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coupling in novice female runners:
A proof-of-concept study
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Introduction: Many runners struggle to find a rhythm during running. This may be
because 20-40% of runners experience unexplained, unpleasant breathlessness
at exercise onset. Locomotor-respiratory coupling (LRC), a synchronization
phenomenon in which the breath is precisely timed with the steps, may provide
metabolic or perceptual benefits to address these limitations. It can also be
consciously performed. Hence, we developed a custom smartphone application
to provide real-time LRC guidance based on individual step rate.

Methods: Sixteen novice-intermediate female runners completed two control
runs outdoors and indoors at a self-selected speed with auditory step rate
feedback. Then, the runs were replicated with individualized breath guidance at
specific LRC ratios. Hexoskin smart shirts were worn and analyzed with custom
algorithms to estimate continuous LRC frequency and phase coupling.

Results: LRC guidance led to a large significant increase in frequency coupling
outdoor from 26.3 +10.7 (control) to 69.9 + 20.0 % (LRC) "attached”. There
were similarly large differences in phase coupling between paired trials, and LRC
adherence was stronger for the indoor treadmill runs versus outdoors. There
was large inter-individual variability in running pace, preferred LRC ratio, and
instruction adherence metrics.

Discussion: Our approach demonstrates how personalized, step-adaptive sound
guidance can be used to support this breathing strategy in novice runners.
Subsequent investigations should evaluate the skill learning of LRC on a longer
time basis to effectively clarify its risks and advantages.

KEYWORDS

breathing strategies, breathing techniques, locomotor-respiratory coupling, synchronization,
running, entrainment

1. Introduction

Breathing pattern, the temporal and mechanical characteristics of breathing, can reveal
deep psychophysiological insights during running. For example, breathing rate (BR;
respiratory frequency) is highly correlated with perceived effort (1) and dyspneic
sensation (2) during exercise. Thus, recent publications (3, 4) have called for increased
attention towards breathing as a key indicator in health and sport.

Locomotor-respiratory coupling (LRC), the synchronization of movement and breath, is
a component of exercise breathing pattern that directly affects BR. LRC occurs when
movement entrains breathing; it is a synchronization phenomenon of frequency and/or
phase (5). In running, this implies a whole-integer ratio between BR and step rate (SR)
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http://crossmark.crossref.org/dialog/?doi=10.3389/fspor.2023.1112663&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fspor.2023.1112663
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full
https://www.frontiersin.org/journals/sports-and-active-living
https://doi.org/10.3389/fspor.2023.1112663
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Harbour et al.

and/or step to breath cycle (i.e., stepping precisely on expiration).
LRC may be performed consciously or unconsciously and is
more prevalent in experienced runners (6, 7). The exact
mechanisms are still debated; it likely results from an interplay of
mechanical and neurophysiological constraints (6). LRC during
exercise is perturbed by a number of factors: it is more prevalent
during higher intensities, during activities with greater postural
muscle activity, higher rhythmicity, and with external stimuli
(e.g., music) (6, 7).

Studies have reported that performing LRC decreases oxygen
consumption, increases movement economy, and reduces
dyspnea (8-12). Other studies found no such benefits (13-15).
This could be due to the mix of activities investigated - running
is notable because of its large impact forces and the postural
demands of the trunk muscles. Indeed, Daley, Bramble, and
Carrier (16) studied treadmill running and found that impact
forces likely contribute substantially to ventilatory flow (up to
10%-12%) when footstrike and breath onset are precisely synced
(“ in phase”). They attributed this to the “visceral piston”;
downward momentum of the abdominal viscera directly pulling
on the diaphragm can be additive to ventilation. Unfortunately,
there is a paucity of research on LRC and its metabolic and
perceptual implications in running. This is additionally
complicated by the potentially harmful effects of spirometry
masks on breathing pattern (17, 18). Thus, there is a need to
bridge the gap by providing tools that enable the study of LRC
in field running.

Additionally, frequency coupling alone may have beneficial
effects especially relevant for the novice runner. Since SR is
generally quite stable during running (19) and lower BR
variability (BRV) is associated with higher exercise performance
(20), LRC may support novices in regulating BR and exercise
intensity by aiding in self-awareness (21). Finally, LRC at odd
ratios (e.g., 5:1 steps per breath) could contribute to a reduced
risk of side stitch. Up to 70% of runners experience this
unpleasant sensation each year (22), perhaps contributing to pain
or exercise cessation. Since repeated expiration on ipsilateral
strides may trigger phrenic nerve irritation, this could be avoided
by deliberate coupling of breath of contralateral steps (21).

1.1. Guiding LRC

There is scant information available regarding how to guide
runners to perform LRC. Several studies have used custom
biofeedback applications with appreciable results (11, 23); other
studies instructed participants to count steps per breath (24, 25).
In a notable book on this subject, Coates and Kowalchik (26)
advocate a multi-step approach with verbal coaching, static and
dynamic exercises, and specific LRC ratio recommendations.

Sound instruction has been frequently and successfully used in
laboratory studies to induce LRC quickly and consistently. Some
studies found that fixed-tempo audio stimuli increased LRC
compared to control (silent) conditions (9, 27). This was
explained by the “anchoring effect”: external stimuli can entrain
physical processes such as bimanual coordination and, notably,
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breathing (28). Another study used in-shoe pressure sensors
during a cycling task to create individualized sound cues and
instructed participants to consciously couple their breathing to
their cadence (11); they found an increase in LRC occurrence
from about 55% to 70% of total run time.

