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Abstract: The aim of this experiment was to test the immediate effects of slow-paced breathing on executive function. Slow-paced breathing
is suggested to increase cardiac vagal activity, and the neurovisceral integration model predicts that higher cardiac vagal activity leads to
better executive functioning. In total, 78 participants (41 men, 37 women; Mage = 23.22 years) took part in two counterbalanced experimental
conditions: a 3 � 5 min slow-paced breathing condition and a television viewing control condition. After each condition, heart rate variability
was measured and participants performed three executive function tasks: the color-word match Stroop (inhibition), the automated operation
span task (working memory), and the modified card sorting task (cognitive flexibility). Results showed that performance on executive function
tasks was better after slow-paced breathing compared to control, with higher scores observed for Stroop interference accuracy, automated
operation span score, and perseverative errors, but not Stroop interference reaction times. This difference in executive function between
experimental conditions was not mediated by cardiac vagal activity. Therefore, findings only partially align with predictions of the neurovisceral
integration model. Slow-paced breathing appears a promising technique to improve immediate executive function performance. Further
studies are recommended that address possible alternative underlying mechanisms and long-term effects.
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Improving executive functions is a constant endeavor for

humans across the lifespan (Diamond & Ling, 2016), from

children (Takacs & Kassai, 2019) to older adults (Nguyen

et al., 2019). Of interest are both the short-term immediate

effects, as well as long-term effects. Based on the physiolog-

ical mechanisms suggested to underlie slow-paced breath-

ing (Gerritsen & Band, 2018; Lehrer & Gevirtz, 2014;

Mather & Thayer, 2018; Noble & Hochman, 2019) and

on the predictions outlined in the neurovisceral integration

model (Smith et al., 2017; Thayer et al., 2009), the current

study aimed to test the immediate effects of a relaxation

technique – slow-paced breathing – on the three core exec-

utive functions (Diamond, 2013): inhibition, working

memory, and cognitive flexibility.

According to the neurovisceral integration model (Smith

et al., 2017; Thayer et al., 2009), the effectiveness of the

executive functioning of the prefrontal cortex can be

indexed via heart rate variability (HRV), the time variation

between two successive R peaks (Berntson et al., 1997;

Laborde, Mosley, et al., 2017; Malik et al., 1996). More

specifically, executive functioning is suggested to be

indexed via the HRV parameters reflecting cardiac vagal

activity – the activity of the vagus nerve regulating cardiac

functioning (Thayer et al., 2009). The vagus nerve is the

main nerve of the parasympathetic nervous system, and

plays an essential role in self-regulation (Brodal, 2016;

Thayer et al., 2009; Thayer & Lane, 2009). In the time-

domain, one main HRV parameter reflecting cardiac vagal

activity is the root mean square of the successive differ-

ences (RMSSD; Berntson et al., 1997; Laborde, Mosley,

et al., 2017; Malik et al., 1996). In the frequency-domain,

the physiological interpretation of HRV depends on the

breathing frequency. When breathing frequency is com-

prised between 9 and 24 cycles per minute, cardiac vagal

activity is reflected in high-frequency HRV. However, when

breathing frequency is decreased under 9 cpm, like it is

done with slow-paced breathing, the reflection of cardiac

vagal activity is then shifted to low-frequency HRV, as it

�2021 Hogrefe Publishing Journal of Psychophysiology (2021)
https://doi.org/10.1027/0269-8803/a000279

 h
tt

p
s:

//
ec

o
n
te

n
t.

h
o
g
re

fe
.c

o
m

/d
o
i/

p
d
f/

1
0
.1

0
2
7

/0
2
6
9
-8

8
0
3
/a

0
0
0
2
7
9
 -

 S
. 
L

ab
o
rd

e 
<

s.
la

b
o
rd

e@
d
sh

s-
k
o
el

n
.d

e>
 -

 F
ri

d
ay

, 
M

ar
ch

 1
9
, 
2
0
2
1
 3

:5
9
:1

1
 A

M
 -

 Z
en

tr
al

b
ib

li
o
th

ek
 d

er
 S

p
o
rt

w
is

se
n
sc

h
af

te
n
 d

er
 D

eu
ts

ch
en

 S
p
o
rt

h
o
ch

sc
h
u
le

 K
ö
ln

 I
P

 A
d
d
re

ss
:1

9
4
.2

1
3
.2

.1
9
9
 



has been evidenced by a recent blockade study

(Kromenacker et al., 2018). The relationship between

cardiac vagal activity and executive functioning originates

from the common structures and networks involved in

cardiac and cognitive regulation (Thayer et al., 2012). The

effectiveness of executive functioning in the prefrontal

cortex is supported via the optimal activation of neural

networks, underlined with a flow of activity along neural

pathways enabling to establish adequate mappings between

input, internal states, and outputs needed to perform a

given task (Miller & Cohen, 2001), leading to flexible

responses to changing environments (Smith et al., 2017;

Thayer et al., 2009). The neurovisceral integration model

assumes a linear relationship between cardiac vagal activity

and executive performance. That is, a higher cardiac vagal

activity will be associated with a higher executive

performance.

Various methods have been proposed to increase cardiac

vagal activity (Laborde, Mosley, & Mertgen, 2018; Laborde,

Mosley, & Ueberholz, 2018), among which slow-paced

breathing (Gerritsen & Band, 2018; Lehrer & Gevirtz,

2014; Mather & Thayer, 2018; Noble & Hochman, 2019).

Slow-paced breathing is a breathing technique where the

inhalation and exhalation durations are controlled

(“paced”), and where breathing is performed at a slower

pace (around 6 cycles per minute) than spontaneous

breathing, which is usually between 12 and 20 cycles per

minute in adults (Sherwood, 2006). The most common

way to realize the breathing pacing is via visual stimuli

(e.g., Allen & Friedman, 2012; Laborde, Allen, et al., 2017;

Tsai et al., 2015), while auditive or kinesthetic methods

(e.g., vibrations) have been used less frequently. Several

theoretical perspectives coexist regarding the mechanisms

underlying slow-paced breathing, that all mention a

common aspect to explain the influence of slow-paced

breathing on self-regulation and executive functions, which

is the involvement of the vagus nerve (Gerritsen & Band,

2018; Lehrer & Gevirtz, 2014; Mather & Thayer, 2018;

Noble & Hochman, 2019). Specifically, slow-paced breath-

ing is suggested to influence vagal afferents via its action on

the baroreflex and on pulmonary afferents. These vagal

afferents are then suggested to input to the central auto-

nomic network (Gerritsen & Band, 2018; Mather & Thayer,

2018; Noble & Hochman, 2019), which output is cardiac

vagal activity, the core of the neurovisceral integration

model (Smith et al., 2017; Thayer et al., 2009). Empirically,

both immediate (Laborde, Allen, et al., 2017; Lewis et al.,

2015; Szulczewski & Rynkiewicz, 2018; Wells et al., 2012;

You et al., 2021) and long-term (Laborde, Hosang, et al.,

2019) effects of slow-paced breathing on cardiac vagal

activity have been documented in previous research.

