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Abstract

Introduction

Heart rate variability biofeedback (HRV-BFB) training, a method whereby one controls an

unusually low breathing rate to reach cardiac coherence, has been shown to reduce anxiety

and improve cardiac autonomic markers in diseased people, but much less is known about

HRV-BFB benefits in healthy people. Here we investigated potential benefits in young com-

petitors experiencing stress during university examinations as well as persistence of bene-

fits after HRV-BFB training cessation.

Methods

A group of sports students (n = 12) practiced 5-min HRV-BFB training twice a day for 5-

weeks using URGOfeel® (URGOTECH) and was compared to a control group (n = 6). Uni-

versity examinations occurred immediately after HRV-BFB training (Exam1), then 12-weeks

later (Exam2). Anxiety markers and cardiac autonomic markers were assessed at baseline,

Exam1 and Exam2. Principal Component Analyses (PCA) that combined all these markers

were computed at Exam1 and Exam2 to emphasize covariations.

Results

At Exam 1, immediately after HRV-BFB training cessation, the experimental group demon-

strated greater autonomic markers but similar states of anxiety when compared to the Con-

trol group. Twelve weeks later at Exam2, autonomic markers were greater and anxiety

scores were lesser among the experimental group. PCA highlighted covariations only within

cardiac autonomic markers at Exam1. Rather, variations in cardiac markers were associ-

ated with anxiety markers at Exam2.

Conclusion

Short sessions of HRV-BFB training for a brief period of 5 weeks bring substantial benefits

to autonomic markers and anxiety levels in young competitors. Here beneficial effects
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persisted for 12 weeks. Dissociated profiles of anxiety and cardiac autonomic adaptations

shed new light on the role of the amygdala in heart-brain interactions after cardiac coher-

ence training.

Introduction

In recent years, brain-heart interactions suggested by Claude Bernard more than 150 years

ago, have been clarified by the strengthening of both conceptual and physiological back-

grounds. Cerebral arousal and autonomic control over the cardiovascular system influence

one another. Thus, modifying one will influence the other and this may persist over time.

A complex and functional structure that supports heart-brain interactions has been concep-

tually described over the years and is consensually referred to as the central autonomic net-

work (CAN) [1,2]. The conceptual design of the CAN states that cortical and medullar units

could be involved [1], a statement which has recently received strong support thanks to func-

tional imaging of brain structures [3]. These studies show a good adequacy between active

areas of the brain and previously described CAN components [3,4]. Perhaps the most striking

observation in heart-brain interactions is the demonstrated benefit for the brain that results

from modulating cardiovascular dynamics by simply controlling one’s breathing pattern for a

few minutes in quiet conditions [5]. It is now widely accepted that such practice helps to main-

tain parasympathetic cardiac modulation even in stressful conditions, which has been shown

to be beneficial, mainly in chronically stressed subjects [6]. The practice is mostly based on

experimental works by Lehrer [5], who described the resonant frequency breathing technique.

The technique consists in superposing the frequencies of the two oscillators that modulate the

prime pacemaker of the heart, the sinus node. This is achieved by slowing the frequency respi-

ration—naturally around 0.25–0.35 Hz—that drives parasympathetic cardiac modulations,

toward the natural operating frequency of the sympathetic drive, around 0.1 Hz. When perfect

superposition is achieved, resonance occurs, which greatly rises the magnitude of the resulting

oscillations [7] characterizing a state of cardiac coherence. Cardiac coherence yields greater

reflex efficiency and afferent brain stimulation and an optimized psychophysiological state [8].

In the last two decades, interventions based on cardiac coherence practice have been suc-

cessfully used to treat a variety of pain and anxiety-related conditions [9]. As well, cardiac

coherence helps to maintain parasympathetic cardiac modulation in stressful conditions [6].

Although classical meditation or yoga techniques allow practitioners to reach a near reso-

nant state, it is demonstrated that biofeedback routines are needed to obtain optimal results

[10]. Such practice is referred to as heart rate variability biofeedback (HRV-BFB) or, when

practiced regularly, HRV-BFB training.

The need for biofeedback is due to inter-individual differences in baroreflex frequency,

which can vary from 0.07 to 0.11 Hz [7,11] corresponding to 4.5 to 6.5 cycles per minute [10].

To help practitioners obtain persistent benefits, a number of companies have purposely devel-

oped biofeedback equipment.

Most of the studies using HRV-BFB training have been conducted with patients suffering

from chronic physiological [12] and psychological [8] diseases. In more recent years, benefits

have been reported in people with acute stress disorder [13,14], thus encouraging the use of

HRV-BFB training by people exposed to stress for improving health, well-being or perfor-

mance. Typically, athletes are predisposed to cope regularly with stress due to successive com-

petitions. To date, studies on potential benefits of HRV-BFB training in competitors are only
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in their initial stages [15]. One possible obstacle for the development of the practice in compet-

itors might be the recommended duration of HRV-BFB sessions, which can go up to 40 min-

utes [7]. Better adherence could be expected with reduced duration, but the effectiveness of

short sessions of HRV-BFB training, has not been demonstrated to date. Also, the extent to

which the benefits of HRV-BFB training might persist over time after training cessation has

received little attention [12]. And yet, this is a critical aspect for athletes and coaches who pay

great attention to the periodization of training contents over days, weeks and months.