Unfortunately, these highly-standardized, equipment-intensive
laboratory setups are likely not suitable to guide LRC in the field
biofeedback
Moreover, sound tempo should be mindfully selected; fixed

nor commercially available as applications.
metronome sounds could be harmful to use during exercise to
entrain movement or breathing. While constant, isochronal
sounds may appear to be a predictable, effective stimulus for
entrainment, they oppose the natural complex and fractal
behavior of the stride and breathing rhythms in healthy humans
(29, 30). Since deviations from an individual’s preferred step rate
(SR) could be metabolically disadvantageous (31), or even
increase injury risk (32), it might be preferable to continuously
adapt the sound instruction to the runner’s real-time SR (33).

Real-time step frequency feedback during running has distinct
effects on stride biomechanics and psychological states. A recent
review extensively detailed the broad set of mechanisms
responsible for human’s sound-movement entrainment and
found decreased negative affect, increased time to exhaustion,
and decreased stride time variability when synchronizing to an
external rhythmic stimulus (34). Hence, introducing step-adaptive
sounds might itself affect the runner. Adding breathing cues could
increase the cognitive load associated with such guidance by
introducing a dual-task problem, which is known to perturb
normal gait dynamics (35). As step sound cues are known to
increase the likelihood of LRC, it is preferable to compare step-
only feedback to LRC sound guidance to effectively separate the
effects of LRC guidance from that of step-adaptive audio.

While LRC could be helpful to all runners, females are
especially predisposed to realize larger benefit since they are
more likely to experience respiratory limitations compared to
males (36). This has been attributed to morphological (i.e.,
relatively smaller airways) and functional (i.e., higher metabolic
(37).
Furthermore, novice runners may see additional benefit, since

work of breathing at equal ventilation) differences

they can experience high levels of exertion and risk for exercise-
induced breathlessness at relatively low exercise intensities (38, 39).

1.2. Aims & hypotheses

The primary aim of this study was to examine the effect of step-
adaptive LRC sound guidance vs. step-only feedback in the field
and laboratory upon frequency and phase coupling in novice
female runners. We hypothesized that such guidance would
induce increases in frequency and phase coupling and decreases
in breathing pattern variability. Second, we aimed to investigate
individual parameters such as instructed LRC ratio (e.g., odd vs.
even ratios) and deviation from baseline BR. We hypothesized
that instruction adherence would be lower with odd ratios and
with larger deviations from the individual’s baseline BR as
measured during the control visits.
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2. Methods
2.1. Sample

A sample of 17 female beginner to moderately-experienced
runners volunteered to participate in this study (Table 1). These
volunteers were chosen as a varied representation of the target
group (see below). One participant was excluded due to
substantial LRC in the T1 visit.

Female runners were chosen not only because of the possible
benefits proposed above, but also because this project was part of
a larger research initiative seeking to do research together with
females as they are understudied in sports research (40). None of
the participants indicated to use a special breathing technique
while running; however, three participants indicated that they
breathe deeper when feeling “side stitches”.

Ethical approval was granted by the Ethics Committee of
University of Salzburg (reference number: GZ 13/2021) and
participants gave their informed consent. Participants filled in a
pre-questionnaire to including demographic information, as well
as running, sport, and breathing experience. The final sample
was selected based on the following criteria:

o participants are not familiar with nor actively perform paced
breathing techniques (including LRC) during running

o participants self-identify as beginner to intermediate runners

« participants can run for at least 30 min without stopping

None of the participants

familiarization with LRC during running.

indicated any experience or

2.2. Breathtool app

Breathtool is a custom-designed, Android-based mobile
application designed to assist runners with LRC. Through simple
audio the runner is instructed to either breathe in or out at every

TABLE 1 Participant characteristics and description.

10.3389/fspor.2023.1112663

nth step. As described above, since SR-adaptive audio is
LRC, Breathtool
instruction based on instantaneous SR. The stock Google/

preferable to instruct adapts the audio
Android step detection was utilized and smoothed over a 5-step
moving average to which the sounds were synchronized and
generated. A short, high-pitched tone was played on steps
indicating inhalation, while expiration was indicated by a low-
pitched tone. Pilot testing showed the application to be
sufficiently accurate against a reference tibia-mounted
accelerometer with limits of agreement centered around a SR
difference of 0 [95% confidence interval =—3.33, 2.97] and a
trivial bias = —0.18 [-0.416, 0.056] steps per minute.

From a simple user interface, basic LRC parameters (including
steps per inhale: exhale) can be chosen and audio is streamed via
Bluetooth to headphones or a speaker. The app also logs GPS
data locally. The same phone (Samsung Galaxy S8+, Android 9)
was used for all conditions, and placed securely in a waist belt

on the caudal side of the pelvis for all participants.

2.3. Instruments

Participants wore a Hexoskin smart shirt (HX; Carré
Technologies, CAN) in all conditions to gather respiration (dual
thoracic and abdominal stretch sensors, 2 channel respiratory
inductance plethysmography, 16-bit, 128 Hz), heart rate (1 Ch
ECG, 12bit) and accelerometry (3-axis, 64 Hz, range +16 g) data
(Figure 1).

During the indoor conditions, participants ran on a treadmill
ergometer (h/p cosmos sports, Traunstein, Germany) calibrated
to manufacturer’s specifications. The Moxy (Fortiori design, LLC,
MN, USA) near-infrared spectroscopy sensor was worn on the
right vastus lateralis. These data are omitted from this report.

