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Abstract

Literature has shown the effects of resonance breathing (slow paced breathing) and transcranial
direct current stimulation (tDCS) as successful interventions for stress regulation. Moreover,
mindfulness can also be a possible beneficial intervention to reduce stress. In this study the
effects of these interventions and their interaction were investigated in relation to several
physiological measurements (heart rate variability and blood pressure) and self-report measures
(stress appraisal, negative affect, and positive soothing affect). In addition, this study also
investigated if interindividual differences in the use of mindfulness could affect these effects.
To assess this, participants were divided into 4 conditions that consisted of resonance versus
control breathing combined with active versus sham tDCS. Next, participants were brought in
a state of stress. The following hypotheses were made: first, we expected both active (versus
sham) tDCS and resonance (versus control) breathing to be associated with lower negative
affectivity, more positive soothing affect, lower stress appraisal, higher heart rate variability
and lower blood pressure. Second, we expected the combination of active tDCS and resonance
breathing to show the largest reductions in these stress indices. Finally, we expected these
effects to be strongest amongst people with high natural tendencies towards mindfulness.
Analysis of the interaction between breathing condition, tDCS and mindfulness showed that
resonance breathing (compared to control breathing) presented the most promising results in
reducing stress. Interindividual differences, such as trait mindfulness, has shown stronger
results when combined with resonance breathing. For tDCS (separately or combined) no effects

or even opposed effects were found in reducing stress.

Keywords: resonance breathing, heart rate variability, transcranial direct current

stimulation (tDCS), mindfulness, stress appraisal, affect



Dutch Summary

Literatuur heeft aangetoond dat de effecten van resonantieademhaling en transcranial direct
current stimulation (tDCS) succesvolle interventies zijn in het reguleren van stress. Daarnaast
iIs mindfulness ook een mogelijke interventie om stress te reduceren. Deze studie ging de
effecten van bovenstaande interventies na en bekeek hun interacties onderling aan de hand van
verschillende fysiologische maten (hartslagvariabiliteit en bloeddruk) maar ook aan de hand
van zelfrapportagematen (stress appraisal, negatief affect en een positief rustgevend affect).
Als aanvulling ging deze studie na of interindividuele verschillen in de mate van mindfulness
een rol spelen in de genoemde effecten. Participanten werden verdeeld in 4 condities die bestaan
uit resonantieademhaling versus controle-ademhaling gecombineerd met active tDCS versus
sham tDCS. Daarna werden participanten in een stresstoestand geplaatst. De volgende
hypotheses werden gesteld: ten eerste verwachtten we dat zowel active tDCS (versus sham
tDCS) en resonantieademhaling (versus controle-ademhaling) geassocieerd werden met lager
negatief affect, meer positief rustgevend affect, lagere stress appraisal, hogere
hartslagvariabiliteit en lagere bloeddruk. Ten tweede verwachtten we dat de combinatie van
active tDCS en resonantieademhaling de grootste reductie in stress zouden teweegbrengen. Tot
slot verwachtten we dat deze effecten het sterkst zouden zijn bij mensen met een natuurlijk
grotere voeling met mindfulness. Analyse van de interacties tussen ademhaling, tDCS en
mindfulness toonden aan dat resonantieademhaling (versus controle-ademhaling) resulteerde in
een reductie van stress. Interindividuele verschillen zoals hoe mindfull iemand is, toonden
sterkere resultaten wanneer ze gecombineerd werden met resonantieademhaling. tDCS toonde

weinig effect of zelfs tegengestelde effecten in het reduceren van stress.

Trefwoorden: resonantieademhaling, hartslagvariabiliteit, transcranial direct current

stimulation (tDCS), mindfulness, stress appraisal, affect
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Introduction

Stress is very common in our day-to-day life. Especially now, when we are challenged
by a global pandemic. Our body produces a stress response to a threat coming from within
ourselves or from the outside. It is a mechanism to protect ourselves from any potential harm
that could hurt the body (Fink, 2010). This mechanism ensures a physical as well as a mental
reaction to this trigger. For example, the idea of being infected with COVID-19 could trigger
signs of stress but the actual virus will also initiate a stress response in the body (Fink, 2010).
We can distinguish two types of stress: acute stress and chronic stress. Acute stress, such as for
instance giving a presentation to a group, causes a peak in the experienced amount of stress.
Chronic stress on the other hand, for example taking care of a sick family member for a while,
causes lower levels of stress but persists longer. These levels of stress can be related to changes
in the neuroendocrine system (Schindler, 1985). The changes occur in the hypothalamic-
pituitary-adrenal axis (HPA) and the sympathetic nervous system (SNS) (Guilliams & Edwards,
2010). Chronically increased activity of the HPA axis can lead to major depression, anorexia
nervosa, obsessive-compulsive disorder and panic disorder for example (Chrousos, 2009).
Furthermore, decreased activity of the HPA axis can cause seasonal depression, chronic fatigue
syndrome, adult post-traumatic stress disorder for instance (Chrousos, 2009). A meta-analysis
of March-Llanes et al. (2017) found a relationship between stressful life events and
psychopathology. They concluded that more stressful life events during adolescence can be a
risk factor to develop internalizing and/or externalizing symptoms. These symptoms then
increase the odds of developing psychiatric disorders later in life (March-Llanes et al., 2017).
Stress can also influence blood pressure. Blood pressure consists of two values: systolic blood
pressure and diastolic blood pressure. Systolic blood pressure measures the pressure on the
vessels when the heart contracts. Diastolic blood pressure measures the pressure in the vessels
when the heart relaxes (De Nederlands Hartstichting, 2022). Ideally, blood pressure (BP) varies
round 120/80 mmHg. BP higher than 140/90 mmHg is called hypertension. Stress can cause
elevated blood pressure levels which in its turn can cause hypertension (Pickering, 1995).
Hypertension could be dangerous because it might increase the risk to develop cardiovascular
diseases later on in life (Staessen et al., 2003). Given the crucial role of stress in the
development of various mental health disorders, it is of importance to investigate methods to

reduce stress in our lives (March-Llanes et al., 2017).