The present study was designed to examine the effects of five-weeks of HRV-BFB training

on the potential benefits of heart-brain interactions. The originality of the present work lies in

the fact that: i) both short-term effects and persistent effects of HRV-BFB training are investi-

gated; ii) HRV-BFB training is based on short sessions (5 min) twice a day; iii) healthy and

well-trained subjects are investigated.

Materials and methods

Participants

18 students (5 females) aged 20.5 years ± 1.5, were recruited during lectures at the Faculty of

Sport Sciences of the University of Bordeaux. Three out of five females were taking oral con-

traceptive pills, and as such, natural hormonal variations were suppressed. The other two

females measured their basal body temperature each morning and recorded the day of menses

throughout the experimental period. Physiological measurements were taken in the follicular

phase as days 6 to 10 after the first day of bleeding. Each female filled out the Menstrual Dis-

tress Questionnaire (MDQ), which evaluated physical, emotional, and behavioral symptoms

during menstrual cycles. All of them presented a small score. Overall, the recorded informa-

tion suggests little, if any disturbances linked to menstrual cycles [16,17].

Participants were randomly allocated to the experimental training group (HRV-BFB,

n = 12) or the Control group (n = 6) before further information was given about the study.

The study was approved by the institutional Review Board of South-West France and Overseas

French departments, France. Written informed consent was obtained from all the volunteers.

All the experiments respected the principles set by the CNIL (Commission Nationale de

l’Informatique et des Libertés), the CPP (Comité de Protection des Personnes), and the ARS

(Agence Régionale de Santé).

None of the participants were receiving medical treatment before enrollment. All the partic-

ipants were well-trained athletes accustomed to stressful situations (6–10 training sessions per

week). All participants were non-smokers. They were required to abstain from food or drink

for 2 hours before the training procedure and from caffeine on the days of university exams to

control for the impact of these variables on autonomic cardiovascular responses.

Training procedures

Heart rate variability biofeedback (HRV-BFB) training was assigned to the experimental

group (HRV-BFB group) during 5 weeks (Fig 1). Subjects were asked to breathe at 6 cycles.

Fig 1. Schematic representation of the experimental procedure.

https://doi.org/10.1371/journal.pone.0201388.g001
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min-1 for a 5-min period twice a day (morning and evening). For that, they were instructed to

remain seated in a quiet environment at home during the same hours each day: 8:00–10:00 am

and 7:00–10:00 pm.

Biofeedback operated thanks to a connected device developed by URGOTECH linked by

Bluetooth at the smartphone application, URGOfeel1 (URGOTECH). This non-invasive

device uses an infrared finger photoplethysmograph to measure inter-beat-intervals in the

pulse rate. This was used to detect respiratory sinus arrhythmia (RSA) and to display HRV bio-

feedback in order to help control breathing rates at 6 cycles.min-1. At this frequency, respira-

tory effects on heart rate stimulate baroreflex effects, such that both respiratory sinus

arrhythmia and baroreflex gain are maximized and consequently induce the highest amplitude

of low-frequency HR oscillations. This frequency, named resonant frequency by Lehrer who

first described this method [7], causes heart rate to go up and down in phase with respiration

[11]. Fig 2 presents an example of HRV power spectrum obtained using Fast Fourier Trans-

form (FFT) with a spontaneous breathing frequency (Fig 2A). In this case, the low frequency

(LF) component occurs between 0.08 and 0.15 Hz and the high frequency (HF) component

occurs between 0.30 and 0.40 Hz. When the subject breathed at 6 cycle.min-1 during HRV-BFB

(Fig 2B), a very high oscillation amplitude was observed at the single frequency located near

0.1 Hz (Fig 2B).

During the intervention period, participants kept a daily diary about their training activi-

ties, diet, sleep quality, and personal feelings of fatigue. Since the subjects were trained athletes,

we were particularly vigilant about these results especially about loss of sleep quality and/or

overtraining syndrome that could appear during the HRV-BFB training phase and potentially

may skew the results. No subject had more than 3 nights with under 6 hours of sleep or with

very disturbed sleep. Subjects were asked to write down each score of cardiac coherence calcu-

lated from the URGOfeel1 application. This score was related to the capacity of the subject to

follow indications from HRV biofeedback to optimize cardiac coherence.

Fig 2. Individual data: Interbeat intervals and frequency analysis during rest periods with spontaneous breathing

and during HRV-BFB training. (A) Example of interbeat intervals during four minutes of a resting state. Changes in

RR are small and irregular. (B) Example of interbeat intervals during five minutes of HRV-BFB training. Changes in

RR are large and regular due to respiration. (C) Frequency analysis during 5 minutes in a resting rate indicates low

amplitude of L and HF. (D) Frequency analysis during 5 minutes of HRV-BFB training indicates very high amplitude

LF oscillation at a single frequency.

https://doi.org/10.1371/journal.pone.0201388.g002
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Psychological analysis

Participants filled out a series of questionnaires online to measure various aspects of stress and

anxiety prior to HRV-BFB training (Baseline) and again after training, at the beginning of

Exam1 then Exam2 (Fig 1). Anxiety and stress were measured with tests adapted from Skinner

and Brewer [18] at baseline to detect individual anxiety trait and with the Spielberger’s State-

Trait Anxiety Inventory (STAI) [19] to assess the level of anxiety state at the beginning of each

exam session.