Questionnaires related to rating of perceived exertion, dyspnea,
subjective vitality, user experience, and prior music experience were
used to gather subjective data at various timepoints. RPE data is

Subject  Age (y)  Training Frequency @~ Mean run duration (min) Mean run distance (km) Self-selected pace (km/h)
1 34 1-2/month 30 5 10.0
2 28 1-2/month 35 6 9.2
3 27 1-2/week 45 8 10.2
4 29 1-2/month 60 10 118
5 30 1-2/month 30 5 8.7
6 33 1-2/month 50 7 104
7 31 1-2/week 40 6 10.2
8 25 1-2/month 40 7 10.9
9 35 <1/month 20 3 9.7
10 32 1-2/month 35 5 8.7
11 32 <1/month 10 1 7.0
12 31 1-2/month 35 5 10.0
13 29 <1/month 35 6 8.8
14 27 1-2/week 30 5 10.8
15 33 <1/month 25 3 8.4
16 28 <1/month 35 5 9.2

Training frequency, mean run duration, and mean run distance information derived from self-reported questionnaires. Self-selected pace measured as mean pace
throughout the second half of T1 outdoor run. One participant was excluded due to observed coupling during the experiment; see results.
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FIGURE 1

ACC

. ECG
. RIP
. NIRS

CM Cosmed Quark
Cosmed, LL.C. (Rome, Italy)
Respiration bidirectional digital turbine 20hz

HX Hexoskin

Carre Technologies, Canada

ACC 3-axis 64hz, £16g

ECG 1-lead 256hz

Respiration 2-ch inductance plethysmography 128hz

MX Moxy
Fortiori Design L.L.C. (MN, USA)
Muscle oxygenation (SmOz) 0.5hz

APP Breathtool app
Digital Motion (Salzburg, AT)
Smartphone ACC 100hz

Experimental sensor setup with Hexoskin smart shirt, Breathtool app, and Cosmed spirometer. Note that this upper arm placement of the phone was not
used for the actual experiment (instead, waist). Permission was obtained for use by the persons in the photo.

reported in Supplementary Tables. As the other data are not the
focus of this article, they are omitted from this report.

2.4. Study design

A sequential within-subjects design was used to compare step-
only and LRC guidance (Figure 2). This experimental design was
developed with stepwise instruction and individual calibration to
maximize instruction adherence and to minimize deviation from
participant’s natural BR. The first outdoor (T1) and indoor (T2)
visits were intended to familiarize the runners to the Breathtool
app with single-tone step sounds and to measure each runner’s
baseline individual breathing pattern. We speculated that step-
only sounds would have negligible effects on LRC occurrence
since this cohort was inexperienced both in running and LRC.
As we aimed to contrast spontaneous LRC occurrence with
step sounds vs. LRC guidance in the experimental visits,
participants were excluded if they showed deliberate LRC
performance in T1.

Upon arrival, participants were fitted with a HX shirt and then
performed a silent resting phase for 5min to capture resting
BP and heart rate data. This standardized measurement was
performed before and after all study visits also to encourage a
similar psychophysiological state between runs.

Frontiers in Sports and Active Living

2.4.1. Step-only feedback

In T1 participants ran continuously for 30 min outdoors on a
1 km forest path. During a one-lap warmup, one researcher
accompanied the runner with a Bluetooth speaker to explain the
application and sound instructions. Participants wore Bluetooth
headphones for the remainder of the run. There was no explicit
breathing instruction; runners were only told to “step to the
beat”. The runners were instructed to run continuously at a
steady pace that they thought they could sustain for 30 min.

In the second visit approximately 48 h later, participants ran on
a treadmill at 90%, 100%, and 110% (8 min each) of the speed
derived from the mean pace of the T1 run. These speeds were
used to examine LRC at preferred and non-preferred speeds.
Runners completed a warmup including 3 min walking at 4 km/h
and 5min jogging at 7.5km/h, during which they were
refamiliarized to the step-only feedback. They had 3 min rest
after warmup and between each experimental condition.

2.4.2. Breathtool LRC guidance

About one week after the T1 and T2 visits, participants
returned for identical running sessions with added LRC
instruction. The mean BR and SR of the final 50% of the T1 and
T2 runs were used to calculate the instructed LRC parameters for
T3 and T4, respectively. Several other considerations were made
for LRC instruction:

frontiersin.org
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T1 T2
Indoor, treadmill
cf)il;)t(rj:i?: 3x8 min
Self-selected speed 90,100, 110% of
outdoor speed

Step sounds Step sounds

7d 48 h

48 h

FIGURE 2
Experimental protocol for T1-T4.

T3 T4
QOutdoor Indoor, treadmill
30 min 3x8 min
Self-selected speed | | T2 matched speeds
LRC sounds LRC sounds

1. LRC ratio (steps per breath) was calculated as the quotient of
SR/BR rounded to the nearest integer (e.g., for a SR/BR of
170/25 = 6.8 would be rounded up to 7 steps per breath).

2. Inhale: exhale ratio was preferentially kept equal. If odd number
of steps per breath was estimated, then always 1 step per exhale
more was chosen (e.g., for 7 steps per breath, a ratio of 3:4 steps
per inhale: exhale)

3. For the T4 visit, LRC ratios either decreased 1 step/breath or
remained unchanged between speed conditions (e.g., when
3:4 was instructed, the next run would be 3:4 or 3:3, but
never 4:4 (increasing steps/breath) or 2:3 (decreasing the ratio
by 2 steps/breath or more).

4. The instructed LRC ratios were never instructed faster than 2:2.

Participants were introduced to Breathtool LRC guidance
through a detailed researcher-led familiarization. LRC sounds
were played over the Bluetooth speaker as the participants were
asked to step in place and breath along with the instructed
rhythm. This was repeated during running. The researcher
cued the correct LRC by (1) counting steps by breath phase (e.g.,
in-2-3-out-2-3 for 3:3) and (2)
The participant was
independently in the experiment once the researcher observed

breathing aloud to the
app sounds. encouraged to run
clear understanding, which was observed after the warmup for all
participants.