A possible way to reduce stress is to practice mindfulness. Mindfulness can be defined
as ‘“a moment-to-moment, non-judgmental awareness, cultivated by paying attention in a
specific way, that is, in the present moment, and as non-reactively, as non-judgmentally, and as
openheartedly as possible” (Kabat-Zinn, 2015). The mechanism behind mindfulness is based
on recognizing automatic emotional patterns and focusing on physical reactions caused by these
patterns. This change in thinking about life facilitates acceptance and looking at things another
way without judging (van Vreeswijk et al., 2009). An important part of mindfulness is deep
abdominal breathing also called diaphragmatic breathing (Arch & Craske, 2006). When
breathing through the abdomen, the diaphragm is being engaged. With every inward breath, the
diaphragm pulls down and the lungs fill more efficiently in comparison to thoracic breathing
(Brownstone et al., 2021). An example of deep abdominal breathing is the mindful breathing
exercise (MBE). This determines the ability to mindfully focus your attention on breathing
during meditation (Burg & Wolf, 2012). Perciavalle et al. (2016) concluded that deep breathing
techniques are effective to induce an improvement in mood and reduction of stress. Current
treatment programs to use mindfulness are mindfulness-based stress reduction (MBSR) and
mindfulness-based cognitive therapy (MBCT) (Burke, 2009). MBSR is a program that applies
mindfulness meditation as an intervention associated with physical, psychosomatic, and
psychiatric disorders (Grossman et al., 2004). The intervention presumes that greater awareness
will provide better perception, reduce negative affect, and improve vitality and coping. A meta-
analysis of Grossman et al. (2004) indicates that mindfulness training might enhance emotion
regulation and lower discomfort in everyday life. This was consistently seen across a spectrum
of standardized mental health measures including psychological dimensions of quality-of-life
scales, depression, anxiety, coping style and other affective dimensions of disability. MBCT is
a meditation program based on an integration of cognitive behavioral therapy for depression
(Teasdale et al, 2002); the MBSR program is developed by Kabat-Zinn (1990). The original
program prepares patients to develop skills that allow to disengage from habitual, automatic
dysfunctional cognitive routines to reduce future risk of relapses and recurrences of major
depression (Smith et al., 2007). MBCT could be useful for reducing residual depressive
symptoms in patients with major depression and for reducing anxiety symptoms in patients with
bipolar disorder in remission as well as in patients with some anxiety disorders (Hofmann &
Gomez, 2017). Other mindfulness-based treatments are retreats and residential programs, brief
mindfulness interventions, internet and smartphone mindfulness-based interventions (Hofmann
& Gobmez, 2017). A comprehensive meta-analysis concerning mindfulness-based therapy
(MBT) concluded that MBT is moderately effective. MBT did not differ from traditional



cognitive based therapy or behavioral therapies or pharmacological treatments. This meta-
analysis also brings to conclusion that MBT is an effective treatment for a variety of
psychological problems, and is especially effective for reducing anxiety, depression, and stress
(Khoury et al., 2013). Whereas mindfulness is often used as a deliberate intervention to reduce
stress, there are interindividual differences in the natural tendency to be in a mindful state. The
study of Sala et al. (2019) quantified the relation between the trait mindfulness and health
behaviors. They concluded that trait mindfulness shows a small correlation with several health
behaviors (i.e., physical activity, healthy eating, sleep, alcohol use) (Sala et al., 2019).
Furthermore, Shapiro et al. (2010) found that baseline trait mindfulness was a significant
moderator of MBSR intervention effects. MBSR participants with higher levels of trait
mindfulness showed a larger increase in mindfulness and subjective well-being over time,
steeper declines in perceived stress, and higher levels of empathy and hope. The research above
shows that mindfulness is a promising technique to reduce stress when interventions include a
mindfulness component. However, interindividual differences in the natural tendency to be
mindful could influence the outcome of mindfulness-based interventions. Current research
suggests that people with a high tendency towards mindfulness might experience stronger

therapeutic effects from interventions regarding mindfulness.

By performing mindfulness meditation exercises, individuals pay close attention to
nuances in breathing. The beneficial breathing mechanism behind meditation exercises can be
explained by heart rate variability (HRV) (Lehrer, 2014). There is a natural variability between
heart beats that is called heart rate variability. It reflects the balance between the sympathetic
nervous system and the parasympathetic nervous system. The sympathetic nervous system
activates when a threat is perceived, for instance a snake. The body responds to this by elevating
the heart rate and the HRV goes down. Simultaneously, the body also produces norepinephrine
that activates the “fight-or-flight" system. The parasympathetic nervous system gives the body
the opposite reaction and activates the “rest and digest” system. Acetylcholine slows down the
heart rate and increases the HRV. The degree of variability in the HRV provides information
about the functioning of the nervous control on the HRV and the heart’s ability to respond
(Rajendra Acharya et al., 2006). Moreover, high HRV is associated with adaptive stress
regulation, whereas low HRYV is associated with maladaptive stress regulation (Kim et al.,
2018). HRV can be changed by controlling the breathing frequency and activating the
parasympathetic nervous system. This is known as resonance frequency breathing, which

differs from individual to individual. We can influence an individual’s resonance frequency



