each RR interval is plotted against the previous RR interval.

Working with these recognized areas of possible disturbances, in
the second step the R-spike recognition was manually assessed and
corrected, and artifacts, alterations of the electric signal not related to
the electrical activity of the heart due to movement or the like, were
removed. After the two-step process the data quality was excellent,
with less than 0.1% artifacts per measurement on average. Only 7% of
the heart rate assessments had a measurement quality of less than
100%, of which the lowest was 96.6%.

2.3.1. HRV baseline assessment

We focused on the RMSSD as a measure of vmHRYV (Penttild
etal., 2001). The high frequency (HF) component of power spectral
analyzes, which has also been shown to assess cardiac parasympathetic
activity (Penttild et al., 2001), is not used in this study for the following
reasons. The HF is defined as the power of the frequency band
between 0.15 and 0.40Hz. This frequency band is based on
normoventilation at a rate of 9-24 breathing cycles per minute. Heart
rate oscillations in this frequency reflect RSA, which is largely driven
by vagal activity. However, during the BFB intervention applied in this
study, the paced breathing frequency was set at 0.1 Hz. A maximal
peak at this frequency in power spectral analysis indicates maximal
RSA. The RSA peak is therefore not inside the HF band and can
consequently not be quantified by this parameter. In fact, during slow-
paced breathing, the vagal contribution to heart rate oscillations falls
into the low-frequency band [for pharmacological blockage study see
Kromenacker et al., 2018]. Furthermore, tonic sympathetic activity
levels can additionally indirectly influence the HF component measure
(Chapleau and Sabharwal, 2011). That means that the HF component
can be interpreted as reflecting cardiac parasympathetic activation
only under specific circumstances. The low frequency (LF) component
has previously been observed to increase in power through HRV BFB
(Laborde et al., 2022a). This is due to the RSA frequency falling into
the LF component during SPB, as described above. Since RSA operates
within a different frequency band during spontaneous breathing, this
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component, like the HF component, does not assess vmHRYV in a
comparable manner. The RMSSD was therefore used as an indicator
of vmHRV for each assessment. For each session, the RMSSD
assessment at rest from the beginning of the session was used as
baseline vagal activity (Laborde et al., 2017). The RMSSD was
calculated in the BioSign® Software “HRV-Scanner” following
the formula:

1 N
T > (RRi;1 — RR;)

i=1

RMSSD = 2,

2.3.2. Biofeedback threshold assessment

An individual threshold was assessed for the BFB training. For the
assessment, participants were asked to breathe as deeply as possible in
a paced breathing rhythm at 0.1 Hz for 1 minute, as the ECG continued
to record their heart rate following the protocol outlined in the
documentation of the HVR-Scanner software (BioSign GmbH, 2023).
At this rate, the breathing pace approaches the resonance frequency
of most individuals and RSA is therefore strongly increased.

With this data, spectral analysis was performed through a Fast
Fourier transform based on linearly interpolated R-R intervals in the
HRV-Scanner software. In a patented algorithm by BioSign® (Beise,
2010), two components are identified from the integral of this spectral
analysis. The first one contains the integral around the peak of the
variance distribution and the other one the leftover frequencies. The
two components are then normed and adjusted. The ratio of the
adjusted integral components indicates the relative contribution of
RSA to the total variance of oscillations and is calculated to assess
individual thresholds for the feedback in the biofeedback intervention.
The precise algorithm for the calculation can be found in the registered
patent by Beise (2010).

2.3.3. BFB and NV

The biofeedback was presented as visual feedback in the form of
a hot air balloon flying through a landscape. Participants saw the
balloon rising when the current HRV component ratio, calculated as
described in the segment above, rose toward and above their
individual threshold based on the biofeedback threshold assessment
(and fell when it dropped below the individual threshold). A detailed
description of the task can be found in the software documentation
(BioSign GmbH, 2023). Participants were provided with explanations
on how the biofeedback system works, and that the rising balloon
indicated synchronization of breath and heart rate. They were
instructed to breathe in the induced frequency through their nose in
a relaxed, natural way. Participants practiced the biofeedback for about
a minute before the start of the exercise. If participants reported any
tension or hyperventilation symptoms after the initial practice, the
experimenter instructed them to practice shallower breathing and/or
provided advice to comfortably slow down the breathing rate. If
necessary, another one-minute practice session was conducted before
the start of the exercise to ensure successful completion.