Physiological analysis

Cardiac autonomic markers were assessed from recorded inter-beat-intervals (R-R intervals in

milliseconds) for a minimum of 10min using a Polar H7 belt associated by Bluetooth with the

application HRV Logger1. Subjects were tested four times for HRV: twice at rest (at baseline

and after 5 weeks post-HRV-BFB training, Post5 see Fig 1) and twice during university exam

sessions (Exam1 and Exam2, Fig 1). At rest, experiments were conducted in a quiet room with

a constant temperature of 25 ± 2˚C and a relative humidity of 60–70% and in a standardized

seated position. Examination sessions were assumed to be a real-life stressor. Exam1 occurred

at the end of the HRV-BFB training while Exam2 occurred 12 weeks after training cessation.

During university examination, heart rate recordings began 10 min before the exam topics

were handed out, and ended 10 min afterwards. To control for diurnal variations, HRV was

always measured between 8 and 12 am.

Time domain analysis

In time domain, we computed the mean interbeat interval (R-R) and the square root of the

mean of the sum of the squared differences between adjacent intervals (RMSSD). RMSSD was

analyzed because it represents short-term HRV variability and reflects to a large extent high-

frequency (vagal) autonomic modulations.

Frequency domain analysis. For HRV analysis in the frequency domain, each R-R inter-

val series was converted to equidistant resampled (4Hz) series by using cubic spline interpola-

tion. The spectral HRV markers were calculated from Fast Fourier Transform (FFT). Average

spectral power was estimated within the low frequency (LF) (0.04–0.15 Hz) and high frequency

(HF) (0.15–0.4) bands, which represent the influence of sympathetic and parasympathetic

activity. From these markers, other indicators have been derived to quantify so-called sym-

pathovagal balance: LF/HF, LF or HF in normalized units (HFnu) calculated as HF/(LF + HF).

The latter three contain strictly identical information and HFnu was used in the present study.

All procedures were conducted in accordance with the recommendations of the Task Force of

the European Society of Cardiology and the North American Society of Pacing and Electro-

physiology [20].

Statistical analysis

Values were expressed as means ± standard error of the means. The normality of the data was

tested with D’Agostino-Pearson normality test. Comparisons between groups (HRV-BFB

group vs. Control group) were analyzed using repeated measures ANOVA followed by paired

or unpaired t-tests with Bonferroni corrections for multiple comparisons (Prism 6, Graphpad

software). Results were considered significant at P<0.05. Principal component analysis (PCA)

is a mathematical procedure that transforms a number of (possibly) correlated variables into a

(smaller) number of uncorrelated variables called principal components. PCA with varimax

rotation were? computed using SPSS version 2.0.
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Results

Baseline

Baseline psychological and physiological markers were similar in HRV-BFB group and in Con-

trol group (Table 1). Trait anxiety in each group was defined by the same dynamics of threat

and challenge appraisals. Therefore, subsequent effects of HRV-BFB training can be unambig-

uously detected in the HRV-BFB group.

HRV-BFB training follow-up

Fig 3 shows the time course of averaged cardiac coherence scores along the training period.

Individual scores illustrate how each subject reached the targeted breathing rate thanks to bio-

feedback during daily training sessions. Typically, these scores increased during the first days

of training practice, thus pointing to the progressive habituation to breath at an unfamiliar

slow rate.

Psychological training effects. There was no difference in scores of anxiety state at

Exam1 between groups (Fig 4) in spite of 5-weeks of HRV-BFB training in the experimental

group. By contrast, a clear difference appeared at Exam2, 12-weeks after training cessation,

where anxiety state dropped in the HRV-BFB trained subjects (-23.3% ± 16.1%, Fig 4). It is

worth noting that all HRV-BFB subjects except one had a lower anxiety state and that 3 out of

12 students presented a drop >40%. This points to delayed benefits of HRV-BFB training in

our conditions.

By contrast, anxiety states remained high both at Exam1 and at Exam2 in control subjects.

Table 1. Baseline psychological (trait anxiety) and physiological, temporal and frequency indices obtained for the

both experimental groups.

HRV-BFB group (n = 12) Control group

(n = 6)

P-value

Trait anxiety (Challenge) 25 ± 1.3 27 ± 2.4 0.3002

Trait anxiety (Threat) 31 ± 3.1 29 ± 5.3 0.7104

RMSSD 56 ± 4.7 52 ± 4.3 0.5929

LF/HF 3.1 ± 0.3 4.2 ± 0.5 0.0524

Values are expressed as means ± standard error of means. Analysis done by unpaired student ‘t’ test with Bonferroni

corrections. No significant differences (Results were considered significant at P<0.05) were found between the

HRV-BFB group and the Control group.

https://doi.org/10.1371/journal.pone.0201388.t001

Fig 3. Mean (standard error) cardiac coherence scores obtained from each HRV-BFB training session (morning,

M and evening, E) recorded with the application URGOfeel1 (URGOTECH).

https://doi.org/10.1371/journal.pone.0201388.g003
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Physiological training effects. It is worthy of note that cardiac autonomic markers, both

in time (RMSSD) and frequency (HFnu) domains, were not affected by the stress of the exami-

nations (Exam1 and Exam2) in the HRV-BFB group (Fig 5), since values were similar to those

obtained at baseline (Fig 5). By contrast, in the Control group each exam session induced a

drop in cardiac autonomic markers when compared to baseline (Fig 5).