However, less is known about how slow-paced breathing

might affect executive functioning.

The three core executive functions – on which higher-

order executive functions such as decision making, problem

solving and planning are built – are inhibition, working

memory, and cognitive flexibility (Diamond, 2013; Miyake

& Friedman, 2012; Miyake et al., 2000). Inhibition reflects

being able to control attention, behavior, thoughts, and/or

emotions to override a strong impulse, and to do instead

what is more appropriate according to the context

(Diamond, 2013). A classical test for inhibition is the color

word Stroop test (Stroop, 1935), where participants are

requested to read out the color in which a word is printed

while ignoring the meaning of the word. In the congruent

condition the color matches the meaning of the word

(e.g., the word “blue” expressed in the color blue), while

in the incongruent condition the color differs from the

meaning of the word (e.g., the word “blue” expressed in

the color red). The incongruent condition requires partici-

pants to inhibit the prepotent response of reading a word.

Both the speed and accuracy of the responses can be

measured. However, inhibition is primarily reflected as

accuracy (error rate; McDowd et al., 1995), as it captures

the ability to temporarily maintain the task goal in a retriev-

able state (Kane & Engle, 2003).

Previous research has found that Stroop task perfor-

mance relates to cardiac vagal activity. A negative relation-

ship has been observed between resting cardiac vagal

activity and reaction times on incongruent and threat words

(Johnsen et al., 2003), whereas a positive relationship has

been observed between resting cardiac vagal activity and

Stroop accuracy (i.e., Stroop interference score; Albinet

et al., 2016). These two findings are in line with the neuro-

visceral integration model (Thayer et al., 2009). One study

observed mixed-findings between resting cardiac vagal

activity (assessed with high-frequency HRV) and Stroop

accuracy (i.e., Stroop interference score; Subramanya &

Telles, 2015). However, the experimental manipulation

(meditation) occurring before the resting measurement

might have introduced some confounding effects regarding

the interpretation of high-frequency HRV, given that it is

supposed to reflect cardiac vagal activity only when respira-

tory frequency is comprised between 9 and 24 cycles per

minute (Berntson et al., 1997; Malik et al., 1996). As respi-

ratory frequency was not assessed in the study, it is not

possible to draw firm conclusions about cardiac vagal

activity. The current experiment will investigate both accu-

racy and reaction time for the Stroop task controlling for

respiratory frequency.

Working memory involves working with information no

longer perceptually present (Baddeley & Hitch, 1994).

Stated differently, working memory involves holding infor-

mation in mind and mentally working with it (Diamond,

2013). A classical test to assess working memory capacity

is the automated operation span task (AOSPAN; Unsworth
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et al., 2005). The AOSPAN task requires participants to

solve mathematics problems while holding a number of

unrelated letters in memory. Previous research has found

a positive relationship between resting cardiac vagal activity

and AOSPAN performance (Laborde et al., 2015), and a

negative relationship between task cardiac vagal activity

(i.e., cardiac vagal activity measured during the AOSPAN)

and AOSPAN performance when the task is realized under

high pressure (Mosley et al., 2018), which might reflect the

adaptation of cardiac vagal activity to the demands of the

situation (Mosley et al., 2018). Positive relationships

between resting cardiac vagal activity and other tasks that

reflect working memory have also been reported in the

literature (Hansen et al., 2003, 2004, 2009; Morandi

et al., 2019; Pu et al., 2010; Sebastiani et al., 2019).

Cognitive flexibility builds on inhibition and working

memory (Davidson et al., 2006; Diamond, 2013). Cognitive

flexibility involves being able to change perspective, in

particular, spatially or interpersonally (Diamond, 2013).

To change perspective, there is the need to inhibit a previ-

ous perspective, and “load” a new perspective into working

memory. A classical way to investigate cognitive flexibility

is via the Wisconsin card sorting task (WCST; Milner,

1982; Stuss et al., 2000). In this test, each card can be

sorted by color, shape, or number. Participants have to

deduce the correct sorting criterion on the basis of the

feedback they receive, and adapt to the new sorting rule

as fast as they receive feedback that the sorting rule has

changed. Previous research has shown a positive relation-

ship between resting cardiac vagal activity and perfor-

mance on the WCST (i.e., negative relationship with

decision errors; Albinet et al., 2010; Hovland et al., 2012;

Mathewson et al., 2012), and this is similar to what has

been found in other tasks of cognitive flexibility (Alba

et al., 2019; Colzato et al., 2018).

Although the influence of diverse breathing techniques

on cognition has been considered in previous research

(Gothe et al., 2013; Shannahoff-Khalsa et al., 1991; Yadav

& Mutha, 2016), the influence of slow-paced breathing on

executive functioning has received little attention to date.

So far, the focus has been on inhibition (Laborde, Lentes,

et al., 2019; Prinsloo et al., 2011), working memory

(Bonomini et al., 2020; Prinsloo et al., 2011), cognitive

flexibility (Bonomini et al., 2020), and decision making

(De Couck et al., 2019). Decision making does not belong

to the core executive functions but is considered a higher-

order executive function that relies on core executive func-

tions (Diamond, 2013). Overall, accuracy in inhibition

(Laborde, Lentes, et al., 2019), working memory (Bonomini

et al., 2020; Prinsloo et al., 2011), and decision making

(De Couck et al., 2019) was found to be improved, while

no influence was found on inhibition in Prinsloo et al.

(2011). Processing speed remained unchanged (Bonomini

et al., 2020; Laborde, Lentes, et al., 2019). Overall, research

investigating the effects of slow-paced breathing on the

three core executive functions is limited (with available

studies characterized by some methodological shortcom-

ings, such as the absence of an appropriate marker for

cardiac vagal activity (De Couck et al., 2019; Prinsloo

et al., 2011), unclear duration and/or characteristics of

slow-paced breathing (Bonomini et al., 2020; De Couck

et al., 2019), missing solid theoretical background

(De Couck et al., 2019; Prinsloo et al., 2011), or investigated

the relationship between slow-paced breathing and execu-

tive function after physical exercise (Laborde, Lentes,

et al., 2019).