The ratio described above, which is used to quantify breath-to-
heart-rate synchronization, was constantly recalculated, and updated
to ensure swift visual feedback of the current RSA levels within the
BioSign® software. This algorithm was developed specifically to ensure
a higher dynamic of online feedback.
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A bar moving up and down indicated the slow-paced breathing
rhythm at 0.1 Hz, which has been shown to maximize resonance
between the breathing cycle and heart rate (Vaschillo et al., 2006). For
the control condition, participants saw only a breathing bar on a black
background, which dictated a breathing rhythm to imitate
normoventilation at 0.25Hz. For the HRV biofeedback, the
biofeedback threshold assessment suggested a threshold of the ratio
described above individually for each participant in order to achieve
a comparable task difficulty.

The RMSSD was calculated for the ECG recordings during the
intervention. The RMSSD baseline values were then subtracted from
the RMSSD during the intervention for each session. This score
indicates the gain (or decrease if the value is negative) in RMSSD
during the intervention in comparison to the baseline, subsequently
referred to as RMSSD,;,.

2.4. Revised attention network test (ANT-R)

We used the ANT-R (Fan et al.,, 2009), based on the original
attention network test (Fan et al., 2002), which is a reaction time
paradigm combining the Eriksen flanker task (Eriksen and Eriksen,
1974) and the Posner cueing task (Posner, 1980).

In this task, participants respond to a target stimulus of a black
horizontal arrow on a gray background. By pressing the correct button
with either their left or right index finger, they are asked to decide in
which direction the target arrow points.

The original ANT-R consists of 288 trials, in which the first and
second runs (of the 144 trials each) are identical. The whole test lasts
a total duration of 30min. Prior studies showed high split-half
reliability (Greene et al., 2008) in the Executive (r=0.74) and
Orienting network scores (r=0.70). In order to achieve maximum
effects and reduce strain on participants, only one of the two identical
runs was completed by the participants per session.

The task was programmed and applied using the software
Presentation® (Neurobehavioral Systems, Inc., Berkeley, CA, www.
neurobs.com) following the detailed description of Fan et al. (2009).
The task was presented on a 24-inch screen, placed 80 cm away from
the participants. Participants completed 6 practice trials with feedback
and 32 practice trials without feedback after receiving written and
visual instructions. A description of the results can be seen in Table 1.

2.5. Perceived stress scale

The perceived stress scale (PSS-10) is a short (10 items) scale
assessing self-reported current stress experienced during the last
7days (Cohen et al., 1983) on a 5-point Likert scale (0-4). The German
version of the scale showed good internal consistency and construct
validity in a large, representative sample (N >2,400) (Klein et al., 2016).

2.6. Statistical analysis

All statistical analyzes were carried out in R Version 4.1.2. All
linear mixed models were calculated using the Im4 package (v1.1-31)
(Bates et al., 2015). Degrees of freedom and value of ps were calculated
using the Satterthwaite’s degrees of freedom method in the ImerTest
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package (v3.1-31). RMSSD values as well as the reaction times were
BoxCox transformed (Box and Cox, 1964) to account for skewness.

To test whether the BFB intervention successfully increased
RMSSD compared to the control condition (Hypothesis 1), a linear
mixed model was calculated for the intervention gain score
(RMSSD,;,). Participant intercepts were modeled as random effects.
Four different models were fitted which included only the condition
(BFB or NV) and then the successive addition of the RMSSD baseline,
the interaction term of the condition and RMSSD baseline and the
control variables (age, BMI, gender). The goodness of fit was then
assessed through an ANOVA, checking for additional explained
variance through a Likelihood Ratio Test from each model to the next
complex one, yielding a value of p from the y*-test [see proposition by
Meteyard and Davies (2020)]. The Bayesian and Akaike Information
Criteria (BIC and AIC) were also assessed but played a secondary role
in the model selection. The best-fitting model was then used to test
the hypothesis.