An additional assessment of cardiac autonomic markers was scheduled 5-weeks after

HRV-BFB training in resting conditions. In each group, similar RMMSD and HFnu were

obtained at that time (Post5), which also corresponded to baseline values. This discards any

drift in cardiac autonomic control at rest in the trained group and rather highlights adapta-

tions in the specific response to stress.

Dimension reduction: Principal Component Analysis (PCA)

PCA was used here to emphasize variations and bring out patterns in our dataset for the

HRV-BFB group that combined psychological markers (Anxiety, Expectation, Efficiency),

autonomic markers (RMSSD, HFnu) and exam performance (Score1, Score2). Two principal

component analyses (PCA Exam1 and PCAExam1+Exam2) with varimax rotation were computed

(Fig 6).

Fig 4. Individual anxiety states in each group at exam1 and exam2. Note the significant decrease in anxiety in the

HRV-BFB group only. The dotted line represents high levels of anxiety state (data from Spielberger D. 1966). ���

p< 0.001 between the two sessions of examination.

https://doi.org/10.1371/journal.pone.0201388.g004

Fig 5. Autonomic function evaluated by HRV analysis in time and frequency domains at baseline, at 5 weeks post

BFB-HRV training (Post5), and at Exam1 and Exam2. Mean values of RMSSD were reported at the top of the

Figure. Sympathovagal balance calculated from HF in normalized units (HFnu) was reported at the bottom of the

Figure. ��� p< 0.001; �� p< 0.01 indicate significant differences between sessions.

https://doi.org/10.1371/journal.pone.0201388.g005
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As regards Exam1 (Fig 6A), the first factor in PCA explained 32% of the variance and

encompassed RMSSD and HFnu. The second factor explained about 25% of the variance and

encompassed Anxiety and Efficiency, a component of anxiety state.

As regards Exam2 (Fig 6B), the first factor that explained 35% of the variance encompassed

autonomic markers RMMSDExam1 and HFnuExam1. The second factor explained about 23% of

the variance and pointed to covariations in autonomic and psychological markers as it was

defined by AnxietyExam2, EfficiencyExam2, RMSSDExam2 and HFnuExam2. So, in contrast with

Exam1, psychological and physiological markers at Exam2 showed covariations.

Discussion

The present study yields four original pieces of information about using heart rate variability

biofeedback training. First, even short lasting daily HRV-BFB training sessions (5-min twice a

day) demonstrated benefits on cardiac autonomic control and anxiety during stress. Second,

young and healthy subjects, habituated to coping with stress associated with a sports competi-

tion demonstrated these positive effects. Three, HRV-BFB training effects persisted several

(12) weeks after practice cessation. Finally, psychological and cardiac autonomic adaptations

to HRV-BFB training showed different profiles over the weeks, which could shed light on

heart-brain interaction dynamics.

Lehrer developed the resonant frequency breathing technique about two decades ago, and

since then there has been substantial support for heart rate variability biofeedback as an effi-

cient treatment for a number of disorders [21,22]. In addition, while less well documented,

there is evidence for better athletic performance after training in HRV-BFB, pointing to poten-

tial positive effects in healthy people as well [15,23,24].

In more recent years, links have become increasingly obvious between baroreflex reso-

nance, functioning of so-called central autonomic network or CAN [1,25] and positive effects

of HRV-BFB on the brain. The CAN describes an interconnected network that includes the

Fig 6. Principal component analysis for BFB-HRV group. (A) data recorded at Exam1, (B) data recorded at Exam1

and at Exam2.

https://doi.org/10.1371/journal.pone.0201388.g006
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prefrontal, cingulate and insula cortices exchanging a bi-directional flux of information with

the amygdala. The agmydala, a center for emotional control, communicates directly with the

nucleus tractus solitaris located in the brain stem, through which the baroreflex is mediated. It

is believed that the existence of such interconnections could explain why HRV-BFB training of

baroreflex resonance could have positive effects for treating anxiety. Our results provide addi-

tional support for such top-down and bottom-up functioning, given that HRV-BFB training

improved anxiety states during exams (Exam2 only, which is a critical observation discussed

below) and that such changes were associated with enhanced cardiac autonomic control.

The design of the HRV-BFB training seems critical in obtaining obvious benefits. Lehrer

et al. [7] showed improved vagal (parasympathetic) afferents in sedentary adults after ten ses-

sions of 40min of biofeedback HRV training. In subjects with major depressive disorders, sig-

nificant effects arose after four sessions, thus pointing to the need of regular and sustained

training [26]. Recently, Gross [27] used a five-session 3–5 min protocol in sport support staff

and did not obtain improved basal autonomic control. While a sufficient time dedicated to

HRV-BFB training seems necessary for significant improvements, in the present study we

showed that short 5-min sessions twice a day is powerful in young competitors. We suggest

that athletes demonstrate specific responses, which could make even short-term protocols effi-

cient enough. This remains to be further explored, keeping in mind the interest of short lasting

protocols in elite athletes to promote better adherence.