through heart rate variability biofeedback (HRVB). This technique consists of providing an
individual with real-time feedback on heart rate and respiration changes while being instructed
to breathe at low frequencies (Lehrer and Gevirtz, 2014). HRVB creates a maximized
respiratory sinus arrhythmia (RSA). RSA is the heart pattern that appears when heart rate
increases during inhalation and decreases during exhalation (Lehrer & Gevirtz, 2014).
Respiratory linked variations in heart rate usually occur in the frequency range of 0.15-0.4 Hz
(9-24 breaths/minute) in a healthy human adult. These are “high frequency” heart rate
oscillations. “Low frequency” heart rate variability is within the range of 0.05-0.15 Hz (3-9
breaths/minute) (Berntson et al., 1997). To increase HRV researchers investigated different
breathing patterns. They concluded that a breathing pattern of 5.5 breaths per minute (BPM)
with an equal inhalation-to-exhalation ratio increased HRV significantly and boosted a feeling
of relaxation compared with the baseline (Lin et al., 2014). Literature shows that HRVB and
paced breathing at approximately six breaths per minute have positive effects on a variety of
physical, behavioral, and cognitive conditions (Lehrer et al., 2020). A study of Steffen et al
(2017) showed that a group of participants practicing resonance frequency breathing reported
higher positive mood and had a significantly higher HRV ratio relative to a control group. The
resonance frequency breathing group also showed lower systolic blood pressure when
performing a stressful task. Monitoring HRV through HRVB could be a different method of
decreasing stress. Recent research pointed out the association between HRV, stress and emotion
regulation (Jentsch & Wolf, 2020). Reappraisal, a form of emotion regulation, caused
significantly stronger increases in HRV during stress (Jentsch & Wolf, 2020). Therefore,
controlled slow breathing (resonance breathing/ slow paced breathing) has a beneficial effect
on stress regulation through changes in HRV and seems an easy to implement intervention
(Lehrer & Gevirtz, 2014).

Another way to reduce stress is via noninvasive brain stimulation (NBS), such as
transcranial direct current stimulation (tDCS) (Smits et al., 2020). This is a brain stimulation
technique used for modulation of central nervous system excitability in humans. tDCS works
by sending electric currents through the brain. The device includes two electrodes on each side
of the individual’s scalp (Woods et al., 2016). Once these are placed, a current of around 1.0-
2.0 milliampere is sent through the electrodes (Nitsche & Paulus, 2000). This mechanism
triggers a subthreshold modulation of neuronal membrane potentials, which changes the
cortical excitability (Nitsche et al., 2009). Smits et al. (2020) systematically reviewed and

quantified the immediate effects of prefrontal non-invasive brain stimulation on emotional



stress reactivity. Their findings give an indication that a single session of prefrontal NBS may
be able to modulate negative emotional state in response to stress. The evidence for tDCS
effects on subjective stress related emotions are sparse. However, the estimated effect size of
single tDCS sessions in a non-clinical population is small. Smits et al. (2020) also discussed
that there are differences between and within people regarding the effects of tDCS sessions.
Moreover, Petrocchi et al. (2017) tested the effect of tDCS on vagally-mediated HRV and
changes in momentary affect, and particularly in the so-called “soothing” positive affect. The
authors found that vagally-mediated HRV and soothing positive affectivity can be enhanced
after a single-session of tDCS. Factors that could influence the strength and direction of tDCS
on prefrontal cortex sessions include for example: baseline neural activity (Antal et al., 2007,
Fertonani et al., 2014), stress sensitivity (Pefia-Gomez et al, 2011; Fitzgibbon et al., 2017),
fatigue, task motivation and gender (Hurley and Machado, 2018). tDCS is most effective when
simultaneously paired with a task (Baker et al., 2010). For instance, tDCS paired with speech
therapy enhances speech motor recovery in stroke patients with aphasia (Baker et al., 2010).
Also, Ahn et al. (2019) performed research pairing home-based tDCS with mindfulness-based
meditation in older adults with knee osteoarthritis. They concluded that tDCS paired with
mindfulness-based meditation tempered the pain, osteoarthritis-related clinical symptoms, and
experimental pain sensitivity without adverse side effects in older adults with knee
osteoarthritis. tDCS is an intervention used to reduce stress and influences HRV (a process
involved in the mechanism behind breathing techniques) (Smits et al., 2020). Effect sizes of
tDCS are relatively low and interindividual differences play an important role in the
effectiveness of tDCS. These differences should be more investigated in the future (Smits et al.
2020). In addition, the effects of tDCS are stronger when it’s combined with a task (e.g., paced
breathing) (Baker et al., 2010). This gives perspective to investigate the combination of tDCS
with resonance breathing/ paced breathing on stress regulation and how interindividual

differences may influence outcomes.

To summarize, mindfulness can be a potential beneficial intervention to reduce stress
(Khoury et al., 2013). A big part of mindfulness involves breathing techniques. Slow paced
breathing increases vagally mediated HRV (Lehrer, 2014). The increased HRV has a positive
impact on the body (Jentsch & Wolf, 2020). Another feasible way to reduce stress is to use non-
invasive brains stimulation called tDCS (Smits et al., 2020). This intervention could also
increase HRV but has more variability in the effectivity of it. The effectivity depends on

interindividual differences and the presence of a task (e.g., paced breathing) (Smits et al., 2020)



(Baker et al., 2010). That’s why the goal of current study is to combine slow paced breathing
with tDCS assuming that both effects will amplify each other. This means that the effect of the
two together will be stronger than both effects isolated. Given the importance of the role of
interindividual effects when using tDCS, the trait mindfulness will be taken into consideration.
Previous studies indicated that the trait mindfulness enhances the effect of a mindfulness-based
intervention (Sala et al., 2019). Correspondent to these findings we expect that the effect of
current study will be the strongest when people have a high trait mindfulness. To answer this
research question, we will combine tDCS (active versus sham) with resonance breathing
(resonance breathing versus control breathing) followed by a stress induction task (the calculus
part of the Social Trier Stress Test) to induce stress. Stress regulation will be measured via self-
reported measurements (affect and stress appraisal) as well as physiological measurements
(HRV and blood pressure).

In summary, we expect both active (versus sham) tDCS and resonance (versus control)
breathing to be associated with lower negative affectivity, positive soothing effect, lower stress
appraisal, higher HRV and lower BP. Furthermore, we expect the combination of active tDCS
and resonance breathing to show the largest reductions in these stress indices. Finally, we expect

these effects to be strongest amongst people with high natural tendencies towards mindfulness.