In T3, participants ran with one LRC ratio during the entire
30 min outdoor run. The procedure and instructions were
identical to T1, except for the addition of LRC instruction and
suggestion to attempt to replicate the RPE and pace of the T1
run (Supplementary Table S1). In T4, participants ran on the
treadmill at identical speeds to T2 but with LRC ratios derived
from each speed condition in T2. This resulted in diverse LRC
ratios (i.e., slow, fast, even, odd) between participants.

The principal investigators utilized standardized verbal
instruction during the LRC familiarization. Similar to Coates and
Kowalchik (26), participants practiced LRC while stationary (foot
tapping) and walking until they demonstrated conceptual
understanding. Next, while running, the researchers counted
breath and steps; for example, a 3:3 ratio was voiced, “in-2-3-
out-2-3”. Also, the researcher performed exaggerated breathing
sounds in-phase with the runner’s steps to emphasize the

synchronization. The running familiarization lasted exactly 1km

Frontiers in Sports and Active Living

for all participants; both researcher and runner acknowledged
subjective understanding prior to all runs.

2.5. Data processing

HX raw data were trimmed to reflect representative areas of
interest for overall instruction adherence estimation (see section
“Instruction Adherence”); for T1/T3 outdoor conditions, the first
and last 30 s were trimmed, and the rest of the run separated
into equal quartiles. T2/T4 indoor data were trimmed from 30 s
after start (exactly at sound start) to the last minute (e.g.,
minutes 0.5-7).

2.5.1. Event detection

HX respiration data was processed using a custom-built
algorithm (41) in MATLAB (MATLAB Version 202la,
MathWorks, Inc., Natick, United States). Step detection from HX
accelerometer data was performed using an adapted version of
the algorithm by Benson et. al (42).. Previous investigations
revealed these methods to be extremely accurate (<5% bias)
during running (41, 43).

2.5.2. Locomotor-respiratory coupling

Previous investigations investigating LRC have used diverse
methods for calculation and comparison, so we followed the best
practice recommendations of Stickford A.S. and Stickford J.L. (6)
by choosing techniques to quantify both types of coupling
(frequency and phase).

2.5.3. Frequency coupling and instruction
adherence

LRC ratio was calculated on a per-breath basis using the
quotient of average SR (over one breath cycle) and BR (five-
breath rolling average). Frequency coupling was quantified
similar to a previously-reported adherence estimation (43, 44).
Attachments and detachments were defined a priori as five or
more consecutive breaths inside or outside, respectively, of 5% of
the instructed LRC ratio. For example, for an instructed LRC
ratio of five, an attachment was flagged if five consecutive breaths
had a ratio between 4.75-525 steps per breath. These were
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calculated from exact sound start for all conditions. We chose to
report the percentage of run time “attached” or “detached” (vs.
total run time). Note that runners can be neither attached nor
detached, so they do not necessarily sum to 100%. The same
routine was used to quantify spontaneous LRC occurrence to any
whole-integer ratio in the step-only conditions.

2.5.4. Phase coupling and entrainment

Phase coupling between each flow reversal (FR; onset of
inspiration or expiration) and the nearest step was calculated
using discrete relative phase and sine-circle maps as done
previously (7). Specifically, relative phase was mapped from 0+
180° with 0 representing foot strike. Then, resultant vectors were
calculated for expiration and inspiration entrainment separately.
Resultant vectors have a length (p) ranging from zero to one
(“stability”), with one indicating perfect entrainment. The
resultant vector angle (6) represents the average phase angle
(“timing”), where a negative angle (—180-0°) indicates breaths
before footstrike and positive (0-180°), after footstrike. The
MATLAB toolbox circular statistics (45) was used to evaluate
entrainment stability and timing for expirations and inspirations.

2.5.5. Breathing pattern variability

BR variability (BRV) was quantified using the coefficient of
variation (CV) of BR (46). Additionally in the breathing time
series, “reset breaths” were flagged if a single breath was more than
twice as deep or less than half of the BR of the previous
one minute average. This inspired by the
psychophysiological construct of sighing and respiratory variability
(47). The reset breath rate (reset breaths/min) was calculated as a
quantitative measure reflecting respiratory discomfort and instability.

measure was

2.6. Statistical analysis

A within-subjects ANOVA with repeated measures was
performed in MATLAB to assess differences in outcome
variables LRC frequency and phase coupling with factors: trial
(T1 vs. T3) and run quartile. The same analysis was performed
for T2 vs. T4 with factors trial and speed condition (90%, 100%,
110%). All variables met the a priori requirements for normality,
assessed via Q-Q plots and Kolmogorov-Smirnov tests, and
homogeneity of variances, assessed via Mauchly’s test of
sphericity. For the phase coupling resultant vectors, the Hodges—

10.3389/fspor.2023.1112663

Ajne test was used to confirm nonuniform vector direction to
indicate significant entrainment. Post-hoc Bonferroni-corrected
pairwise comparisons were used to determine where significant
differences existed in run quartile (T1 vs. T3) and speed
condition (T2 vs. T4) between trials. We also assessed each
possible two-way interaction in all comparisons.

A deeper analysis of T3 and T4 instruction adherence was
performed using an almost identical ANOVA approach to that
outlined above. ANOVA with repeated measures was used to
assess whether outcome variables frequency and phase coupling
were affected by factors 1. instructed LRC ratio, 2. even vs. odd
ratio instruction, and 3. absolute deviation from T1/T2 BR.
Finally, discrete relative phase was calculated and separated for
periods during attachment (>10s) and outside of attachment in
order to estimate the effect of frequency coupling onto phase
coupling within individuals.