In summary, this experiment tests predictions of the

neurovisceral integration model (Thayer et al., 2009) to

investigate the immediate effects of slow-paced breathing

on executive performance via an increase in cardiac vagal

activity (Gerritsen & Band, 2018; Lehrer & Gevirtz, 2014;

Mather & Thayer, 2018; Noble & Hochman, 2019).

A within-subject design was selected given the large intra-

individual variability in HRV (Laborde, Mosley, et al.,

2017; Quintana & Heathers, 2014). Regarding the effects

of the experimental manipulation, we hypothesized that

during the experimental manipulation (DURING), in com-

parison to the control (CON) condition (where participants

will be breathing spontaneously and watching an emotion-

ally-neutral TV documentary), at the physiological level

(Hypothesis 1, H1) in the slow-paced breathing (SPB) condi-

tion participants will display a higher cardiac vagal activity

(operationalized via RMSSD), a lower HR, and a lower

respiratory frequency. We assume that similar physiological

changes will still be observed after the experimental manip-

ulation (POST). We further hypothesized that executive

performance will be higher in the SPB condition in compar-

ison to the CON condition (Hypothesis 2, H2), and that this

difference will be mediated via cardiac vagal activity

(Hypothesis 3, H3).

Method

Participants

To determine our sample size, we explored effect sizes

presented in previous research of slow-paced breathing

and executive functioning (De Couck et al., 2019; Prinsloo

et al., 2011). We computed an a priori power analysis using

the software G*Power 3.0 (Faul et al., 2009). A medium

effect size (f = .25), for a repeated-measures MANOVA

(within-factors effects), with statistical power set at .80

and an α level of .05, requires a total sample size of N =

66. We recruited a larger sample of 90 participants to allow

for potential dropout or technical issues with data collection.

�2021 Hogrefe Publishing Journal of Psychophysiology (2021)

S. Laborde et al., The Influence of Slow-Paced Breathing on Executive Function 3

 h
tt

p
s:

//
ec

o
n
te

n
t.

h
o
g
re

fe
.c

o
m

/d
o
i/

p
d
f/

1
0
.1

0
2
7

/0
2
6
9
-8

8
0
3
/a

0
0
0
2
7
9
 -

 S
. 
L

ab
o
rd

e 
<

s.
la

b
o
rd

e@
d
sh

s-
k
o
el

n
.d

e>
 -

 F
ri

d
ay

, 
M

ar
ch

 1
9
, 
2
0
2
1
 3

:5
9
:1

1
 A

M
 -

 Z
en

tr
al

b
ib

li
o
th

ek
 d

er
 S

p
o
rt

w
is

se
n
sc

h
af

te
n
 d

er
 D

eu
ts

ch
en

 S
p
o
rt

h
o
ch

sc
h
u
le

 K
ö
ln

 I
P

 A
d
d
re

ss
:1

9
4
.2

1
3
.2

.1
9
9
 



Exclusion criteria were self-reported cardiovascular condi-

tions, and other chronic conditions that could influence

breathing or HR patterns, such as asthma, diabetes, and

neurological conditions (Laborde, Mosley, et al., 2017).

Because of technical issues (excessive noise or artefacts on

the ECG signal) 12 participants were excluded and the final

sample was comprised ofN = 78 (41men, 37women;Mage =

23.22 years; age range = 18–30 years; bodymass index (BMI)

= 22.40 ± 2.23; waist-to-hip ratio =0.80 ± 0.05). None of the

participants were smokers. This sample size elevated statis-

tical power to .86 with all other parameters held constant.

All participants gave written informed consent before partic-

ipation and were informed that they could withdraw from

the study at any time without explanation. The experiment

was conducted in line with the Declaration of Helsinki,

and the protocol was approved by a human research ethics

committee at the German Sport University Cologne (Project

identification code 42/2015).

Material and Measures

Cardiac Vagal Activity

An ECG device was used to measure HRV (Faros 180�,

Bittium, Kuopio, Finland). The sampling rate was 500 Hz.

Two disposable ECG pre-gelled electrodes were used

(Ambu L-00-S/25, Ambu GmbH, Bad Nauheim, Germany).

The negative electrode was placed in the right infraclavicu-

lar fossa (just below the right clavicle) and the positive elec-

trode was placed on the left side of the chest, below the

pectoral muscle in the left anterior axillary line. The full

ECG recording was inspected visually, and artefacts were

corrected manually (Laborde, Mosley, et al., 2017). From

ECG recording we extracted RMSSD using the software

Kubios (University of Eastern Finland, Kuopio, Finland).

RMSSD was chosen to operationalize cardiac vagal activity

as it is less affected by respiration (Hill et al., 2009). How-

ever, given the current debate regarding whether or not to

control for respiratory parameters when assessing HRV

(Grossman et al., 1991; Grossman & Kollai, 1993; Laborde,

Mosley, et al., 2017; Larsen et al., 2010; Thayer et al., 2011),

respiratory frequency was also calculated in order to better

understand whether potential changes in RMSSD are

related to cardiac vagal activity or are affected by changes

in respiratory frequency. Respiratory frequency was com-

puted via the ECG derived respiration algorithm of Kubios

(Tarvainen et al., 2014).

Slow-Paced Breathing Exercise

Similar to previous research (Laborde, Allen, et al., 2017),

the slow-paced breathing exercise was realized with the

help of a video showing a ball moving up and down at

the rate of six cycles per minute. The participants had to

inhale continuously through the nose while the ball was

going up, and exhale continuously with pursed lips when

the ball was going down. This was a video capture of the

software EZ-Air Plus (Biofeedback Federation of Europe1).

The video displayed a 3� 5min slow-paced breathing exer-

cise, with a 1-min break between each 5 minute slow-paced

breathing unit, corresponding to a total of 17 minutes. The

1 minute break between each slow-paced breathing unit

was introduced as some participants reported in a pilot

study that 15 minutes of non-stop slow-paced breathing

was very demanding. Exhalation (5.5 s) lasted slightly

longer than inhalation (4.5 s) as prolonged exhalation

contributes to larger beat-to-beat heart fluctuations com-

pared to a prolonged inhalation, and therefore induces a

higher cardiac vagal activity (Strauss-Blasche et al., 2000;

Van Diest et al., 2014).