Materials and Methods

Participants

The participants of this study include 161 individuals aged between 18 and 45. Selection
criteria were a) normal or corrected to normal vision, b) no current psychiatric, neurological or
respiratory disorders, c) no current use of psychiatric drugs, d) no personal or family history of
epilepsy, e) no current neurosurgery, f) not pregnant, g) no metal or magnetic objects in or
around the scalp. The study was executed with the approval of Ghent University’s Medical
Ethical Committee and in accordance with the Declaration of Helsinki. Participants provided
informed consent at the start of the experiment and received 30 euros for participating.
Participants were recruited from the general community via advertisements on online social

media platforms (Facebook).

Materials



Transcranial direct current stimulation (tDCS)

tDCS was applied using a Neurosoft tDCS device. This device allows double-blinding
of the tDCS conditions. tDCS was placed on the dorsolateral prefrontal cortex (DLPFC) of the
participant for 20 minutes. The DLPFC was localized using the Beam localization method, the
anode was placed over the left DLPFC and the cathode was placed over the right DLPFC (Mir-
Moghtadaei et al., 2015). A current flow of 2 mA was sent through the electrodes during active
tDCS. The electrodes were placed in a saline soaked sponge. Following the between subject
design of the study, half of the participants received active tDCS and the other half received
sham tDCS.

Breathing training

To train the participants the correct way of diaphragmatic breathing a geometric
animation video was used. This animation expands and contracts while the participant inhales
and exhales at the same rate as the animation. The rate corresponded to 5,5 breaths per minute.
Participants practiced this way of breathing during a short training phase without tDCS. Once
the participant has mastered the diaphragmatic breathing technique, participants will be shown
the animation again accompanied with the brain stimulation during 20 minutes. Participants in
the control group will be shown the same animation as the participants in the slow breathing
group but at a different rate of breathing (5,5 BPM versus 15 BPM). Following the between
subject design of the study, half of the participants followed the slow-paced breathing (5.5
BPM) and the other control group followed the 15 BPM breathing technique.

Stress induction

To induce stress, the Calculus Stress Induction task (part of The Trier Social Stress Test)
was performed by the participants (Allen et al., 2017). Participants were asked to count
backwards from 2083 in steps of 13. Once they made a mistake, participants heard a loud noise
and had to start all over again. This task lasted for five minutes without the participant being
aware of the duration of the task. To maximize stress, the participant was filmed during the task
while the experimenter was seated in front of the participant. The camcorder’s display was
turned towards the participant. As a cover story, participants were informed that this is a

communication task, and an external panel will analyze their performance during the task.

Psychophysiological measures



HRV. Cardiovascular reactivity was recorded at a 1000 Hz sample rate with the Biopac
ECG100c amplifier, in conjunction with the Biopac MP150 (Biopac Systems Inc., Santa
Barbara, CA). On the amplifier, the gain was set to 5000, mode set to normal, low pass filter
set to 35 Hz and the high pass filter set to .05 Hz. Pre-gelled Ag/AgCL electrodes were placed
according to the measurement of a lead Il ECG. The data was collected in the Acgknowledge
software on an external computer, together with event triggers that were sent by the MATLAB
computer to the Biopac STP100c, via a USB interface. Using the PhysioData Toolbox 0.6.3
(Sjak-Shie, E. E. (2021). The signal was first filtered using a 1 Hz highpass filter and a 50 Hz
lowpass filter, and R-peaks and interbeat intervals (IBIs) were subsequently automatically
detected based on the following constraints: a) minimum R-peak of .5 mV, b) minimum IBI of
.3's, and ¢) maximum IBI of 1.5 s. Based on visual signal inspection, artifacts in the R-peaks
and IBIs were then removed and interpolated if possible. Next, a continuous heart rate signal
was computed via shape-persevering piecewise cubic interpolation at 100 Hz of the valid 1BI
data. Based on this signal, the following HRV indices were computed: the power in low
frequency range of the power spectrum (LF), the power in high frequency range of the power
spectrum (HF), the standard deviation of the NN intervals (SDNN) and the square root of the
mean of the sum of the squares of difference between adjacent NN intervals (RMSSD). RMSSD

was used for the analysis.

Blood pressure. The systolic (SBP) and diastolic (DBP) measurements of blood
pressure were measured after each phase, by placing a validated oscillometric device (OMRON
M6 Comfort; Asmar, 2011) on the right arm.

Self-report measures

Online survey. To make sure that there were comparable active and sham tDCS groups,
an online survey assessing potential confounders was carried out before the experiment. This
survey consisted of demographic, health, lifestyle, and psychological questions. Next, each
variable was checked for significant differences between the 4 condition groups (i.e., active
slow, active control, sham slow and sham control). When this check was performed, the

participant was matched to a specific condition group.

Cognitive and Affective Mindfulness Scale-Revised CAMS-R. CAMS-R is a self-

report measure of mindfulness. The scale consists of 12 items measuring: mindfulness, distress,



well-being, emotion-regulation and problem-solving. The scale has an acceptable internal
consistency and evidence of convergent and discriminant validity. (Feldman et al., 2006). This
study shows a Cronbach’s a of .79.

Affect. Participants were asked to rate their current levels of negative and positive affect
using a total of 18 items. Negative affect was assessed by six emotions: upset, distressed, scared,
angry, anxious, and sad. Activating (lively, energetic, active, enthusiastic, dynamic, excited)
and soothing (relaxed, serene, content, calm, tranquil, peaceful) positive affect was assessed by
the two subscales of the Activation and Safe/Content Affect Scale (Gilbert et al., 2008). This
questionnaire will also be measured multiple times throughout the experimental procedure to
assess any changes in affect. Negative affect and soothing positive affect were further analyzed

in this paper.