Data are presented as mean * standard deviation (95%) unless
otherwise stated. Partial eta squared effect sizes were calculated
using the formulas provided by Lakens (48) and interpreted as
small (1r7127 = 0.01), medium (0.06), and large (>0.14) (49).

3. Results

3.1. Outdoor runs: T1 step sounds vs. T3
LRC sounds

There was no significant change in running pace between the
T1 and T3 outdoor runs [F(1,15)=0.68, n; < 0.01, p=0.80].
The average BR measured in T1 was 38.1 £7.4, resulting in
LRC of 4.6+0.8 breath.
Consequentially, the prescribed LRC ratios for T3 were either
four (n=>5), five (n=38), or six (n=3) steps per breath (Table 2).

approximate ratios steps  per

3.1.1. Frequency coupling and variability

Frequency coupling was much stronger in T3 vs. Tl, as
participants were “attached” 69.9 +20.0 vs. 26.3% + 10.7% of the
run [F(1,15) =15.86, ”r]f, = 0.51, p=0.001; Figure 3] Figure 4
demonstrates a representative example comparison for two
participants. Pairwise comparison revealed that each quartile of
T3 was significantly different than the corresponding T1 quartile
(p<0.001). BRV also had a large difference [19.8 +3.4 vs. 14.7%
+4.9% for T1 vs. T3, respectively; F(1,15) =15.25, nf, = 0.50,
p=0.002]

and each pairwise comparison was significant

TABLE 2 Group summary of primary locomotor-respiratory coupling variables between outdoor conditions.

% time
detached

% time
attached

Pace Ratio BR
(km/h) (SR/BR) (bpm)

T1]|96+12 | 46+08 | 381+74 26.2+10.7 16.5+3.6

BRV (%)

19.7+34

SRV
Q%
%)
35+19

Exp 6 Insp Insp RB/
(rad) o) (S]

Exp p

(0-1)

020+0.12 | —0.45+1.3 [ 0.23+0.12 | —2.27 +0.81 | 0.6 0.6

T3] 95+10 | 49+0.7* | 35253 69.9 +20.0* 8.3 £4.1

14.7 £ 4.9*

0.43 £0.18* | 3.03+0.84* | 0.39+0.19 | 2.61£0.92 43+36

T1, outdoor, step sounds; T3, outdoor, coupling sounds; SR, step rate; BR, breathing rate; bpm, breaths per minute; BRYV, breathing rate variability; Exp, expiration; Insp,
inspiration; p = entrainment stability; 6 = entrainment timing; RB, reset breath; SRV, step rate variability; CV, coefficient of variation.

*p<0.05.
**p < 0.001 compared with step sound visit.
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(p<0.001). There was no apparent effect of BR deviation
magnitude from T1 upon T3 adherence.

3.1.2. Phase coupling

Phase coupling was much more stable in T3 vs. T1 for
[p=043+0.18 wvs. 0.20%0.12; F(1,15)=7.60,
nf, = 0.34, p=0.015; Figure 5], and all pairwise comparisons

expirations
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were significant (p <0.001). A different effect was seen for
inspirations; while there was a small nonsignificant difference
between conditions [p=0.39+0.19 vs. 0.23+0.12; F(1,15)=
0.45, 1712] = 0.03, p=0.51], each pairwise comparison was
significant  (p <0.02). large difference in
expiration timing 6 [F(1,15)=3.22, 1712, = 0.13, p=0.023]
across conditions, but not inspiration timing.

There was a
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Gardner-Altman plot of T3 expiration entrainment stability p during attachment vs. unattachment. Each line corresponds to one participant. Note the
single participant with small negative difference in entrainment when attached (dotted line).

3.1.3. Within-trial T3 LRC guidance analysis [F(2,15)=3.51, y; = 0.32, p=0.039], with pairwise comparisons
No significant within-condition differences in attachment or  trending towards better attachment to 2:3 ratio (n=8) than

detachment were detected between T3 quartiles. There was a  2:2 (n=5; p=0.037). Additionally, there were significantly more
large but nonsignificant effect of instructed ratio on attachment  reset breaths in the first quartile vs. all others (p<0.001). No
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entrainment stability;

T3, outdoor, coupling sounds; T2, indoor, step sounds; T4, indoor, coupling sounds; SR, step rate; BR, breathing rate; bpm, breaths per minute; BRV, breathing rate variability; Exp, expiration; Insp, inspiration; p

entrainment timing; RB, reset breath; SRV, step rate variability; CV, coefficient of variation.

6=
*p < 0.05.

**p < 0.001 compared with step sound visit.

10.3389/fspor.2023.1112663

apparent relationship was observed between odd vs. even ratios and
other coupling adherence variables. Participants exhibited
substantially higher entrainment stability p during attachment
than when not attached (expiration, F(1,15) = 54.48, 77; = (.78,
p<0.001; inspiration, F(1,15)=42.56, 1, = 0.74, p<0.001;
Figure 6).

3.2. Indoor treadmill runs: T2 step sounds
vs. T4 LRC sounds

In T2, the average detected ratios were 4.8 £ 1.5, 4.7 + 1.4, and
43+ 1.0 steps per breath for the slow, neutral, and fast speeds,
respectively. In T4, the individually instructed ratios ranged from
4 to 8 steps per breath (Table 3).