Exam-related anxiety is experienced by many students [28,29]. The interconnected network

described above supports the idea that this experience is potentially reflected in cardiac auto-

nomic control. In the present study, the values of autonomic markers dropped during Exam1

in the control group while HRV-BFB trained subjects maintained values similar to baseline

(Fig 5). Interestingly, this adaptation to HRV-BFB was associated with better exam scores (Fig

6B), thus demonstrating positive effects of cardiac coherence training on both autonomic con-

trol and mental performance when exposed to stress.

A striking observation immediately after training was the dissociation between psychologi-

cal and cardiac autonomic responses. This was illustrated by the absence of difference between

groups in the anxiety state at Exam1 despite different HRV profiles at this stage. The orthogo-

nality between psychological and physiological markers highlighted by PCAExam1 strengthens

the existence of independent regulations. Within the framework of the neurovisceral integra-

tion model (CAN) that supports interconnectivity, one should expect concomitant rather than

dissociated psychological and cardiac autonomic responses. This apparent discrepancy could

be explained by the very mechanisms supporting connections in the CAN and the critical role

played by the amygdala. Recent neuroimaging studies shed additional light on neurocognitive

mechanisms of anxiety [3,30,31]. It is suggested that the balance of activity within the amyg-

dala-prefrontal circuitry is altered by anxiety [32]. One could suggest that high level of anxiety,

as quantified here just at Exam1 disrupts this circuitry, so that psychological marks reached

saturation. This is reflected in pretty high anxiety state scores at Exam1 amounting to 40–65

which is as high as scores classically obtained in control subjects in similar conditions [29].

Going one step further, our protocol was designed to assess the effect of HRV-BFB training

12-weeks after practice cessation, at Exam2. Physiological benefits of HRV-BFB were still pres-

ent at Exam2 as reflected in maintained cardiac vagal markers in response to the exams

stressor. It is unlikely that this persistence in autonomic adaptations could be a bias, consider-

ing that people in the control group demonstrated a drop in autonomic markers similar to the

one observed during Exam1. It could be added that this drop is a specific response to the stress

induced by academic examination since intermediate assessments of autonomic markers at

rest, 5-weeks after training cessation, indicated normal autonomic control.
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To the best of our knowledge, the maintenance of HRV benefits many weeks after

HRV-BFB training cessation is an original observation, which is not reflected in the intermedi-

ate measures at rest 5-weeks after cessation, and could point therefore to one’s capacity to

retain resistance to stressful situations, even in the absence of visible improvements of auto-

nomic control at rest. This observation is not trivial in the context of the present study that

enrolled young competitors, habituated to coping repeatedly with stress during major sport

events, and who obviously improved their stress management durably when using an abbrevi-

ated training session of cardiac coherence.

Distinct time courses in physiological and psychological benefits to HRV-BFB training—

early cardiac autonomic improvements but delayed reduction of anxiety–may shed light on

the functioning responsible for heart-brain interactions in this context. While PCAExam1 indi-

cated orthogonality between cardiac autonomic markers and anxiety, by contrast, PCAExam2

demonstrated covariations between HRV and anxiety markers. At this stage, the observed

drop in anxiety in HRV-BFB trained people could favor the withdrawal of the influence of the

amygdala on the CAN circuitry. When this withdrawal operates, heart-brain interconnectivity

is supposed to be restored, which could explain concomitant rather than dissociated psycho-

logical and cardiac autonomic responses during examination.

The present study is not without limitations. Firstly, self-report questionnaires are reliable

but might provide imperfect measures of anxiety. All psychological measures have measure-

ment errors due to a variety of known causes as well as random effects [33].

Secondly, because of complex fluctuations in HRV, cardiac autonomic markers may be dif-

ficult to assess with classic linear methods [29,34]. Nevertheless, most of the studies on heart-

brain interaction in Humans have extensively focused on vagal (parasympathetic) markers in

time and/or frequency domains [35–37]. Typically, non-linear methods and complexity mark-

ers (e.g. entropy, fractal (scaling) exponents) bring no additional clues on vagal modulations of

the heart and their computation requires long lasting HR measurements. In a large extent,

fractal computations in the short-range domain are equivalent to frequency analyses [38].

Conclusion

In conclusion, this study shows that anxiety states and autonomic function may be improved

by short-lasting cardiac coherence training, which brings improved resistance to stressful situ-

ations, as shown here in young competitors. The absence of concomitant improvements in

psychological and physiological adaptations in early weeks followed by concomitant improve-

ments some weeks later, where HRV-BFB benefits persisted may shed new light on the role of

the amygdala in heart-brain interactions.

Acknowledgments

The authors thank Heather Mc Leod, and Noel Kiesz for reviewing the manuscript.

Author Contributions

Conceptualization: Veronique Deschodt-Arsac, Romain Lalanne, Beatrice Spiluttini, Claire

Bertin, Laurent M. Arsac.

Data curation: Veronique Deschodt-Arsac, Romain Lalanne.

Formal analysis: Veronique Deschodt-Arsac, Romain Lalanne, Claire Bertin, Laurent M.

Arsac.

Funding acquisition: Veronique Deschodt-Arsac, Beatrice Spiluttini, Claire Bertin.