Primary Appraisal Secondary Appraisal (PASA). PASA is a self-report measure that
assesses cognitive appraisal processes in a stressful situation that contains of 16 items. This
measurement consists of four scales: threat, challenge, self-concept of own abilities and control
expectancy. Threat and challenge forms the first secondary scale, primary appraisal. Self-
concept of own abilities and control expectancy forms the second secondary scale, secondary
appraisal. The difference of primary and secondary appraisal forms the stress index which offers
a global assessment of stress (Gaab, 2009). The stress index was further used to analyze
cognitive appraisal processes in advance of the calculus stress task. Carpenter et al. (2016)
concluded that PASA shows reasonable to good internal consistency. This study shows a
Cronbach’s o of .72.

Procedure

The study design used a full factorial (between-subjects) design based on the following
group conditions: breathing (slow vs control) x transcranial Direct Current Stimulation (tDCS)
(sham vs active). Next, participants filled in an online survey. Based on this survey, participants
were assigned to one of four conditions. Later, on the day of the experiment, electrocardiogram
blood pressure recording devices were attached to the participant. Participants then sat quietly
for a period of five minutes during which a physiological baseline recording is collected
((HRV), heart rate and blood pressure). These physiological measures were assessed throughout
the whole experiment, during all the phases described below. After five minutes of

physiological baseline recording, two short questionnaires were assessed (AF and PTQ-S). AF



and PTQ-S were administrated throughout the experiment, to index changes in cognitions and
mood. Later participants were familiarized with the structure of the experiment. Participants in
the experimental (resonance) breathing condition were instructed in the diaphragmatic
(abdominal) breathing technique. Afterwards participants again completed two short
questionnaires (AF and PTQ). tDCS was applied and turned on for 20 minutes, during which
the participant performs their respective breathing task (resonance frequency breathing or
control frequency breathing). Afterwards participants again completed two short questionnaires
(AF, PTQ). Next, participants performed the calculus stress induction task. After introducing
the task, participants reported primary and secondary stress appraisal (PASA). Afterwards
participants again completed two short questionnaires (AF, PTQ). At the end of the session,

participants were debriefed about the purpose of the study.

Data Analytic Plan

Analysis of the dependent variables (HRV, BP, PASA and AFFECT) and independent
variables (breathing condition, tDCS group, phase and mindfulness) were performed in R 4.0.2
(R Core Team, 2013). For HRV, BP and PASA linear mixed models (LMMSs) were used and
fitted via the ‘lmer’ function of the ‘Ime4’ R package (Bates et al., 2014). Given the absence of
repeated within-subject measurements of the PASA, a linear model was used to analyse PASA.
The p-value cut-off was set to p <.05 and p-values for the fixed effects were estimated with the
‘ImerTest” R package, using the Satterthwaite approximations to degrees of freedom
(Kuznetsova et al., 2017). Mindfulness was standardised before the model was fitted. For
interaction effects where mindfulness was implied, the following follow-up tests were carried
out at different levels mindfulness, by computing the EMMs at two values (M —1 SD [low],
M + 1 SD [high]) of mindfulness. The analysis-of-variance tables were computed via the
‘anova’ R function, with the sum of squares estimated using the type III approach (Fox et al.,
2012). Follow-up tests were completed via pairwise comparisons of the estimated marginal
means (EMMs) computed via the ‘emmeans’ function of the ‘emmeans’ R package (Lenth,
2018). When relevant, the p-values from follow-up tests were adjusted for multiple comparisons
using the false discovery rate correction (Benjamini & Hochberg, 1995). Before the data was
analysed a visual inspection was performed to exclude any invalid data. If needed, outliers were
removed by the double Median Absolute Deviation function (MAD; Leys et al., 2013). By
performing this function to the data, 15% of the HRV data was rejected.

10



First, to check whether HRV results were influenced by either breathing (resonance vs
control breathing), tDCS (active vs sham), phase (habituation, breathing and calculus)
conditions or mindfulness. A linear mixed model was used to fit RMSSD as dependent variable.
Breathing (resonance vs control breathing), tDCS (active vs sham), phase (habituation,
breathing and calculus) and mindfulness were used as fixed, independent variables. Subject was

entered as a random intercept.

Second, to check whether SBP/ DBP results were influenced by either breathing
(resonance vs control breathing), tDCS (active vs sham), phase (habituation, breathing and
calculus) conditions or mindfulness. A linear mixed model was used to fit SBP as dependent
variable. Breathing (resonance vs control breathing), tDCS (active vs sham), phase (habituation,
breathing and calculus) and mindfulness were used as fixed, independent variables. Subject was

entered as a random intercept.

Third, to check whether PASA results (stress-index) were influenced by either breathing
(resonance vs control breathing), tDCS (active vs sham) or mindfulness. A linear model was
used to fit PASA (stress-index) as dependent variable. Breathing (resonance vs control

breathing), tDCS (active vs sham) and mindfulness were used as independent variables.

Finally, to check whether negative/ positive soothing affect results were influenced by
either breathing (resonance vs control breathing), tDCS (active vs sham), phase (habituation,
breathing and calculus) conditions or mindfulness. A linear mixed model was used to fit
negative affect as dependent variable. Breathing (resonance vs control breathing), tDCS (active
vs sham), phase (habituation, breathing and calculus) and mindfulness were used as fixed,

independent variables. Subject was entered as a random intercept.

Results
Effects of breathing condition, tDCS group, mindfulness, and phase of the experiment on
HRV

The LMM for HRV showed a significant main effect of breathing condition, F
(1,121.79) = 12.39, p < .001, in the presence of a significant higher-order breathing condition
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X phase interaction effect, F (2,228.17) = 5.79, p = .004. Follow-up pairwise comparisons of
the EMMs on the interaction effect proved that during the breathing phase in the experiment
participants performing slow breathing exhibited a higher HRV in comparison to participants
performing controlled breathing, b =-13.58, SE =2.83, t =-4.79, p < .0001. During the calculus
stress task phase participants performing slow breathing demonstrated a higher HRV in
comparison to participants performing controlled breathing, b =-6.07, SE = 2.82,t =-2.15, p <
.03. During the habituation phase there was no difference found between both groups, b = -
443, SE = 2.79, t = -1.59, p = 0.11 (see figure 1). All other effects in the model were not
significant with p-values greater than 0.08 and a F-values smaller than 2.60 (df = 2,238.49).