A familiarization period for slow-paced breathing was

created in order for participants to become familiar with

the technique. Inhaling via the nose (i.e., nasal breathing)

is important because the air is warmer, cleaner and more

humid (Lorig, 2011). In addition, nasal airflow was found

to provoke respiratory oscillations leading to synchronized

electrical activity in the piriform (olfactory) cortex, as well

as in limbic-related brain areas, including amygdala and

hippocampus. Therefore, inhaling through the nose is

suggested to provoke optimal activation of neural net-

works linked to stimulus processing and behavior (Biskamp

et al., 2017; Heck et al., 2019; Maric et al., 2020; Noble et al.,

2017; Perl et al., 2019; Tort et al., 2018; Zaccaro et al., 2018;

Zelano et al., 2016).

Exhaling takes place via the mouth, which offers less

ventilatory resistance than the nasal channel (Lorig, 2011).

Moreover, exhalation is realized via pursed-lips, which

offers greater control over the flow of air, enabling partici-

pants to match it precisely to the exhalation duration, and

which helps to reduce respiratory rate (Fagevik Olsen

et al., 2015; Mayer et al., 2018; Noble & Hochman, 2019).

Participants were then asked to put one hand on their chest

and one hand on their stomach and were given the follow-

ing instructions: “The hand on the chest should not move,

only the hand on the belly should move: The belly should

get bigger during the inhalation phase, and smaller during

the exhalation phase.” This instruction reflects an optimal

activation of the diaphragm. When the diaphragm contracts

and goes down, it increases the volume of the thoracic

cavity and creates an area of low pressure that causes air

to flow into the lungs to equalize the pressure (Lorig,

2011). During spontaneous breathing exhalation is mostly

passive. However, in slow-paced breathing the forced

exhalation can involve abdominal muscles which, via their

1 https://bfe.org/new/try-our-breath-pacer-ez-air-plus/
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contraction, help to push the diaphragm back up to the

thorax, and consequently push out additional air (Lorig,

2011; West, 2015; West & Luks, 2016). Finally, the

diaphragm movements may also contribute to trigger the

neural oscillations observed with slow-paced breathing

(Bordoni et al., 2018), which are expected to play a role

in emotion regulation and cognitive control (Mather &

Thayer, 2018; Tort et al., 2018).

During the familiarization, the breathing frequency is

progressively decreased with 2 min units to 10 cycles per

minute, 8 cycles per minute, and then 6 cycles per minute,

with a 1 minute break between each unit. The slow-paced

breathing technique requires the participant to breathe in

and breathe out continuously and uniformly when the ball

goes up and down respectively. When this instruction is

correctly followed, the sine-waves oscillation characteris-

tics of slow-paced breathing can be observed in the R-R

tachogram (Lehrer & Gevirtz, 2014). The experimenter

verified whether the participant was realizing the slow-

paced breathing technique correctly during the familiariza-

tion before moving on to the next step of the experiment.

TV Neutral Documentary (Control Condition)

To serve as a control condition, a TV documentary

(“Abenteuer Forschung” [Research Adventures]) about

research discoveries related to space and the universe

was shown to participants for the same duration as the

slow-paced breathing familiarization exercise. This TV

documentary was found to be subjectively emotionally neu-

tral in a pilot study prior to the experiment.

Executive Function Tasks

Inhibition Task

As a measure of inhibition, we used the computerized

version of the color word match Stroop task (Stroop, 1935)

with verbal responding available in the Inquisit library,2

and ran it with the Inquisit software (version 5;

Millisecond Software, 2016). Words appeared in 28-pt Arial

font in the middle of a white screen. Three stimuli were

used: colored square (congruent control stimuli), colored

words displayed with the color corresponding to the word

(congruent stimuli, e.g., the word “blue” is displayed in blue

color). Colored words displayed with a color not correspond-

ing to the word (incongruent stimuli, e.g., the word “blue” is

displayed in red color). Participants were asked to name the

color in which the word was written as fast and as accurately

as possible, while ignoring the written meaning of the word.

A headset (Sennheiser PC 8, Wedemark, Germany) was

placed on their head for stability, with a microphone directly

in front of their mouth to record the answers. The familiar-

ization included 20 trials whereas for the main assessment

participants completed 84 trials: 4 colors (red, green, blue,

black) � 3 color stimulus congruency (congruent, incongru-

ent, control squares) � 7 repetitions. The stimuli remained

on the screen until response and latencies were measured

from onset of stimuli. The inter-trial interval was 200 ms,

and the error feedback (a red cross) was 400 ms.

Working Memory

As a measure of working memory capacity, we used the

AOSPAN (Unsworth et al., 2005) which is based on the orig-

inal operation span task (Turner & Engle, 1989). We used

the version of the task programmed within the Inquisit data-

base.3 In this task participants are required to solve mathe-

matics problems while trying to remember an unrelated

set of letters. The task included a total of 15 trials (three trials

each with 3, 4, 5, 6, and 7 letters). An example of a three

item trial is (8/2) � 1 = 1? (correct/incorrect?) ? F; is

(6 + 1) + 2 = 8? (correct/incorrect?) ? P; is (10 + 2) � 5 =

15? (correct/incorrect?) ? Q. After completing the three

questions in this example, participants were asked to select

the presented letters with a mouse click from an array of

12 potential letters in the order that they were presented

(in this case F, then P, then Q). A familiarization to the task

is included in the Inquisit version. The primary measure of

working memory capacity is the automated operation span

score (Unsworth et al., 2005), calculated as the total number

of letters recalled across all error-free trials. Full task details

can be found in Unsworth et al. (2005).

Cognitive Flexibility

As a measure of cognitive flexibility, we used a shorter and

modified version of the Wisconsin card sorting test, the

modified card sort test (Nelson, 1976). The computerized

version of the Inquisit database4was used. This test consists

of two decks of 24 cards (so a total of 48) and four stimulus

cards. Each card includes different colors and numbers of

signs. The signs are: plus sign, star, triangle, or circle. There

are one, two, three, or four signs on each card. Signs can be

red, green, blue, or yellow. The participant is asked tomatch

each new card appearing on the screen with a stimulus card.

Correctly matched cards are arranged in three categories

according to color, sign, and number. After the participant

performs four consecutive correct matches in one category

(e.g.,, the category “color”), the computer switches without

2 https://www.millisecond.com/download/library/stroop/
3 https://www.millisecond.com/download/library/ospan/
4 https://www.millisecond.com/download/library/cardsort/
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warning the rule to another category. After each choice, the

participant is provided feedback about whether the response

was correct or incorrect, but is not provided information

regarding the correct matching category. The scoring proce-

dures of the modified card sorting test are the same as the

original Wisconsin card sorting test (Caffarra et al., 2004;

Nelson, 1976). Participants were instructed to respond as

fast and accurately as possible. Perseverative errors, which

reflect the number of trials with decision errors when the

matching rule has changed, was selected as themain depen-

dent variable as it is considered the closest approximation of

cognitive flexibility (Miyake et al., 2000).