HRV biofeedback training in stressed athletes

PLOS ONE | https://doi.org/10.1371/journal.pone.0201388 July 26, 2018 10 / 13

https://doi.org/10.1371/journal.pone.0201388


Investigation: Veronique Deschodt-Arsac, Romain Lalanne.

Methodology: Veronique Deschodt-Arsac, Romain Lalanne, Claire Bertin, Laurent M. Arsac.

Project administration: Veronique Deschodt-Arsac, Beatrice Spiluttini, Claire Bertin, Laurent

M. Arsac.

Resources: Veronique Deschodt-Arsac, Romain Lalanne, Beatrice Spiluttini, Claire Bertin.

Software: Veronique Deschodt-Arsac, Romain Lalanne, Beatrice Spiluttini, Claire Bertin, Lau-

rent M. Arsac.

Supervision: Veronique Deschodt-Arsac, Beatrice Spiluttini, Claire Bertin, Laurent M. Arsac.

Validation: Veronique Deschodt-Arsac, Romain Lalanne, Beatrice Spiluttini, Claire Bertin,

Laurent M. Arsac.

Visualization: Veronique Deschodt-Arsac, Laurent M. Arsac.

Writing – original draft: Veronique Deschodt-Arsac, Romain Lalanne, Laurent M. Arsac.

Writing – review & editing: Veronique Deschodt-Arsac, Romain Lalanne, Beatrice Spiluttini,

Claire Bertin, Laurent M. Arsac.

References
1. Thayer JF, Siegle GJ. Neurovisceral integration in cardiac and emotional regulation. IEEE Eng Med Biol

Mag Q Mag Eng Med Biol Soc. 2002; 21: 24–29.

2. Lane RD, McRae K, Reiman EM, Chen K, Ahern GL, Thayer JF. Neural correlates of heart rate variabil-

ity during emotion. NeuroImage. 2009; 44: 213–222. https://doi.org/10.1016/j.neuroimage.2008.07.056

PMID: 18778779

3. Sakaki M, Yoo HJ, Nga L, Lee T-H, Thayer JF, Mather M. Heart rate variability is associated with amyg-

dala functional connectivity with MPFC across younger and older adults. NeuroImage. 2016; 139: 44–

52. https://doi.org/10.1016/j.neuroimage.2016.05.076 PMID: 27261160

4. Gianaros PJ, Wager TD. Brain-Body Pathways Linking Psychological Stress and Physical Health. Curr

Dir Psychol Sci. 2015; 24: 313–321. https://doi.org/10.1177/0963721415581476 PMID: 26279608

5. Lehrer PM, Vaschillo E, Vaschillo B, Lu S-E, Eckberg DL, Edelberg R, et al. Heart rate variability bio-

feedback increases baroreflex gain and peak expiratory flow. Psychosom Med. 2003; 65: 796–805.

PMID: 14508023

6. Chen S, Sun P, Wang S, Lin G, Wang T. Effects of heart rate variability biofeedback on cardiovascular

responses and autonomic sympathovagal modulation following stressor tasks in prehypertensives. J

Hum Hypertens. 2016; 30: 105–111. https://doi.org/10.1038/jhh.2015.27 PMID: 25924910

7. Lehrer PM, Vaschillo E, Vaschillo B. Resonant frequency biofeedback training to increase cardiac vari-

ability: rationale and manual for training. Appl Psychophysiol Biofeedback. 2000; 25: 177–191. PMID:

10999236

8. McCraty R, Tomasino D. Emotional Stress, Positive Emotions, and Psychophysiological Coherence.

Stress in Health and Disease. B. B. Arnetz and R. Ekman. Weinheim, Germany; 2006. pp. 342–365.

9. Hofmann SG, Sawyer AT, Witt AA, Oh D. The effect of mindfulness-based therapy on anxiety and

depression: A meta-analytic review. J Consult Clin Psychol. 2010; 78: 169–183. https://doi.org/10.1037/

a0018555 PMID: 20350028

10. Vaschillo EG, Vaschillo B, Lehrer PM. Characteristics of Resonance in Heart Rate Variability Stimulated

by Biofeedback. Appl Psychophysiol Biofeedback. 2006; 31: 129–142. https://doi.org/10.1007/s10484-

006-9009-3 PMID: 16838124

11. Vaschillo E, Lehrer P, Rishe N, Konstantinov M. Heart rate variability biofeedback as a method for

assessing baroreflex function: a preliminary study of resonance in the cardiovascular system. Appl Psy-

chophysiol Biofeedback. 2002; 27: 1–27. PMID: 12001882

12. Del Pozo JM, Gevirtz RN, Scher B, Guarneri E. Biofeedback treatment increases heart rate variability in

patients with known coronary artery disease. Am Heart J. 2004; 147: E11. https://doi.org/10.1016/j.ahj.