Figure 1
Effect of breathing condition and phase on HRV
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Effects of breathing condition, tDCS group, mindfulness, and phase of the experiment on
systolic blood pressure (SBP)

The LMM for SBP showed a significant main effect of phase, F (2,314) = 12.39, p <
.001, in the presence of a significant higher order tDCS x breathing condition x phase x
mindfulness interaction effect, F (2,314) = 82.13, p < .0001. Follow-up pairwise comparisons
of the EMMSs on the interaction effect demonstrated that during the stress phase participants
performing slow breathing, who received sham tDCS, who also scored high on mindfulness,
exhibited a lower SBP in comparison to control breathing, b = 9.09, SE = 4.08,t =2.23, p =
0.027. Furthermore, during the stress phase, participants performing slow breathing and

receiving sham tDCS, who also scored high on mindfulness, exhibited a higher SBP in

12



comparison to active tDCS, b = 8.70, SE = 3.58, t = 2.43, p = 0.016 (see figure 2). All other
effects in the model were not significant with p-values greater than 0.06 and a F-values smaller
than 3.55 (df = 1,157). To conclude, the reduction of SBP is associated with slow paced
breathing (versus control) breathing was only presented in participants who scored high on the
trait mindfulness during moments of stress receiving sham tDCS. Moreover, an increase of SBP
was associated with active tDCS (versus sham tDCS) within participants who scored high on

the trait mindfulness during moments of stress when performing slow paced breathing.

Figure 2
Effects of breathing condition, tDCS group, mindfulness, and phase on systolic blood pressure
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Effects of breathing condition, tDCS group, mindfulness, and phase on diastolic blood
pressure (DBP)

The LMM for DBP demonstrated significant main effects of phase, F (2,314) = 24.93,
p <.001 and mindfulness, F (1,157) = 8.36, p = .0044 in the presence of significant higher-order
tDCS x breathing condition effect, F (1,157) = 5.17, p = .02. Follow-up pairwise comparisons
of the EMMs on the tDCS x breathing condition interaction demonstrated that participants
receiving active tDCS and performing slow paced breathing showed a lower DBP in
comparison to participants receiving sham tDCS, b = 3.19, SE = 1.56, t = 2.05, p = 0.042 (see

figure 4). Furthermore, participants receiving sham tDCS whilst performing slow paced
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breathing, exhibited a lower DBP in comparison to controlled breathing, b = 3.56, SE = 1.53, t
=2.32, p = 0.022 (see figure 4). For the breathing condition x phase x mindfulness interaction
effects, F (2,314) = 3.98, p = 0.02, follow-up pairwise comparisons of the EMMs demonstrated
that during the calculus stress task phase participants performing slow paced breathing who
scored high on mindfulness showed a lower DBP in comparison to controlled breathing, b =
4.30, SE = 1.95, t = 2.20, p = 0.03 (see figure 3). All other effects in the model were not
significant with p-values greater than .22 and a F-values smaller than 1.53 (df = 2,314). In
conclusion, the reduction of DBP was associated with slow paced breathing (versus control)
breathing when receiving sham tDCS. And the reduction of DBP was associated with active
tDCS (versus sham tDCS) when performing slow paced breathing. Moreover, the reduction of
DBP was associated with slow paced breathing (versus control) breathing was only presented
in participants who scored high on the trait mindfulness during moments of stress independent

of tDCS group.

Figure 3
Effects of breathing condition, mindfulness, and phase on diastolic blood pressure
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Figure 4
Effects of breathing condition and tDCS group on diastolic blood pressure
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Effects of breathing condition, tDCS group, mindfulness, and phase on PASA
To analyse the data concerning PASA, we chose to work with the stress index. The
linear model for PASA demonstrated no significant effects with p-values greater than .27 and

a F-values smaller than 1.24.

Effects of breathing condition, tDCS group, mindfulness, and phase on negative affect
The LMM for negative affect demonstrated significant main effects of phase, F (2,
303.08) = 71.84, p < .001 and mindfulness, F (1,154.66) = 23.17, p < .001 in the presence of a
significant higher-order phase x mindfulness interaction effect, F (2,304.87) = 7.68, p < .001.
All other effects in the model were not significant with p-values greater than .18 and a F-values
smaller than 1.9 (df = 1,152.81). Follow-up comparisons of the EMMs between high and low
levels of trait mindfulness at each phase showed that individuals scoring high (compared to
low) trait mindfulness displayed less negative affectivity during the habituation, b = -2.44, SE
=1.19,t=-2.05, p = 0.04, breathing, b =-3.19, SE = 1.19, t = -2.67, p = 0.08, and stress, b = -
2.27,SE =1.16,t=-6,28, p <.001 phase. Importantly, this difference in negative affect between

high and low levels of trait mindfulness was more strongly present during the stress as
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compared to the breathing, b = 4.09, SE = 1.35, t = 3.07, p = .00, and habituation phase, b =
4.83, SE =1.33,t=3.63, p =.00 (see figure 5).