3.2.1. Frequency coupling and variability

Quantitative differences between step and LRC sound
conditions were overall more pronounced indoors compared to
outdoors. Across all three tested speeds, participants were
attached 37.9+23.7 (T2) vs. 92.3% +8.4% (T4) of the time [F
(1,15) = 18.73, ”’I,z; = 0.56, p=0.001]. Each pairwise comparison
between step and LRC sounds within speed conditions was
significant (p <0.001). There was a moderate nonsignificant
difference in BRV between conditions [21.5+17.2 vs. 8.01% *
3.31%; F(1,15)=0.06, 7;; < 0.01, p=0.81]; deeper analysis
revealed a significant difference between participants (p=0.03),
and pairwise differences at the 90% and 100% speeds (p =0.007).
Finally, although there was a negligible difference in reset breaths
between conditions [F(1,15)=0.13, 1712) = 0.01, p=0.72], there
was a significant pairwise difference between T2 and T4 in the
110% speed condition (p =0.017).

3.2.2. Phase coupling

There was a large nonsignificant difference in expiration
entrainment  stability ~between conditions  [F(1,15) =4.35,
7;12, = 0.22, p=0.061], and each pairwise comparison between
speed conditions was significant (p<0.02). A moderate
nonsignificant difference in inspiration entrainment stability
[F(1,15)=1.13, x, = 0.07, p=031] was accompanied by
significant pairwise differences at 90% and 100% speeds
(p=0.005). No meaningful differences were observed in
entrainment timing 6 between conditions, speed conditions, or
participants.

3.2.3. Within-trial T4 LRC guidance analysis

A significant, large effect of odd vs. even ratio was observed for
BRV [F(1,15) =8.01, 7;; = 0.36, p=0.011], which was higher for
odd ratio adherence (9.2 +1.6 vs. 5.6% +2.2%). No other effects
upon frequency or phase coupling adherence were detected
within T4 between speeds, instructed ratio, or BR deviation.
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4. Discussion

This is one of few studies published on LRC in the field, and
that examined individualized breath guidance during exercise.
While the results show clear adherence to the guidance overall,
there were large inter-individual differences within this sample.
We attribute this varied response to small group differences in
running experience, and large differences in music experience.
This should be explored further in future studies.

4.1. Frequency coupling results in context

We found that this cohort was coupling for 26.3% + 10.7% of
the outdoor T1 run, across variable ratios (Figure 3). While this
is significantly lower than the T3 outdoor run, the value of this
comparison is only between step-only and LRC sound guidance,
without a distinct no-sound control condition. Hence, we used
the attachment analysis to retrospectively evaluate the prevalence
of LRC amongst another dataset of novice female runners in a
self-paced outdoor run of 45 min recorded by our laboratory
(50). We found that this cohort was coupling 37.5% + 12.8% of
their runs with no instruction (51). This comparison between
studies suggests that the runners in the current study were
coupling less with step-only sounds than similar runners in
another study with no step or breathing guidance. In contrast to
the study mentioned above, and that of experienced male
runners in a half marathon by Harbour et. al (52)., we observed
lower LRC prevalence in the current step-only sound conditions
vs. the aforementioned observational studies. We suspect that
this low LRC in T1 to 1. the
relatively low running experience of our sample and 2. the focus

occurrence is due
on step sounds possibly perturbing any natural breathing patterns.

There is limited literature with which to compare our in-field
LRC instruction success. Only one similar study could be found;
they also leveraged real-time SR together with haptic feedback,
but reported very low adherence around 26% “success ratio”
across full, intermittent, and self-selected feedback conditions
(53). When calculating the same success ratio for our data, we
found an average 72% *16%, which strongly favors our
auditory approach for guiding this promising breathing strategy.

4.2. Phase coupling

4.2.1. Relation to frequency coupling

The within-attachment analysis strongly suggests that stable
frequency coupling inherently induces consistent phase coupling.
While these two of
phenomenologically distinct. It is possible to have one without the

intuitive, components coupling are
other, for example during weak frequency coupling, or, as previously
reported, during alpine skiing when strong phase coupling can exist
without frequency coupling (54). We propose that frequency
coupling guidance that maximizes attachment is sufficient to trigger

phase coupling in most runners. This could lower the barrier to
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creating biofeedback application using this construct, as precisely
phase-synchronized sound feedback may not be needed.

4.2.2. Phase lag

The mean resultant vector direction 6 results indicate a
consistently large phase lag between step (footstrike) and breath
flow reversal (FR) with LRC guidance (Figure 5). It is unclear
whether this reflects actual phase coupling error by the runners, or
if this is due to LRC sensor detection error. If the former is true,
this contradicts our hypothesis that runners would perform phase
coupling with step and breath in-phase. It could be that
participants were breathing correctly (in-phase) to the sound
guidance but stepping antiphase to the step sounds. This was
observed in at least one participant during the indoor T4 treadmill
runs. Indeed, other studies have demonstrated that runners often
anticipate sound cues with steps (55). Unfortunately, the attempts
to measure music-step synchronization in this study were not
possible due to clock drift and very small time magnitudes in
question. Conversely, this phase lag could be explained by the
visceral piston hypothesis. While footstrike is a key event in the
mechanistic determinants of LRC, it is actually the downward
momentum of the abdominal viscera, pulling on the diaphragm,
which is suggested to cause step-driven flows when synchronized
with FR (16). This peak downward momentum generally occurs
with a large delay after footstrike (34). While the majority of
studies on LRC calculate relative phase using footstrike, future
studies should investigate the visceral piston timing relative to
footstrike in order to improve such analysis.