2003.08.013 PMID: 14999213

13. McCraty R, Zayas MA. Cardiac coherence, self-regulation, autonomic stability, and psychosocial well-

being. Front Psychol. 2014; 5. https://doi.org/10.3389/fpsyg.2014.01090 PMID: 25324802

HRV biofeedback training in stressed athletes

PLOS ONE | https://doi.org/10.1371/journal.pone.0201388 July 26, 2018 11 / 13

https://doi.org/10.1016/j.neuroimage.2008.07.056
http://www.ncbi.nlm.nih.gov/pubmed/18778779
https://doi.org/10.1016/j.neuroimage.2016.05.076
http://www.ncbi.nlm.nih.gov/pubmed/27261160
https://doi.org/10.1177/0963721415581476
http://www.ncbi.nlm.nih.gov/pubmed/26279608
http://www.ncbi.nlm.nih.gov/pubmed/14508023
https://doi.org/10.1038/jhh.2015.27
http://www.ncbi.nlm.nih.gov/pubmed/25924910
http://www.ncbi.nlm.nih.gov/pubmed/10999236
https://doi.org/10.1037/a0018555
https://doi.org/10.1037/a0018555
http://www.ncbi.nlm.nih.gov/pubmed/20350028
https://doi.org/10.1007/s10484-006-9009-3
https://doi.org/10.1007/s10484-006-9009-3
http://www.ncbi.nlm.nih.gov/pubmed/16838124
http://www.ncbi.nlm.nih.gov/pubmed/12001882
https://doi.org/10.1016/j.ahj.2003.08.013
https://doi.org/10.1016/j.ahj.2003.08.013
http://www.ncbi.nlm.nih.gov/pubmed/14999213
https://doi.org/10.3389/fpsyg.2014.01090
http://www.ncbi.nlm.nih.gov/pubmed/25324802
https://doi.org/10.1371/journal.pone.0201388


14. Pyne JM, Constans JI, Wiederhold MD, Gibson DP, Kimbrell T, Kramer TL, et al. Heart rate variability:

Pre-deployment predictor of post-deployment PTSD symptoms. Biol Psychol. 2016; 121: 91–98.

https://doi.org/10.1016/j.biopsycho.2016.10.008 PMID: 27773678

15. Paul M, Garg K, Singh Sandhu J. Role of biofeedback in optimizing psychomotor performance in sports.

Asian J Sports Med. 2012; 3: 29–40. PMID: 22461963

16. Yazar Ş, Yazıcı M. Impact of Menstrual Cycle on Cardiac Autonomic Function Assessed by Heart Rate

Variability and Heart Rate Recovery. Med Princ Pract Int J Kuwait Univ Health Sci Cent. 2016; 25: 374–

377. https://doi.org/10.1159/000444322 PMID: 26828607

17. Tada Y, Yoshizaki T, Tomata Y, Yokoyama Y, Sunami A, Hida A, et al. The Impact of Menstrual Cycle

Phases on Cardiac Autonomic Nervous System Activity: An Observational Study Considering Lifestyle

(Diet, Physical Activity, and Sleep) among Female College Students. J Nutr Sci Vitaminol (Tokyo).

2017; 63: 249–255. https://doi.org/10.3177/jnsv.63.249 PMID: 28978872

18. Skinner N, Brewer N. The dynamics of threat and challenge appraisals prior to stressful achievement

events. J Pers Soc Psychol. 2002; 83: 678–692. PMID: 12219862

19. Spielberger C. Manual for the state- trait anxiety inventory (STAI). 1983.

20. TaskForce. Heart rate variability: standards of measurement, physiological interpretation and clinical

use. Task Force of the European Society of Cardiology and the North American Society of Pacing and

Electrophysiology. Circulation. 1996; 93: 1043–1065. PMID: 8598068

21. Gervitz R. The Promise of Heart Rate Variability Biofeedback: Evidence-Based Applications. Biofeed-

back. 2013: 110–120.

22. Lehrer PM, Gevirtz R. Heart rate variability biofeedback: how and why does it work? Front Psychol.

2014; 5: 756. https://doi.org/10.3389/fpsyg.2014.00756 PMID: 25101026

23. Strack B. Effect of heart rate variability (hrv) biofeedback on batting performance in baseball. Diss

Abstract Int B Sci Eng. 2003: 1540.

24. Shaw L. Setting the balance: assessment of a biofeedback intervention for improving competitive per-

formance with a Division 1 gymnastics beam team. Diss Abstr Int B Sci Eng. 2011: 4496.

25. Thayer JF, Lane RD. Claude Bernard and the heart-brain connection: further elaboration of a model of

neurovisceral integration. Neurosci Biobehav Rev. 2009; 33: 81–88. https://doi.org/10.1016/j.

neubiorev.2008.08.004 PMID: 18771686

26. Karavidas MK, Lehrer PM, Vaschillo E, Vaschillo B, Marin H, Buyske S, et al. Preliminary results of an

open label study of heart rate variability biofeedback for the treatment of major depression. Appl Psy-

chophysiol Biofeedback. 2007; 32: 19–30. https://doi.org/10.1007/s10484-006-9029-z PMID:

17333315

27. Gross MJ, Shearer DA, Bringer JD, Hall R, Cook CJ, Kilduff LP. Abbreviated Resonant Frequency

Training to Augment Heart Rate Variability and Enhance On-Demand Emotional Regulation in Elite

Sport Support Staff. Appl Psychophysiol Biofeedback. 2016; 41: 263–274. https://doi.org/10.1007/

s10484-015-9330-9 PMID: 26782084

28. Melillo P, Bracale M, Pecchia L. Nonlinear Heart Rate Variability features for real-life stress detection.

Case study: students under stress due to university examination. Biomed Eng OnLine. 2011; 10: 96.

https://doi.org/10.1186/1475-925X-10-96 PMID: 22059697

29. Dimitriev DA, Saperova EV, Dimitriev AD. State Anxiety and Nonlinear Dynamics of Heart Rate Variabil-

ity in Students. PloS One. 2016; 11: e0146131. https://doi.org/10.1371/journal.pone.0146131 PMID:

26807793

30. Kim D, Kang SW, Lee K-M, Kim J, Whang M-C. Dynamic correlations between heart and brain rhythm

during Autogenic meditation. Front Hum Neurosci. 2013; 7. https://doi.org/10.3389/fnhum.2013.00414

PMID: 23914165

31. Thome J, Densmore M, Frewen PA, McKinnon MC, Théberge J, Nicholson AA, et al. Desynchronization

of autonomic response and central autonomic network connectivity in posttraumatic stress disorder.