To test Hypotheses 2-4, a linear mixed model of reaction time
(RT) was calculated. The mixed model has several advantages
compared to traditional analyzes of the composite scores (Fan et al.,
2009). First and foremost, the power of the statistic is increased, as a
mixed model allows the inclusion of each trial into the analysis
instead of just one data point per session (resulting in up to a 96-fold
increase in data points). Secondly, there is a loss of information and
distortion of the effects when analyzing the composite scores. The
composite scores are calculated by subtracting the average reaction
times of correctly answered trials of different conditions from each
other (e.g., mean RT of trials with invalid cues - mean RT of trials
with valid cues). In the ANT-R, each trial consists of a cue and flanker
condition. If the participant answers 100% of the trials correctly, the
mean RTq ce and RTjaia e then include 50% of trials with
congruent and incongruent flankers. However, accuracy is not the
same for all conditions. Each participant has an individual loss in
accuracy depending on the condition. Typically, there will be more
wrong answers in the invalid cue, incongruent flanker condition than
in the valid cue, incongruent flanker condition. This leads the mean
RTvalid cue to include more congruent flanker trials than the RT, 4 cues
which are responded to faster and mask part of the orienting effect.
In the composite scores, it is therefore not possible to differentiate
between the individual contributions of the conditions. A mixed
model includes each trial, which enables accurate identification of the
contribution of the cue and flanker to the reaction time.

To maintain parsimonious models and reduce convergence issues,
the random effect structure was kept simple and included only
intercepts in participants to account for individual differences in
average reaction time and allow for subject-wise clustering of the data
points. In an iterative process similar to the one described above,
predictors were consecutively added to the fixed effects, with each step
of complexity being tested for improvement of fit through Likelihood
Ratio Testing to the next simpler model. Predictors were maintained
for the next step if they improved the model. Predictors included in
the model were flanker, cue, RMSSD baseline, condition, PSS, age,
gender, BMI, RMSSD * cue interaction, cue * condition interaction
and cue * condition * PSS interaction.

The simplest model included only the factors of flanker (2 levels:
congruent/incongruent) and cue (2 levels: valid/invalid), which equal
the Executive and Orienting network contributions to the reaction
times. The relevant factors were dummy coded so that positive slopes
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would indicate the expected effects (i.e., slower responses in
incongruent and invalid trials) to facilitate interpretation. Trials with
double or no cues were not included in the analysis because they are
used to assess the Alerting Network, which was not the focus of our
hypotheses in this study. Trials assessing the Orienting Network
(congruent/incongruent cues) and the Alerting Network (no/double
cues) are mutually exclusive and, as such, cannot be simultaneously
modeled. This results in up to 108 trials (comprising 72 valid cues and
36 invalid cues) per participant per condition, dependent on
individual accuracy levels. The hypotheses were accepted when the
final model included the RMSSD * cue interaction (Hypothesis 2), the
cue * condition interaction (Hypothesis 3) and the cue * condition *
PSS interaction (Hypothesis 4), with each interaction being a
significant predictor of reaction time and the interaction effect
pointing in the expected direction.

3. Results

The BoxCox transform showed A-values between 0 and — 0.5 for
RMSSD baseline data and RMSSD intervention data. This indicates
that either a log(RMSSD) (for 0) or a—1/sqrt(RMSSD) (for —0.5)
transform is appropriate to correct for skewness of the data. To
maintain consistency between the data and enable comparability with
other HRV research (Sorensen et al., 2019), a logarithmic transform
was applied. Visual inspection of the distribution of the
RMSSD  data
normal distributions.

log-transformed revealed  approximately

Similarly, BoxCox analysis showed a positive skew of the raw
reaction time data. Approximate normal distribution was achieved
through log transform.