Figure 5

Effects of breathing condition, mindfulness, and phase on negative affect
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Effects of breathing condition, tDCS group, mindfulness, and phase on positive soothing
affect

The LMM for positive soothing affect demonstrated significant main effects of phase,
F (2, 303.81) =94.62, p < .001 and mindfulness, F (1, 155.42) = 36.65, p <.001 in the presence
of significant higher-order interaction effect, breathing condition x tDCS F (1, 153.56) = 4.96,
p = .03. Follow-up pairwise comparisons of the EMMs on the interaction effect breathing
condition x tDCS demonstrated that there is only a significant effect of breathing condition
during active tDCS (versus sham tDCS), b =5.70, SE = 2.80, t = 2.03, p = .04. Next, follow-up
pairwise comparisons of the EMMs on the interaction effect tDCS x breathing group
demonstrated that active tDCS whilst breathing in the slow condition (versus control condition)
is associated with lower positive soothing effect. To conclude, there is only an effect of
breathing when participants receive active tDCS. This effect demonstrated that slow breathing
is associated with lower levels of positive soothing affect. Also, when participants perform slow
breathing, active tDCS is associated with lower levels of positive soothing affect. These effects

are complementary to each other (see figure 6). The next significant higher-order interaction
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effect regards tDCS x mindfulness F (1, 155.42) = 4.81, p < .03. Follow-up pairwise
comparisons of the EMMs on the interaction effect tDCS group x mindfulness demonstrated
that when participants receive active tDCS, participants who score high on the trait mindfulness
experience more positive soothing affect compared to participants who score low on the trait
mindfulness b = 4.77, SE = 2.18, t = 2.19, p = .03. The last significant higher-order interaction
effect regards phase x mindfulness, F (2, 305.60) = 5.63, p < .004. Follow-up comparisons of
the EMMs between high and low levels of trait mindfulness at each phase showed that
individuals scoring high (compared to low) trait mindfulness displayed more positive soothing
affectivity during the stress, b = 9.46, SE = 1.41, t = 6.72, p <.001, breathing, b = 6.19, SE =
1.45,t=4.28, p <.001, and habituation, b =4.10, SE = 1.45, t = 2.83, p = .00 phase. Importantly,
this difference in positive soothing affect between high and low levels of trait mindfulness was
more strongly present during the stress as compared to the habituation phase, b = -5.37, SE =
1.61,t=-3.24, p = .03 (see figure 7). All other effects in the model were not significant with p-
values greater than .07 and a F-values smaller than 3.43 (df = 1, 155.42).

Figure 6
Effects of breathing condition, tDCS group and phase on positive soothing affect
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Figure 7
Effects of mindfulness and phase on positive soothing affect
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Discussion

The aim of the present study was to discover the effects of prefrontal tDCS combined
with resonance breathing on HRV, BP, stress appraisal, affect and how interindividual
differences in the use of mindfulness affects these. We expected these effects to be strongest

amongst people with high natural tendencies towards mindfulness.

First, effects of breathing condition, tDCS group, mindfulness, and phase of the
experiment on HRV were analysed. During moments of stress, slow breathing increased HRV
in comparison to controlled breathing. These results are in line with the research done by Lehrer
and Gevirtz (2014) and Lin et al. (2014) that an individual’s HRV can be changed by controlling
the breathing frequency. However, these results partially corroborate the hypothesis that both
active tDCS and resonance breathing are associated with higher HRV. The effect, as seen in
research of Baker et al. (2010), that the effects of tDCS are stronger when combined with a task
are not seen in this study. This could be due to the small effect sizes and interindividual
differences within participants using tDCS (Smits et al., 2020). Moreover, a recent study of
Jonker et al. (2021) concluded that performing anodal tDCS did not affect cortical excitability
which corroborates to other recent null findings of tDCS (Horvath et al., 2016). Further

investigation will be needed to understand the small effect sizes (or even null findings) of tDCS.
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Second, effects of breathing condition, tDCS group, mindfulness, and phase of the
experiment on systolic and diastolic blood pressure were analysed. During moments of stress,
slow breathing combined with sham tDCS in people who have a high tendency towards
mindfulness was associated with lower systolic blood pressure. Furthermore, during the stress
phase, participants performing slow breathing and receiving sham tDCS, who also scored high
on mindfulness, exhibited a higher SBP in comparison to active tDCS. But when looking at
diastolic blood pressure during moments of stress, no interaction with tDCS was found, only
slow breathing and a high tendency towards mindfulness were associated with lower diastolic
blood pressure. These findings were counter to our expectations, as we expected that the
interaction of active tDCS with slow breathing in people who have a higher tendency towards
mindfulness would decrease blood pressure. A potential explanation for the observed effect
could be that participants experienced physical discomfort due to active tDCS. As tDCS is
known as a safe and tolerable method of non-invasive brain stimulation, perceived side-effects
such as tingling, itching, burning, or pain are commonly reported by participants (Dundas et al.,
2007). A study of Kessler et al. (2012) discussed that although subjects are unable to explicitly
discriminate between active and sham stimulation, the implicit experience of the two conditions
was different. This means that the experience of active and sham stimulation is not the same

among some individuals.

Third, effects of breathing condition, tDCS group, mindfulness, and phase of the
experiment on stress appraisal (PASA) were analysed. There were no significant effects found
during this study. These finding are not in line with a previous study done by Weinstein et al.
(2009). They discussed that individuals with a higher tendency towards mindfulness were likely
to view challenging situations as less stressful or threatening. A possible explanation could be
that this study focused on the trait mindfulness without looking at someone’s state of
mindfulness. Goilean et al. (2021) clarified the relationship between trait mindfulness and state
mindfulness. Trait mindfulness refers to “the innate capacity of paying and maintaining
attention to present-moment experiences with an open and non-judgmental attitude” (Brown &
Ryan, 2003). Whereas state mindfulness refers to “the extent to which an individual is currently
aware of and paying attention to stimuli occurring in the present” (Brown & Ryan, 2003). The
study of Tang et al. (2016) suggested the importance of investigating mindfulness during
different points of a study to differentiate between dispositional mindfulness (known as the trait
mindfulness) and the effective practice of mindfulness (state mindfulness) (Tang et al., 2015).

More research will be needed to investigate the relationship between someone’s state
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mindfulness in relation to stress reduction. It could also be interesting to investigate the
relationship between mindfulness and tDCS in a more ecologically valid setting. People who
are more mindful often create a lifestyle or habits to incorporate mindfulness practices
(Mantzios & Giannou, 2019). Future research could incorporate ecological momentary
assessment (EMA) for example. EMA is “a collection of methods aimed at measuring people’s
behaviours (e.g., smoking, physical activity) and experiences (e.g., thoughts, feelings, beliefs,
urges, pain, and cardiac activity) at the moment they occur (or shortly thereafter), in their own
natural setting, using technologies such as personal digital assistants, smartphones, or wearable
biosensors” (Enkema et al., 2020).