This discrepancy highlights a limitation in our study-there is,
to our knowledge, no currently accepted reference system or
events from which to calculate LRC. Thus, it is difficult to
quantify the sensor detection accuracy of the HX vs. a reference
for phase coupling analysis. Nonetheless, we previously validated
the FR and step detection of the HX relative to a reference
spirometer and tibia-mounted accelerometer and reported event
detection errors of 0.018+0.086 and —0.037+0.069s,
respectively (41, 43). Using the mean BR=38 and SR=166
observed in T1 combined with these reported event detection
errors, an average phase coupling error of +54° could be
expected. This error certainly contributes noise to the phase
coupling estimations compared here but cannot fully explain the
systematic phase lag observed in the data.

4.3. Breathing variability: reset breaths

Initially, we theorized that reset breaths represent normal BRV,
and would be elevated when the runner experiences respiratory
distress or physical fatigue. However, during this study we
observed that some individuals consciously alter their breath (i.e.,
breath holding) when trying to adhere to breath guidance. Thus,
reset breaths might represent a psychophysiological reset or a
conscious attempt to re-adhere to instructions. In post-hoc
analyses, we found that the largest percentage of reset breaths
occurred within 10s of a detachment (33.9%), while many
“caused” the end of an attachment (21.3%). 27% occurred away
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from these a priori margins, thus likely representing true
psychophysiological resets (sighing). We attribute the lack of
detectable differences in reset breaths between conditions to small
sample size and large inter-individual variation; more studies are
needed to understand this variable and normal values in runners.

4.4, Effects upon step rate

Another aspect to consider is the bidirectional relationship
between rhythms
Hoffmann, Torregrosa (11). Rather, LRC primarily entrains BR to

step and breath previously observed by
SR, but also marginally influences SR dynamics. We found no
statistical differences between T1 and T3 step rate variability (3.5 +
1.9 vs. 43% *3.6%) or any changes between run quartiles. These
data appear similar to the studies mentioned above (4.3 +0.9 (50)
and 3.5% * 1.4% (52)), so we conclude that the step-only and LRC
sound guidance did not substantially influence SR within this cohort.

4.5. Limitations

This study lacked randomization and a true control condition.
We chose a sequential design to introduce step sounds before LRC
guidance, since LRC guidance alone could be considered a dual-
task problem (following step and breath cues) (35). The first
visits served to familiarize runners to the synchronized step
sound. Then, to precisely evaluate frequency and phase coupling,
only breath guidance was added for the T3 and T4 visits. We
chose a step-only sound condition instead of no sound in the
first study visits in order to isolate the effects of coupled breath
guidance amongst the diverse effects of synchronized step
sounds. The addition of an initial no sound run may have
revealed if there were any differences in LRC vs. the step sound
conditions. Finally, this design was sequential instead of
randomized since exposure to LRC guidance might cause
learning or retention of LRC during subsequent runs; future
studies could explore this topic.

The verbal familiarization during the T3 and T4 conditions had
an unknown contribution to the large increase in LRC observed in
those runs. While the runners only received a brief verbal
familiarization to under the guidance at run onset, it likely
influenced the adherence in later parts of the run. Regardless, for
this study we considered instruction understanding critically
important, so this aspect was not studied independently. Future
studies could examine the difference between verbal-only vs.
sound-only LRC instruction.

These results and statistical conclusions should be interpreted
with caution since this study included a relatively small sample
size (n=16) and the individualization protocol led to diverse LRC
ratio exposure between runners. A larger sample size and
homogenous parameter selection (i.e., LRC ratios, running speeds)
might have led to larger effects or more generalizable results.
Previous reports suggest that runners with higher intrinsic
variability decrease their variability with sound guidance, while
those with lower intrinsic variability respond opposite (increase)
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(56). Additionally, the use of continuous sound guidance during
the running protocol conflicts with current best practice in
feedback learning. Recent reviews suggest that continuous feedback
can create dependency and hinder learning, whereas bandwidth
(feedback only when the performance is out of acceptable range)
or self-determined frequency feedback are recommended to
maximize learning and motivation (57).

As stated above in the section “phase coupling”, the accuracy of
the HX for estimating LRC (especially phase coupling) is not
entirely clear. While we have published data on its suitability for
detecting the component events (FR and footstrike), there are
methodological barriers to evaluating overall LRC detection vs. a
gold standard. Future studies should clarify the key events from
which to calculate synchronization (e.g., foot initial contact vs.
peak impact) and assess such events vs. an appropriate, high
sample rate reference system.

4.6. Application and next steps

These results show promise that a mobile guidance system can
be used in the field to further the understanding and study of LRC
and its potential benefits. First it was critical to report and
understand deeply what, when, and how runners adhered to the
sound guidance amongst various constraints. We did collect
additional questionnaire, physiological, and performance data
and plan to explore these in another study, for example using the
within-attachment approach described above. This study design
proved successful in inducing strong LRC in an acute setting and
can also be used to compare the short-term effects of LRC and
its implication for metabolic and perceptual responses.

Future iterations of the Breathtool app are planned to include
features reflecting key learning from this study. First, we hope to
provide different soundscapes and temporality options for LRC
instruction. Overall, it will be designed for greater understanding
to be
intervention studies.

and aesthetics used independently during longer

5. Conclusion

This study demonstrated how step-adaptive LRC sound guidance
can be used to individualize breathing guidance and to strongly
increase frequency and phase coupling in novice female runners.
More investigation is needed to clarify the advantages and challenges
of instructing this breathing strategy in the field over longer time
periods, for example in an intervention study. Progressive
development of this custom application is in progress to enable such

studies in the wild and to maximize usability for all runners.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fspor.2023.1112663
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Harbour et al.