Procedure

Participants were recruited via flyers on a campus of a

single university and via social networks groups linked to

the university. After contacting the experimenter team

who first screened for potential exclusion criteria, they

received an email containing the details about the experi-

ment. Each participant was required to take part to two test-

ing sessions (lasting around 100 min each; see Figure 1).

The order of the experimental conditions was counterbal-

anced across participants. The two sessions were separated

by one week, to keep learning effects to a minimum, and

took place at the same time of day, given chronotype can

influence HRV (Van Eekelen et al., 2004) and cognitive

performance (Folkard, 1990). Prior to the testing sessions,

participants were instructed not to drink or eat anything

but water during the 2 hr before the experiment, nor to

do any strenuous exercise or drink alcohol in the 24 hr

before the experiment (Laborde, Mosley, et al., 2017).

At the beginning of the experiment, participants were

asked to complete an informed consent form, and at the

beginning of each testing session they completed a ques-

tionnaire regarding variables potentially influencing HRV

(Laborde, Mosley, et al., 2017), in order to control whether

the information sent via email has been abided. The partic-

ipants were then asked to turn off their smartphone. The

full experiment was protocolled by the experimenter. The

course of events in both conditions was identical, except

for the familiarization to slow-paced breathing and the

slow-paced breathing exercise in the slow-paced breathing

condition, which were paralleled in the control condition

with watching the neutral TV documentary. At the begin-

ning of the slow-paced breathing condition, participants

received a short introduction video on how to perform

the technique correctly, and the correct execution was

checked by the experimenter. All participants managed to

perform correctly the slow-paced breathing technique.

The experiment then continued either with the

slow-paced breathing exercise, or with watching the TV

documentary. A HRV resting measure was taken before

and after this step. The HRV resting measure lasted

5 minutes, based on the Task Force recommendations

(Malik et al., 1996). The participants then performed the

three executive cognitive tests – the color word Stroop test,

the automated operation span, and themodified card sorting

test – in the same body position as during the resting

measurement. The order of the tests was randomized across

participants. However, for each participant the order was

kept the same across experimental sessions. We used a

1500 flat-screen monitor (Dell GmbH, Frankfurt, Germany;

1,280 � 960 pixels at 60 Hz) at a viewing distance of

60 cm for all tests. The HRV resting measure was realized

in a sitting position with eyes closed, knees at 90�, hands

on the thighs. The participants were asked to move as

little as possible during the experiment. At the end of the

second testing session, participants were debriefed and

thanked. The full experimental procedure is depicted in

Figure 1.

Data Analysis

For the HRV data, RMSSD was extracted from the Kubios

output. Respiratory frequency (the number of respiratory

cycles per minute) was obtained multiplying the EDR

(ECG derived respiration) value obtained via the Kubios

algorithm by 60 (Tarvainen et al., 2014). All participants

were breathing at six cycles per minute during the slow-

paced breathing technique. For inhibition, accuracy was

operationalized via the number of incorrect answers

retrieved for the squares, congruent stimuli, and incongru-

ent stimuli. Regarding reaction times, only the reaction

times of the correct answers was analyzed. Reaction times

data were subjected to two filters. In the first filter, trials

with response times lower than 200 ms and higher than

3,000 ms were excluded in order to control for extreme

results (see Putman & Berling, 2011). The second filter then

screened for reaction times higher or lower than two stan-

dard deviations from the mean. These were also removed

(Dresler et al., 2009). Working memory capacity was oper-

ationalized as the total number of letters recalled across all

error-free trials. Cognitive flexibility was operationalized as

the total number of perseverative errors, corresponding to a

card matching error when the previous rule had changed

(Nelson, 1976).

Data were checked for outliers and normality. A total of

0.96% univariate outliers cases were found and winsorized

(± 2.58; Tabachnick & Fidell, 2012). Multivariate outliers

were checked using Mahalanobis distance, with none

identified. The behavioral data related to the executive

functions dependent variables were normally distributed.

The physiological data (RMSSD, HR, respiratory frequency)

were not normally distributed, thus a log-transformation

(log 10) was applied to achieve normal distribution, and this
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is consistent with previous HRV research (Laborde, Mosley,

et al., 2017). For the physiological data, we ran analyses

with the log-transformed values.

As a manipulation check (H1), we analyzed the difference

between the resting HRV measurement before (PRE) the

experimental manipulation (slow-paced breathing vs. TV

documentary) and after the experimental manipulation

(POST), for log10 HR, log10 RMSSD, and log10 respiratory

frequency. For the experimental manipulation check, a

repeated-measures MANOVA was conducted, with time

as independent variable (PRE, DURING, POST) and with

three dependent variables: log10 HR, log10 RMSSD,

log10 respiratory frequency. Based on our hypotheses, we

focus on the condition � time interaction. For log10

RMSSD, the analysis is first run without covariates and then

with covariates included (session order, age, sex, BMI,

waist-to-hip ratio), in order to see whether individual differ-

ence factors affect results.

Regarding our main hypothesis (H2), we con-

ducted a repeated-measures MANOVA, with 2 conditions

(slow-paced breathing vs. control) and four dependent

variables: (1) accuracy (error rate to incongruent stimuli)

and (2) reaction times (incongruent stimuli-congruent

stimuli) for the Stroop interference (operationalization of

inhibition), (3) the automated operation span (operational-

ization of working memory), and (4) the number of perse-

verative errors (operationalization of cognitive flexibility).

Regarding Stroop interference accuracy, account errors

made with congruent stimuli were not considered in the

calculation given there were none. Significant interactions

were followed-up using independent samples t-tests with

Bonferroni corrected significance levels. Where a significant

effect for slow-paced breathing was found on an executive

function variable, potential mediation (H3) via log10

RMSSD (for both time points DURING and POST) was

tested using PROCESS statistical software (Hayes, 2013).

This custom dialog tests the total, direct, and indirect effect

of an independent variable on a dependent variable through

a proposed mediator and allows inferences regarding

indirect effects using percentile bootstrap intervals.

Slow-paced breathing 

Familiarization

Neutral TV 

documentary (Part 1)

Slow-paced breathing 

condition
Control condition

HRV resting 

measurement

HRV resting 

measurement

Slow-paced breathing
Neutral TV 

documentary (Part 2)

Stroop Test –

AOSPAN - MCST

Stroop Test –

AOSPAN - MCST

HRV resting 

measurement

HRV resting 

measurement

ECG device 

detachment
ECG device 

detachment

5 min

11 min

17 min

5 min

30 min

5 min

2 min

HRV Control 

Questionnaire
HRV Control 

Questionnaire

ECG device

attachment

ECG device

attachment
2 min

Figure 1. Illustration of the experimental protocol. HRV = Heart Rate Variability; AOSPAN = Automated Operation Span; MCST = Modified Card
Sorting Test; ECG = Electrocardiography.
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Results

Slow-Paced Breathing and Physiological
Measures

Descriptive statistics for the physiological variables con-

cerning the manipulation check can be seen in Table 1.