All participants completed the ANT-R with at least 80% accuracy
in the main block and 96% accuracy on average. T-tests for dependent
samples showed no significant difference in accuracy between
conditions (t=0.40, p=0.69) and a slight improvement over sessions

(mean, ccyracy u = 0.944, mean,cyracy 1 =0.955, t=2.67, p<0.05).

3.1. Hypothesis 1

The first hypothesis was that the HRV BFB intervention yields a
higher RMSSD than the normoventilation condition. The first model
predicting RMSSD,,;, (from baseline) during the intervention
included only the condition as a fixed effect. Adding the HRV baseline
as a predictor improved the model. This is reflected in both the highly
significant Chi-squared value for the additional explained variance
and the lower AIC and BIC values. The interaction term between
RMSSD baseline and the condition did not significantly improve the
fit, as seen in all three indicators. Including sociodemographic
parameters also did not improve the model fit.

The fit that predicts RMSSD,,;, (from the intervention) through
the condition and RMSSD baseline was therefore chosen as the model
with the best fit and used to test H1 (see Table 2 for results). The
condition was a significant predictor of RMSSD,;, [(RMSSD during
intervention) — (RMSSD baseline)] in this model (p <0.001).

Figure 2 indicates that the direction of the effect was in the
expected direction. RMSSD,,;, through the BFB condition was higher
than through the control condition of paced breathing at a
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normoventilation rate. The standardized regression coeflicient of the
condition in the linear mixed model was f=1.5, which implies that
during the BFB, RMSSD had increased 1.5 standard deviations more
than during the NV from the baseline on average. T-tests for
dependent samples verified that in the BFB condition the RMSSD
during the intervention was significantly higher than the RMSSD
baseline (¢=4.57, p<0.001), whereas during the control condition the
RMSSD was slightly lowered (t=-2.07, p<0.05).

A negative B of the RMSSD baseline as a predictor indicates that
individuals with a higher RMSSD baseline respond to the BFB
intervention to a lower degree.

TABLE 2 Results of the mixed model with the best fit predicting
RMSSD,,, during intervention.

Predictors Standardized RMSSDy,in
std. Cl t p df
Error value
Intercept —-0.75 0.08 -0.91- -9.77 <0.001 111
—0.60
RMSSD —0.28 0.06 —0.39- —4.94 <0.001 69
-0.17
condition 1.51 0.11 1.30- 14.34 <0.001 56
1.72
Random effects
o’ 0.31
Toovpn 0.02
ICC 0.07
Nopn 56
Observations 112
Marginal R* / 0.666 / 0.689
Conditional R?

RMSSDy, is calculated through log(RMSSD during the intervention)-log(RMSSD baseline).
Participant intercepts are modeled as random factors. Values reported are standardized
regression weights (/3). RMSSD, root mean square of successive differences. Bold p-values
indicate significant effects.
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%) ® nv
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- 3.0
25
baseline pre intervention baseline post
phase
FIGURE 2
Course of RMSSD across experimental phases by condition. Error
bars indicate standard errors. RMSSD, root mean square of
successive differences; BFB, biofeedback; NV, normoventilation.
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3.2. Hypotheses 2—-4

The model with the best fit to the present reaction time data is
the following:

RT ~ condition:cue:PSS + condition + PSS + cue * RMSSDyeine +
flanker + (1 | participant).

Each fixed effect slope and interaction included in this model is a
significant predictor. For standardized regression weights and
individual R? contributions of the model, see Table 3.

3.2.1. Hypothesis 2

H2 stated that a higher RMSSD baseline, measured at rest,
would predict better performance (lower scores) in the Orienting
Network score of the ANT-R over both HRV biofeedback and
The cue * RMSSD baseline interaction
confirmed the hypothesized association between the Orienting

control conditions.