Last, effects of breathing condition, tDCS group, mindfulness, and phase of the
experiment on negative and positive soothing affect were analysed. Results showed that
individuals scoring high (compared to low) trait mindfulness displayed less negative affectivity
during all phases of the experiment, but this effect showed the strongest results during moments
of stress. These findings are in line with the meta-analysis regarding mindfulness training
(Grossman et al., 2004). This meta-analysis concluded that mindfulness might enhance emotion
regulation as well as lower discomfort in everyday life (such as negative affect). MBSR
specifically enhances ways of coping with stress and disability. However, the combination of
tDCS (sham nor active) and breathing condition on phase did not show a significant effect on
negative affect. The study done by Morgan et al. (2014) also concluded that tDCS did not
influence positive or negative affect. A possible explanation why breathing condition showed
no significant effect on negative affect could be due to the number of breathing sessions. Ma et
al. (2017) conducted a study where participants received intensive training of diaphragmatic
breathing for 20 sessions, implemented over 8 weeks. Their findings suggested that
diaphragmatic breathing showed a significant decrease in negative affect after intervention,
compared to baseline. Looking at positive soothing affect, participants who received active
tDCS whilst breathing in the slow condition, demonstrated a lower positive soothing affect
during the stress phase. Also, when participants performed slow breathing, active tDCS
decreased the experience of positive soothing affect. These results are opposed to the hypothesis
that active tDCS, resonance breathing and a high tendency towards mindfulness demonstrate a
higher positive soothing affect. As discussed before, further research will be needed to
understand the variability of the effectiveness of tDCS. Finally, participants who score high on

the trait mindfulness experience more positive soothing affect during the stress phase (in
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comparison to the other phases). This effect has also been seen by Petrocchi et al. (2017), as
soothing positive affect can be enhanced by active tDCS.

As for clinical implications, as seen in research, stressful life events can be a risk factor
to develop internalizing and/ or externalizing symptoms which can cause the increase of the
odds of developing psychiatric disorders later in life (March-Llanes et al., 2017, Chrousos
2009). This shows the importance to investigate ways of reducing stress in our lives (March-
Llanes et al., 2017). Results of this study confirmed that participants with a high natural
tendency towards mindfulness performing resonance breathing during moments of stress,
experience lower levels of stress. Mindfulness-based interventions are safe, convenient, cost-
effective, and can be recommended for major depressive disorder, PTSD, bipolar disorder, and
some anxiety disorders (Khusid & Vythilingam, 2016, Hofmann & Gomez, 2017). Performing
resonance breathing is an easy to implement intervention in most individuals as it can be
achieved with simple practice (Lehrer & Gevirtz, 2014, Russo et al., 2017). Russo et al. (2017)
discussed that they haven’t found any documented adverse effects of breathing at a pattern of
6-10 BPM. For tDCS (separately or combined) no effects or even opposed effects were found
in reducing stress during this study. Vanderhasselt and Ottaviani (2022) proposed that
resonance breathing, and neuromodulation are both evidence-based methods to increase vagal
nerve inhibitory control and increase stress resilience. As resonance breathing is a bottom-up
approach and neuromodulation a top-down approach, both can be used alone or in combination.
However, effect sizes of tDCS are relatively low and interindividual differences play a role in
its effectivess (Smits et al., 2020). Moreover, tDCS has its limitations (such as side-effects) and

costs more compared to performing resonance breathing.

Strengths and limitations

A strength of this study is the combination of physiological measurements and self-
report measures. By combining both types of measurements, limitations of both measurements
could be minimalized. One of the limitations of this study is that the study employed healthy
participants as our target population. Future studies should investigate if these relationships
hold in people with clinical diagnoses. Another possible limitation of this study is the between-
subject design. As discussed before, individual differences play an important role in the
effectiveness of tDCS. Although this study made sure that potential confounders were carried
out, it is impossible to check for all possible confounders (Bhandari, 2022). Another limitation
is that participants only practiced the diaphragmatic (abdominal) breathing technique once

during the experiment. This might not be enough training for participants who are not familiar
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with breathing techniques. The lack of experience could cause stress, feelings of anxiety or even
hyperventilation. People who are more mindful could have more experience in performing
diaphragmatic (abdominal) breathing and therefore benefit more from this technique. In follow-
up research it could be interesting to investigate what effect multiple breathing trainings would
cause. A final limitation of this study is that multiple researchers conducted the study. Although
every researcher used the same protocol, it is possible there are differences between each

researcher’s style which might result in experimenter bias.

Conclusion

To conclude, this study investigated the effect of resonance breathing, tDCS and
mindfulness on stress reactivity. This was measured by psychophysiological measurements
(HRV and BP) and self-report measures (stress appraisal, negative affect, and positive soothing
affect). The results of this study showed an effect of breathing condition where resonance
breathing versus control breathing showed an increase in HRV and a decrease in BP. Moreover,
the effect of breathing condition (slow versus controlled) showed a significant decrease in BP
during the stress phase in participants with a high tendency towards mindfulness. No significant
effects for PASA (stress appraisal) were found. Finally, high (compared to low) trait
mindfulness was associated with less negative affectivity during all phases. However, this
difference in negative affect between high and low levels of trait mindfulness was more strongly
present during the stress phase. For positive soothing affect, mixed results were found regarding
breathing condition and tDCS. Furthermore, high (compared to low) trait mindfulness was
associated with more positive soothing affectivity during all phases. However, this difference
in positive soothing affectivity between high and low levels of trait mindfulness was more
strongly present during the stress phase. tDCS either showed null effects or counterproductive

effects when combined with slow breathing and mindfulness.
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