A repeated-measures MANOVA was conducted and

showed an overall significant interaction effect for condi-

tion � time, Wilks’ λ = .046, F(6, 72) = 249.274, p < .001,

ηp
2 = .95. Univariate ANOVAs with Greenhouse-Geisser

corrections were then ran for each physiological variable.

A significant condition � time interaction effect was found

for log10 HR, F(1.181, 90.928) = 6.179, p < .001, ηp
2 = .07.

Nine follow-up post hoc t-tests (see Table 2A) were

conducted with Bonferroni correction (α = .006). The fol-

lowing significant differences were found: in the SPB condi-

tion, log10 HR was lower DURING in comparison to PRE

(p < .001, d = .43) and POST (p = .001, d = .41), and lower

in POST in comparison to PRE (p = .001, d = .40). Log10HR

DURINGwas also lower in the SPB condition in comparison

to the CON condition (p = .004, d = .34).

A significant condition � time interaction effect was

found for log10 RMSSD, F(1.436, 110.550) = 95.689, p <

.001, ηp
2 = .55. Including the covariates (session order,

age, sex, BMI, waist-to-hip ratio) did not change the pattern

of results. Nine follow-up post hoc t-tests (see Table 2B)

were conducted with Bonferroni correction (α = .006).

The following significant differences: In the CON condi-

tion, log10 RMSSD was lower DURING in comparison to

PRE (p = .001, d = 0.39) and POST (p = .001, d = .40).

In the SPB condition, log10 RMSSD was higher DURING

in comparison to PRE (p = .001, d = 1.06) and POST (p =

.001, d = 0.88). Only a tendency was found for POST being

higher than PRE (p = .020, d = .27). Finally, log10 RMSSD

was higher DURING in the SPB condition in comparison to

the CON condition (p < .001, d = 1.28).

A significant condition � time interaction effect for log10

respiratory frequency was found F(1.961, 150.959) =

599.516, p < .001, ηp
2 = .89. Nine follow-up post hoc t-tests

(see Table 2C) were conducted with Bonferroni correction

(α = .006). In the CON condition, log10 RF was higher

DURING in comparison to PRE (p < .001, d = 1.10) and

POST (p < .001, d = 1.20). In the SPB condition, log10 RF

was lower DURING in comparison to PRE (p < .001, d =

2.54) and POST (p < .001, d = 3.52). It was also higher

POST than PRE (p < .001, d = 0.80). When comparing

the SPB and CON conditions, log10 RF was always lower

in the SPB condition, PRE (p < .001, d = 1.40), DURING

(p < .001, d = 5.37), and POST (p < .001, d = 0.60).

Slow-Paced Breathing and Behavioral
Measures

Descriptive statistics for behavioral measures are reported

in Table 3, and correlation matrices between all study vari-

ables are reported in Table 4.

For the MANOVA, a significant overall effect for condi-

tion was found, Wilks’ λ = .70, F(4, 74) = 4.69, p = .002,

Table 1. Descriptive statistics for physiological variables

Resting measurement
before slow-paced

breathing exercise/TV
documentary (PRE)

Measurement during
slow-paced breathing

exercise/TV
documentary (DURING)

Resting measurement
after slow-paced

breathing exercise/TV
documentary (POST)

M SD M SD M SD

Slow-paced breathing condition

RMSSD (ms) 47.97 28.66 89.92 40.92 53.43 35.46

Heart rate (bpm) 71.00 10.93 66.27 9.77 69.57 11.02

Respiratory frequency (cpm) 10.48 1.97 6.56 0.26 10.89 1.80

RMSSD (log10) 1.61 0.25 1.91 0.20 1.64 0.27

Heart rate (log10) 1.85 0.07 1.82 0.07 1.84 0.07

Respiratory frequency (log10) 1.01 0.08 0.82 0.02 1.08 0.07

Control condition

RMSSD (ms) 52.51 34.14 42.63 24.34 52.49 33.85

Heart rate (bpm) 70.93 11.63 70.70 11.92 71.29 11.46

Respiratory frequency (cpm) 13.73 2.58 16.57 2.72 13.68 2.32

RMSSD (log10) 1.63 0.07 1.56 0.07 1.63 0.07

Heart rate (log10) 1.84 0.08 1.84 0.08 1.85 0.07

Respiratory frequency (log10) 1.13 0.08 1.21 0.07 1.13 0.08

Note. RMSSD = Root mean square of the successive differences; ms = Milliseconds; bpm = Beats per minute; cpm = Cycles per minute.
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ηp
2 = .20. Univariate ANOVAs with Greenhouse-Geisser

corrections showed a significant effect for Stroop accuracy,

F(1, 77) = 9.21, p = .003, ηp
2 = .11. No significant effect was

found for Stroop response time, F(1, 77) = 0.81, p = .372, ηp
2

= .01. A significant effect for working memory capacity was

also found, F(1, 77) = 5.66, p = .020, ηp
2 = .07. A significant

effect for cognitive flexibility was also found, F(1, 77) = 5.32,

p = .024, ηp
2 = .07.

Mediation Analysis

To test whether the effects of slow-paced breathing on

executive functions was mediated by RMSSD either

DURING or POST, the experimental condition, coded as

slow-paced breathing (1) or control (2), was entered as the

independent variable, the variables operationalizing execu-

tive functions (Stroop accuracy, automated operation span

score, perseverative errors) were entered successively as

dependent variables, and RMSSD was entered as mediator

variable, first considering RMSSD DURING and then

RMSSD POST. A 10,000 resampling rate was used for

the mediation analysis. For RMSSD DURING, the results

from the bootstrapped mediation analyses revealed no

significant indirect effect for Stroop accuracy (95% CI

[�.01, .01]), no significant indirect effect for automated

operation span score (95% CI [�.04, .01]) and no signifi-

cant indirect effect for perseverative errors (95% CI [�.11,

.73]). For RMSSD POST, the results from the bootstrapped

mediation analyses revealed no significant indirect effect

for Stroop accuracy (95% CI [�.07, .05]), no significant

indirect effect for automated operation span score (95%

CI [�1.60, 2.09]) and no significant indirect effect for

perseverative errors (95% CI [�.07, .05]).