Network and RMSSD. Visual inspection of the interaction effect
showed that the effect is in line with the hypothesized direction (see
Figure 3). This was confirmed in post-hoc testing. This was
confirmed in post-hoc testing. We compared the estimated marginal
means of the linear trends that compared the slope of RMSSD
predicting RT in valid and invalid cue trials using the emmeans
package (v1.8.8). The marginal slope of the invalid trials was
significantly steeper (—0.14) than the slope of the valid trials
(—=0.07), d=0.07, Z,u;,=4.22, p<0.001, leading to less difference
between the slopes the higher the RMSSD.

Participants responded faster in trials with invalid cues the higher
their RMSSD baseline was. This effect was also visible in a bivariate
Pearson correlation of —0.22 (p <0.05) between RMSSD baseline and
the Orienting Score (calculated RTyid cue - RTvatia cue) When including
only control condition data points in the calculation. As expected,
higher RMSSD at rest was associated with better Orienting
Network performance.

TABLE 3 Results of the model with the best fit for reaction times.

10.3389/fpsyg.2023.1292983

3.2.2. Hypothesis 3

We hypothesized that the Orienting Network scores of the ANT-R
performance would be better after an HRV biofeedback intervention
compared to the control condition. The cue * condition interaction
neither appeared in the final model nor proved to be a significant
predictor in any iteration. Contrary to Hypothesis 3, HRV BFB did not
significantly improve the Orienting Network performance.

3.2.3. Hypothesis 4

We also postulated that the current stress level moderates the
effect of HRV BFB on the Orienting Network performance of
the ANT-R.

The 3-way interaction of self-reported stress, condition
(normoventilation or biofeedback) and cue (valid or invalid spatial cue)
appeared as a significant predictor of reaction time in the final model
(p<0.05). A visualization of the effect (see Figure 4) revealed that the
biofeedback had a differential effect on the Orienting Network reaction
times depending on the stress level of the individuals. In line with
Hypothesis 4, there was a beneficial effect of the BFB for participants who
reported high levels of stress, compared to less stressed individuals.
Although there was no overall effect of HRV BEB on Orienting Network
performance, in individuals with higher stress levels reaction times were
lower in invalid spatial cue trials after the BFB condition compared to
the normoventilation condition. The effect was quite small, however,
with about 0.5% unique additional variance explained when adding this
effect. To confirm the hypothesis, we conducted post-hoc Tukey testing.
In order to facilitate the interpretation of the post-hoc testing,
we conducted a median split with the PSS values and then performed a
Tukey test on the three-way interaction, including PSS as a factor. The
Tukey test confirmed that the interaction was driven by a significant
difference between the NV and the BFB condition only in invalid cue
trials in the high PSS group, d=0.11, z,,;,=2.81, p<0.01. None of the
other NV vs. BFB comparisons were significant.

Predictors Standardized reaction time

std. Error (@] t value
Intercept -0.76 0.05 —0.86--0.65 —13.87 <0.001 60
PSS 0.09 0.05 —0.02-0.19 1.60 0.109 56
condition —0.04 0.01 —0.06--0.01 -2.39 0.017 10,010
cue 0.76 0.02 0.73-0.79 44.52 <0.001 9,991
RMSSD —0.07 0.02 —0.12--0.03 -3.13 0.002 1979
Flanker 0.95 0.01 0.92-0.98 64.74 <0.001 9,991
cue x RMSSD —0.07 0.02 —0.11--0.04 —4.22 <0.001 9,991
(condition x cue) x PSS -0.07 0.02 —0.12--0.03 -3.19 0.001 10,020
Random effects
o’ 0.53
Toovpn 0.16
ICC 0.23
Nopn 56
Observations 10,047
Marginal R*/ Conditional R* 0.329/0.482

Participant intercepts are modeled as random factors. f, standardized regression weight; RMSSD, root mean square of successive differences; PSS, perceived stress scale. Bold p-values indicate

significant effects.
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4. Discussion