Hum Brain Mapp. 2017; 38: 27–40. https://doi.org/10.1002/hbm.23340 PMID: 27647521

32. Bishop SJ. Neurocognitive mechanisms of anxiety: an integrative account. Trends Cogn Sci. 2007; 11:

307–316. https://doi.org/10.1016/j.tics.2007.05.008 PMID: 17553730

33. Schmidt F, Hunter J. The Validity and Utility of Selection Methods in Personnel Psychology: Practical

and Theoretical Implications of 85 Years of Research Findings. vol 24(2). 1998: 262–274.

34. Young H, Benton D. We should be using nonlinear indices when relating heart-rate dynamics to cogni-

tion and mood. Sci Rep. 2015; 5: 16619. https://doi.org/10.1038/srep16619 PMID: 26565560

35. Porges SW. The Polyvagal Perspective. Biol Psychol. 2007; 74: 116–143. https://doi.org/10.1016/j.

biopsycho.2006.06.009 PMID: 17049418

HRV biofeedback training in stressed athletes

PLOS ONE | https://doi.org/10.1371/journal.pone.0201388 July 26, 2018 12 / 13

https://doi.org/10.1016/j.biopsycho.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27773678
http://www.ncbi.nlm.nih.gov/pubmed/22461963
https://doi.org/10.1159/000444322
http://www.ncbi.nlm.nih.gov/pubmed/26828607
https://doi.org/10.3177/jnsv.63.249
http://www.ncbi.nlm.nih.gov/pubmed/28978872
http://www.ncbi.nlm.nih.gov/pubmed/12219862
http://www.ncbi.nlm.nih.gov/pubmed/8598068
https://doi.org/10.3389/fpsyg.2014.00756
http://www.ncbi.nlm.nih.gov/pubmed/25101026
https://doi.org/10.1016/j.neubiorev.2008.08.004
https://doi.org/10.1016/j.neubiorev.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18771686
https://doi.org/10.1007/s10484-006-9029-z
http://www.ncbi.nlm.nih.gov/pubmed/17333315
https://doi.org/10.1007/s10484-015-9330-9
https://doi.org/10.1007/s10484-015-9330-9
http://www.ncbi.nlm.nih.gov/pubmed/26782084
https://doi.org/10.1186/1475-925X-10-96
http://www.ncbi.nlm.nih.gov/pubmed/22059697
https://doi.org/10.1371/journal.pone.0146131
http://www.ncbi.nlm.nih.gov/pubmed/26807793
https://doi.org/10.3389/fnhum.2013.00414
http://www.ncbi.nlm.nih.gov/pubmed/23914165
https://doi.org/10.1002/hbm.23340
http://www.ncbi.nlm.nih.gov/pubmed/27647521
https://doi.org/10.1016/j.tics.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/17553730
https://doi.org/10.1038/srep16619
http://www.ncbi.nlm.nih.gov/pubmed/26565560
https://doi.org/10.1016/j.biopsycho.2006.06.009
https://doi.org/10.1016/j.biopsycho.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17049418
https://doi.org/10.1371/journal.pone.0201388


36. Thayer JF, Hansen AL, Saus-Rose E, Johnsen BH. Heart rate variability, prefrontal neural function, and

cognitive performance: the neurovisceral integration perspective on self-regulation, adaptation, and

health. Ann Behav Med Publ Soc Behav Med. 2009; 37: 141–153. https://doi.org/10.1007/s12160-009-

9101-z PMID: 19424767

37. Thayer JF, Lane RD. A model of neurovisceral integration in emotion regulation and dysregulation. J

Affect Disord. 2000; 61: 201–216. PMID: 11163422

38. Francis DP, Willson K, Georgiadou P, Wensel R, Davies LC, Coats A, et al. Physiological basis of fractal

complexity properties of heart rate variability in man. J Physiol. 2002; 542: 619–629. https://doi.org/10.

1113/jphysiol.2001.013389 PMID: 12122157

HRV biofeedback training in stressed athletes

PLOS ONE | https://doi.org/10.1371/journal.pone.0201388 July 26, 2018 13 / 13

https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.1007/s12160-009-9101-z
http://www.ncbi.nlm.nih.gov/pubmed/19424767
http://www.ncbi.nlm.nih.gov/pubmed/11163422
https://doi.org/10.1113/jphysiol.2001.013389
https://doi.org/10.1113/jphysiol.2001.013389
http://www.ncbi.nlm.nih.gov/pubmed/12122157
https://doi.org/10.1371/journal.pone.0201388