Discussion

This experiment tested the effects of slow-paced breathing

on immediate executive functioning (inhibition, working

memory, cognitive flexibility). Based on current theoretical

perspectives on slow-paced breathing (Gerritsen & Band,

2018; Lehrer & Gevirtz, 2014; Mather & Thayer, 2018;

Noble & Hochman, 2019), we hypothesized that cardiac

vagal activity operationalized via RMSSD would be higher,

and HR and respiratory frequency would be lower, during

and after the experimental manipulation with slow-paced

breathing compared to control (H1). This hypothesis was

partially supported. During the experimental manipulation,

RMSSD increased in the SPB condition, and was signifi-

cantly higher in comparison to the CON condition.

However, after the experimental manipulation, RMSSD

values decreased significantly, while showing a tendency

to remain slightly higher than the resting measurement

before the experimental manipulation. After the experimen-

tal manipulation, no difference between conditions was

observed for RMSSD, while respiratory frequency and HR

were significantly lower in the SPB condition compared to

the CON condition. Based on the neurovisceral integration

model (Smith et al., 2017; Thayer et al., 2009), we also

hypothesized that cognitive functioning would be better in

the experimental group compared to control (H2) and that

RMSSD would mediate this difference in executive func-

tioning (H3). These hypotheses were also partially sup-

ported. Participants did show better executive functioning

after slow-paced breathing compared to control (for Stroop

Table 2. Post hoc tests for manipulation check – physiological
variables

t p Cohen’s d

(A) Heart rate (bpm)

CON PRE vs. CON POST 0.993 .324 0.11

CON PRE vs. CON DURING 0.471 .639 0.05

CON DURING vs. CON POST 0.966 .337 0.11

SPB PRE vs. SPB POST 3.828 < .001* 0.43

SPB PRE vs. SPB DURING 3.605 .001* 0.41

SPB DURING vs. SPB POST 3.536 .001* 0.40

CON PRE vs. SPB PRE 0.212 .832 0.02

CON POST vs. SPB POST 1.694 .094 0.19

CON DURING vs. SPB DURING 2.986 .004* 0.34

(B) RMSSD (ms)

CON PRE vs. CON POST 0.020 .984 0.01

CON PRE vs. CON DURING 3.405 .001* 0.39

CON DURING vs. CON POST 3.498 .001* 0.40

SPB PRE vs. SPB POST 2.366 .020 0.27

SPB PRE vs. SPB DURING 9.391 < .001* 1.06

SPB DURING vs. SPB POST 7.746 < .001* 0.88

CON PRE vs. SPB PRE 0.916 .363 0.10

CON POST vs. SPB POST 0.346 .730 0.04

CON DURING vs. SPB DURING 11.257 < .001* 1.28

(C) Respiratory frequency (cpm)

CON PRE vs. CON POST 0.108 .914 0.01

CON PRE vs. CON DURING 9.693 < .001* 1.10

CON DURING vs. CON POST 10.574 < .001* 1.20

SPB PRE vs. SPB POST 7.031 < .001* 0.80

SPB PRE vs. SPB DURING 22.426 < .001* 2.54

SPB DURING vs. SPB POST 31.095 < .001* 3.52

CON PRE vs. SPB PRE 12.343 < .001* 1.40

CON POST vs. SPB POST 5.334 < .001* 0.60

CON DURING vs. SPB DURING 47.451 < .001* 5.37

Note. df = 77. RMSSD = Root mean square of the successive differences;
ms = Milliseconds; bpm = Beats per minute; cpm = Cycles per minute; PRE
= Resting measurement before slow-paced breathing exercise/TV docu-
mentary; DURING = Resting measurement during slow-paced breathing
exercise/TV documentary; POST = Resting measurement after slow-paced
breathing exercise/TV documentary. *p < .006 (applying Bonferroni
correction).
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interference accuracy, working memory capacity, cognitive

flexibility, but not Stroop interference response time), but

this change in executive functioning was not mediated by

RMSSD.

Regarding the physiological effects of the slow-paced

breathing exercise, the effects on RMSSD were found to

be the strongest during the experimental manipulation with

a significant increase. After the experimental manipulation

effects on RMSSD fade out: compared to the CON condi-

tion, in the SPB condition HR and respiratory frequency

were lower, supporting our predictions, but contrary to

what we hypothesized no significant difference was found

for RMSSD. Based on several theoretical perspectives

(Gerritsen & Band, 2018; Lehrer & Gevirtz, 2014; Mather

& Thayer, 2018; Noble & Hochman, 2019), slow-paced

breathing at 6 cpm is thought to increase vagal afferences

and the longer exhalation phase in comparison to the

inhalation phase is supposed to activate the parasympa-

thetic nervous system (Strauss-Blasche et al., 2000; Van

Diest et al., 2014). This is based on the coupling of heart

beat and respiration with the respiratory sinus arrhythmia,

where inhalation is linked to faster HR, and exhalation to

slower HR (Angelone & Coulter, 1964; Yasuma & Hayano,

2004). Our findings illustrate that the increase in RMSSD,

and hence in cardiac vagal activity, can be seen mostly

during slow-paced breathing but not necessarily after, as

suggested elsewhere (Bonomini et al., 2020; Kromenacker

et al., 2018; You et al., 2021).

Two different patterns were observed for HR and

respiratory frequency after the experimental manipulation.

HR was found to be lower after the slow-paced breathing

exercise than after watching the TV documentary, which

would to some extent reflect the relaxation effect associ-

ated with slow-paced breathing (Gerritsen & Band, 2018;

Lehrer & Gevirtz, 2014; Mather & Thayer, 2018; Noble &

Hochman, 2019). A different pattern was observed for

respiratory frequency given that it was found to be lower

in the slow-paced breathing condition in comparison to

the control condition before performing the slow-paced

breathing technique. This is most likely due to the fact that

in the slow-paced breathing condition, participants com-

pleted a familiarization exercise that decreased their

breathing frequency (see Figure 1) prior to the first resting

measurement. This reduced breathing pattern remained

to some extent during the first resting measurement. The

respiratory frequency then increased in the slow-paced

breathing condition (when comparing the measurements

before and after performing the slow-paced breathing

exercise), that might be due to the participants becoming

habituated to the reduced respiratory frequency while

performing the technique, and returning faster to their

normal respiratory frequency. However the fact that respi-

ratory frequency was still lower in the slow-paced breathing

condition than in the control condition (after the slow-

paced breathing exercise and before starting the executive

functioning tasks) supports the predicted effects of the

slow-paced breathing technique at the respiratory level

(Gerritsen & Band, 2018; Lehrer & Gevirtz, 2014; Mather

& Thayer, 2018; Noble & Hochman, 2019).