In the present study, we explored the acute effects of HRV BFB on
attentional control. The HRV BFB had the expected effect of increasing
the vmHRYV during the intervention compared to the paced normal
ventilation condition and the baseline. The data also revealed the
expected association of a higher vmHRYV baseline with better (lower)
scores in the ANT-R Orienting Score. The Orienting Score was not
significantly improved by the biofeedback intervention over all
participants. However, an interaction effect of current self-reported
stress levels and the condition showed that individuals with high stress
performed slightly better in the Orienting Score after the biofeedback
condition compared to the control condition.
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FIGURE 3

Interaction effect of heart rate variability and cue condition on
reaction time. RMSSD, root mean square of successive differences;
valid cues, spatial cues in the same location that target appears in
later; invalid cues, spatial cues in a different location than the target.
Highlighted areas indicate 95% confidence intervals.
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4.1. Mechanisms of HRV biofeedback

The improved vmHRYV during the HRV BFB condition implies
that the BFB fulfilled its intended function of increasing the vmHRV
at least temporarily during the intervention. As can be observed in
Figure 2, the post-HRV baseline, assessed approximately 15-25min
after the intervention, did not differ between the biofeedback and
control conditions. The effects of vmHRV improvement through the
BFB therefore seem to have been rather short-lived.

This might be due either to the actual transience of the effects or
to the circumstance that during this time participants engaged in a
cognitive task. Active engagement usually leads to a reactive drop in
vmHRV (Laborde et al., 2017), and therefore might have counteracted
a possible vmHRYV improvement over a longer time frame. However,
previous research suggests that the increased vmHRYV during slow-
paced breathing returns to baseline shortly after the intervention, even
without a reactive drop due to task engagement (You et al., 2022).
Taken together, these findings suggest relatively short-term effects on
improving vmHRYV through a single session of HRV BFB.

The proposed mechanisms of feedback loops and temporal
coherence between heart rate and breathing cycle (Lehrer and Gevirtz,
2014; Sevoz-Couche and Laborde, 2022) are supported by the present
data. In line with the authors’ claim that the heart rate, breathing and
blood pressure oscillations resonate at a local maximum frequency of
0.1Hz, our data showed a strong increase in vmHRV when
participants were asked to breathe at a rate of 0.1 Hz but not when
breathing at a rate of 0.25 Hz.

Not all participants were able to profit from the BFB. Some did not
show an improvement in vmHRV. This is likely due to the very short
intervention with only minimal coaching. Learning to adjust
physiological processes in the body is no easy task and can therefore
not necessarily be expected to be learned in 5min but may require
more intensive training. Excluding non- or low responders from the
analysis, however, did not change the results. The association of HRV
baseline and the HRV gain through biofeedback must also be noted.
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FIGURE 4
Interaction effect of current perceived stress (median split), cue condition and intervention on reaction time. For visualization purposes, a median split
was conducted that separated the participants into a low stress (n = 30) and a high stress (n = 26) group. In the analyzes however, the PSS score was
treated as a continuous variable. Highlighted areas indicate 95% confidence intervals. PSS, perceived stress scale; NV, normoventilation; BFB,
biofeedback; valid cues, spatial cues in the same location that target appears in later; invalid cues, spatial cues in a different location than the target.
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Participants who had a higher resting vmHRYV were profiting less from
the biofeedback, indicating potential ceiling effects.

The fact that the control condition, which also induced paced
breathing, did not lead to an increase in vmHRYV speaks against the
contribution of simple concentrative effects of HRV BFB on cardiac
parasympathetic activation. As a matter of fact, the control condition
even had a slightly detrimental effect on the vmHRV. This finding is
in line with previous research which has extensively shown that
increases in vmHRYV during paced breathing are only found in low
frequencies between 4 and 7 cycles per minute (e.g., Song and Lehrer,
2003). The literature has also showed the superiority of HRV BFB over
concentrative/meditative practices, such as progressive muscle
relaxation, in improving vmHRYV (Huang et al., 2018; Lin et al., 2020).

4.2. Resting vmHRYV and attentional control

The associations between the Orienting Score of the ANT-R and
the vmHRYV baseline at rest (RMSSD) (Ramirez et al., 2015; Quintana
et al, 2017; Sorensen et al., 2019) were replicated in this study.
Consistent with prior attentional control research (Zahn et al., 2016;
Holzman and Bridgett, 2017), a higher vmHRYV at rest was associated
with better top-down goal-directed attentional control as indicated by
lower Orienting Scores.

Within the ANT-R Orienting paradigm, valid spatial cues
outweigh invalid ones (3:1). This leads to a positive expectation of the
appearance of the stimuli in the indicated location and the conditions’
orientation toward the cued location, leading to consistently faster
reaction times in trials with valid vs. invalid cueing. The activity of the
amygdala, among others, is related to the conditioned allocation of
spatial attention (Vuilleumier, 2009). The theory of neurovisceral
integration (Thayer and Lane, 2009) proposes that non-ideal
conditioned behavior patterns such as this conditioned attention
allocation can be attuned through functional inhibitory connectivity
from vmPFC to the amygdala, which can therefore enable efficient
reorientation after an invalid cue. According to the model of
neurovisceral integration (Thayer et al, 2009), this functional
connectivity is reflected in vmHRV measures. The data found in this
study - an association between the physiological marker of CAN
capacity (HRV) and the efficiency in spatial attention reallocation —
offers further evidence for this theoretical framework.

Overall, the BFB intervention did not improve attentional control.
After the HRV BFB intervention, participants did not achieve
significantly better values in the Orienting Score, which contradicts our
expectations based on prior findings of associations between the
constructs. The present findings speak against cognitive effects from
simply “activating” the CAN by means of afferent vagal activation
through the BFB. It is possible that effects can only be observed after
the strengthening of the connectivity and activity of the CAN through
long-term BFB training. The results also do not support the findings of
Prinsloo et al. (2013a), who found acute improvement on a cognitive
task after BFB, although their study was severely underpowered with a
sample of only seven individuals in the biofeedback and nine
individuals in the control condition. A major difference between the
two studies as well as from the other studies finding positive effects
(Sherlin et al., 2010; Prinsloo et al., 2011; Laborde et al., 2019) is that
the current study was conducted with a healthy sample, whereas the
previous studies investigated highly stressed individuals or individuals
who had just been exposed to a stressor.
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4.3. HRV biofeedback, attentional control
and stress

We also included current stress, measured as self-reports using the
Perceived Stress Scale, in the analysis. The interaction term of
condition and stress was a significant predictor of attentional control.
This revealed that the BFB had different effects in different subgroups.
The more stressed the participants were, the more they could profit
from the biofeedback intervention regarding their attentional control
capacity. Similarly, a previous study found that a single-session HRV
BFB reduced anxiety only in individuals with high baseline anxiety in
a sample of musicians (Wells et al., 2012).

The most probable mechanistic pathway, which explains differential
effects dependent on stress levels, is implied by attentional control theory
(Eysenck et al., 2007). This theory states that deficits in attentional
control are elicited by stress and anxiety. Stress is related to enhanced
worrying, which in turn withdraws attentional resources from current
tasks. Additionally, a state of anxiety induces preferential stimulus-
driven, bottom-up attention direction. HRV BFB has been shown to
momentarily decrease anxiety and increase calmness in stressed students
(Meier and Welch, 2016), which might directly reduce these detrimental
effects only in participants who were affected in the first place.

The current acute effects of HRV BFB on attentional control in
stressed participants would also speak for the feasibility of immediate
activation of the central autonomic network in individuals whose
CAN either shows a lower functional capacity or less frequent
activation. Mechanisms through which this direct enhancement of
cognitive functioning through HRV BFB can occur include the
afferent pathway (Lehrer and Gevirtz, 2014).