Regarding our second hypothesis, executive functioning

improved after the slow-paced breathing exercise in com-

parison to the control condition, for (1) inhibition with less

Table 3. Descriptive statistics for executive functions

Slow-paced breathing
condition

Control condition

M SD M SD

Stroop interference reaction time (ms) 143.85 68.02 138.04 72.84

Stroop interference accuracy (number of errors) 0.32 0.47 0.58 0.73

Automated operation span score 42.63 16.02 38.87 16.72

Perseverative errors (MCST) 0.40 0.65 0.68 0.95

Note. MCST = Modified Card Sorting Test.

Table 4. Correlation between main study variables

Control condition Slow-paced breathing condition

1 2 3 4 5 1 2 3 4 5

1. Stroop interference reaction time (ms)

2. Stroop interference accuracy (number of errors) .21 .10

3. Automated operation span score �.32** �.53** �.16 �.28*

4. Perseverative errors (MCST) .07 .25* �.15 .12 .21 �.34**

5. RMSSD (resting measurement before performing executive tasks) �.11 �.30** .27* �.20 �.11 �.26* .42** �.22

Note. MCST = Modified Card Sorting Test; RMSSD = Root Mean Square of the Successive Differences. *p < .05; **p < .01.
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errors for the incongruent stimuli (i.e., better Stroop inter-

ference accuracy), for (2) working memory capacity with

a higher automated operation span score, and for (3) cogni-

tive flexibility with less perseverative errors. No change was

found on Stroop interference reaction time. Nevertheless,

regarding Hypothesis 3, the results are not in line with

predictions of the neurovisceral integration model (Smith

et al., 2017; Thayer et al., 2009), given the improvement

in executive functioning was not mediated by RMSSD,

either considered during or after the experimental manipu-

lation. However, it is important to note that in both the

CON and the SPB condition, resting RMSSD before the

executive tasks was correlated positively with performance

on the Stroop interference accuracy and on the automated

operation span score (while no associations were found

with the Stroop interference reaction times and persevera-

tive errors on the WCST), which would be partially in line

with the neurovisceral integration model (Smith et al.,

2017; Thayer et al., 2009). Taken together, these findings

could suggest that other mechanisms might be contributing

to the effects of slow-paced breathing on executive func-

tioning. This might include improved functional connectiv-

ity in brain networks (Mather & Thayer, 2018; Tort et al.,

2018). To explain, the slow oscillations in HR produced

by slow-paced breathing are suggested to have the potential

to strengthen brain network dynamics, especially in medial

prefrontal regulatory regions that are particularly sensitive

to physiological oscillations (Mather & Thayer, 2018), and

which are responsible for cognitive control and emotion

regulation (Thayer et al., 2012). In order to uncover the

mechanisms at work, that might be involved in oxygena-

tion, blood flow or electrophysiological signals in brain

areas associated with executive functions, future research

should investigate the effects of slow-paced breathing using

brain imaging techniques such as EEG, fNIRS, fMRI, or

MEG (Hoffmann et al., 2019; Hsu et al., 2020; Zhong

et al., 2017).

Our experiment has some notable limitations that need

to be considered when interpreting the main findings.

First, our control condition involved spontaneous breathing

while the participants were watching a neutral TV docu-

mentary. Therefore, we cannot rule out the possibility that

the video may have introduced other psychological factors

that differ from slow-paced breathing, given participants in

the control group were not actively focusing on their

breathing. Future studies should include a control condition

that includes a similar focus on breathing at a different

pace, perhaps 12 cycles per minute (Tsai et al., 2015) that

would match the typical lower range spontaneous respira-

tory frequencies (Sherwood, 2006). Second, respiratory

frequency was obtained via a dedicated algorithm from

Kubios (Tarvainen et al., 2014). However, a more precise

assessment of respiratory frequency such as a respiratory

belt or a pneumotachograph (Egizio et al., 2011; Quintana

& Heathers, 2014) and the assessment of other respiratory

related variables (e.g., respiratory depth, gas exchanges)

could prove helpful in explaining the effects of slow-paced

breathing on executive functioning (Lorig, 2011; Ritz et al.,

2002). Third, the initial physical activity level of the

participants may have an influence on the results, and

future research should consider assessing it using a stan-

dardized questionnaire such as the International Physical

Activity Questionnaire (Craig et al., 2003). Fourth, some

meaningful variations could be introduced to the slow-

paced breathing technique practiced in this study. For

example, having a break introduced between inhalation

and exhalation, or between exhalation and inhalation, could

have different physiological consequences (Reyes del Paso

et al., 2015; Russell et al., 2017; Skow et al., 2015). Fifth,

future studies should also consider the effects of long-term

slow-paced breathing interventions (e.g., 4–5 weeks), given

this is where most effects are found (Lehrer, 2018). Such

long-term slow-paced breathing training plays an important

role for maintaining autonomic homeostasis by stimulating

the baroreflex functioning, which is then thought to

provoke increasing resting cardiac vagal activity (Lehrer,

2003, 2013; Lehrer & Gevirtz, 2014; Vaschillo et al.,

2006). Finally, future studies may also consider the specific

influence of each respiratory phase (inspiratory phase,

inspiratory-to-expiratory transition phase, expiratory phase,

expiratory-to-inspiratory transition phase), on cognitive

performance (Nakamura et al., 2018; Waselius et al., 2019).

Conclusion

In conclusion, this experiment tested the effects of slow-

paced breathing on immediate executive functioning in a

sample of young adults. The slow-paced breathing exercise

triggered an increase of RMSSD during the experimental

manipulation, which fade away after the experimental

manipulation was over. Further, after the experimental

manipulation a decrease in HR and respiratory frequency

could still be observed. An increase in executive functioning

was observed for inhibition, workingmemory, and cognitive

flexibility, after the slow-paced breathing exercise compared

to control. However, this increase in executive performance

was not mediated by RMSSD (considered either during or

after the experimental manipulation). Therefore, the influ-

ence of slow-paced breathing on executive functioning

cannot be explained by an increase in cardiac vagal activity

as predicted by the neurovisceral integration model

(Smith et al., 2017; Thayer et al., 2009). Further research

might want to test (using brain imaging) whether brain

network dynamics are involved in the association between
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slow-paced breathing and executive functioning (Mather &

Thayer, 2018). Finally, at the applied level, these findings

may have implications for individuals looking for a quick

and easy method to alter their executive functions, for

example, to better execute cognitively demanding tasks in

their jobs.
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