Another possible mechanism for the acute cognitive effects is the
direct mechanical pathway from the olfactory bulb to cortical areas.
The sensory registration of airflow through the nose produces slow
cortical potentials (SCPs) in the same frequency as the rhythmic air
flow (Zaccaro et al.,, 2022). These SCPs have enhancing effects on self-
regulation and voluntary attention allocation, which is why SCP
biofeedback is an effective treatment for attention deficit disorders
(Zaccaro et al., 2018).

It must be noted, however, that the differential effect of HRV BFB on
attentional control depending on stress levels is quite small (only 0.15%
of the variance was explained across all reaction time trials). In fact, the
effect is only visible when variance due to flanker condition has been
removed from the raw reaction time data. The raw average composite
scores do not show the interaction effect. Whether or not the effect size
amounts to a noticeable practical effect in high acute or chronic stress
would have to be further investigated with specific target populations.

4.4, Limitations and prospects for future
research

A limitation comes from conducting this study during the onset
and course of the Covid-19 pandemic. The conditions under which
the study was conducted were especially strict (face mask,
interpersonal distance, regular disinfection, etc.), which might have
decreased the potential for the relaxing effects of the HRV BFB.

Another limitation is the length of the biofeedback intervention.
Participants only practiced the biofeedback for a total of about 6 min.
Whether or not this is enough to induce effects that last for at least
15min (the duration of the ANT-R) is not clear. The previously
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conducted studies investigating acute effects on cognitive functions
each employed slow-paced breathing or HRV BFB interventions with
time durations between 10 and 17 min (Sherlin et al., 2010; Prinsloo
et al., 2011; Hoffmann et al., 2019; Laborde et al., 2019, 2022b). This
may shed light on why there was no main effect found in this study.

Additionally, the control condition of induced paced breathing to
simulate normoventilation had a slightly detrimental effect on
vmHRYV, which might have subsequently altered the reaction time
performance. While it was useful to specify the mechanisms through
which HRV BFB is able to unfold its effect, it might have altered the
ANT-R scores in an unexpected way, which thus might have covered
up the effects. A clear implication for future research would be to
focus on a sample of individuals with a compromised vmHRY, such
as persons under acute stress (Sherlin et al., 2010; Prinsloo et al., 2011;
Hoffmann et al., 2019; Laborde et al., 2019, 2022b), who are likely able
to profit more from the BFB intervention (Mayer et al., 2013) and
therefore have a higher chance of also profiting from acute effects on
attentional control. HRV BFB did not increase resting vmHRYV in all
individuals, also among those with a below average vmHRV. Future
studies should investigate what differentiates individuals who can
profit from the BFB from those who cannot. Instructions and coaching
might also have to be adjusted in order to ensure benefits for all
participants. An interesting prospect would also be to test the effects
of long-term HRV BFB training on the same cognitive parameters to
compare the effects of functional training and strengthening of the
CAN capacity to the acute activation. Future research might also look
more closely at the duration of the acute effects of HRV BFB. The
results of this study showed that 15-20 min after a 5-min intervention,
vmHRYV was already back at baseline. This might be due to a rebound
reaction from the reaction time task (Mezzacappa et al, 2001;
Siepmann et al., 2008) or the actual transience of the effects.

To further investigate the specificity and the mechanisms by
which HRV BFB affects stressed individuals, conducting a comparative
study between HRV BFB and another relaxation technique, such as
progressive muscle relaxation, would be essential. Additionally, a
study design that assesses attentional control before and after the
intervention, rather than on two separate days as seen in other studies
examining the acute effects of HRV BFB (e.g., Prinsloo et al., 2011),
could help minimize confounding variables and might be better suited
to detect effects.

5. Conclusion

In conclusion, we found differential acute effects of a single-
session 5-min HRV BFB intervention on attentional control. Highly
stressed individuals profited from the intervention, whereas less
stressed individuals did not and might even show adverse effects. The
effect was quite small, however, which warrants further research into
the nature of this effect.
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