Ethics statement

The studies involving human participants were reviewed

and approved by Ethics Committee of University of
Salzburg. The patients/participants provided their written
informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for
the publication of any potentially identifiable images or

data included in this article.

Author contributions

EH, VVR; draft
preparation, EH; writing—review and editing, EH, TF and VVR;
EH; TF and HS;

HS; funding acquisition, HS. All
contributed to the article and approved the submitted version.

Conceptualization, writing—original

visualization, supervision, project

administration, authors

Funding

This work was partly funded by the Austrian Federal
Ministry for Transport, Innovation and Technology, the
Austrian Federal Ministry for Digital and Economic Affairs,
and the federal state of Salzburg under the research program
COMET—Competence Centers for Excellent Technologies—in
the project Digital Motion in Sports, Fitness and Well-being
(DiMo).

References

1. Nicolo A, Sacchetti M. A new model of ventilatory control during exercise. Exp
Physiol. (2019) 104(9):1331-2. doi: 10.1113/EP087937

2. Tsukada S, Masaoka Y, Yoshikawa A, Okamoto K, Homma I, Izumizaki M.
Coupling of dyspnea perception and occurrence of tachypnea during exercise.
J Physiol Sci. (2017) 67(1):173-80. doi: 10.1007/s12576-016-0452-5

3. Nicolo A, Massaroni C, Schena E, Sacchetti M. The importance of respiratory rate
monitoring: from healthcare to sport and exercise. Sensors. (2020) 20(21):6396.
doi: 10.3390/s20216396

4. Nicolo A, Massaroni C, Passfield L. Respiratory frequency during exercise: the
neglected physiological measure. Front Physiol. (2017) 8:922. doi: 10.3389/fphys.2017.00922

5. O’Halloran J, Hamill J, McDermott WJ, Remelius JG, Van Emmerik RE.
Locomotor-respiratory coupling patterns and oxygen consumption during walking
above and below preferred stride frequency. Eur ] Appl Physiol. (2012) 112
(3):929-40. doi: 10.1007/500421-011-2040-y

6. Stickford AS, Stickford JL. Ventilation and locomotion in humans: mechanisms,
implications, and perturbations to the coupling of these two rhythms. Springer Sci Rev.
(2014) 2(1-2):95-118. doi: 10.1007/s40362-014-0020-4

7. McDermott W], Van Emmerik RE, Hamill J. Running training and adaptive
strategies of locomotor-respiratory coordination. Eur J Appl Physiol. (2003) 89
(5):435-44. doi: 10.1007/s00421-003-0831-5

8. Garlando F, Kohl J, Koller E, Pietsch P. Effect of coupling the breathing-and
cycling rhythms on oxygen uptake during bicycle ergometry. Eur J Appl Physiol
Occup Physiol. (1985) 54(5):497-501. doi: 10.1007/BF00422959

9. Bernasconi P, Biirki P, Biihrer A, Koller E, Kohl J. Running training and co-
ordination between breathing and running rhythms during aerobic and anaerobic
conditions in humans. Eur J Appl Physiol Occup Physiol. (1995) 70(5):387-93.
doi: 10.1007/BF00618488

10. Takano N, Deguchi H. Sensation of breathlessness and respiratory oxygen cost during
cycle exercise with and without conscious entrainment of the breathing rhythm. Eur ] Appl
Physiol Occup Physiol. (1997) 76(3):209-13. doi: 10.1007/s004210050238

Frontiers in Sports and Active Living

12

10.3389/fspor.2023.1112663

Acknowledgments

The authors would like to acknowledge Harald Reiser for his
crafting of the smartphone application and Robert Borotkanics
for his statistical advice.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.2023.
1112663/full#supplementary-material.

11. Hoffmann CP, Torregrosa G, Bardy BG. Sound stabilizes locomotor-respiratory
coupling and reduces energy cost. PLoS One. (2012) 7(9):e45206. doi: 10.1371/journal.
pone.0045206

12. Bonsignore M, Morici G, Abate P, Romano S, Bonsignore G. Ventilation and
entrainment of breathing during cycling and running in triathletes. Med Sci Sports
Exerc. (1998) 30(2):239-45. doi: 10.1097/00005768-199802000-00011

13. Rafller B, Kohl J. Analysis of coordination between breathing and walking
rhythms in humans. Respir Physiol. (1996) 106(3):317-27. doi: 10.1016/S0034-5687
(96)00082-5

14. Alphen ]V, Duffin J. Entrained breathing and oxygen consumption during
treadmill walking. Can J Appl Physiol. (1994) 19(4):432-40. doi: 10.1139/h94-035

15. Rafiler B, Kohl J. Coordination-related changes in the rhythms of breathing
and walking in humans. Eur J Appl Physiol. (2000) 82(4):280-8. doi: 10.1007/
5004210000224

16. Daley MA, Bramble DM, Carrier DR. Impact loading and locomotor-respiratory
coordination significantly influence breathing dynamics in running humans. PLoS
One. (2013) 8(8):€70752. doi: 10.1371/journal.pone.0070752

17. Gilbert R, Auchincloss J Jr, Brodsky J, Wa B. Changes in tidal volume, frequency,
and ventilation induced by their measurement. | Appl Physiol. (1972) 33(2):252-4.
doi: 10.1152/jappl.1972.33.2.252

18. Askanazi ], Silverberg P, Foster R, Hyman A, Milic-Emili J, Kinney J. Effects of
respiratory apparatus on breathing pattern. J Appl Physiol. (1980) 48(4):577-80.
doi: 10.1152/jappl.1980.48.4.577

19. Jordan K, Challis JH, Newell KM. Long range correlations in the stride
interval of running. Gait Posture. (2006) 24(1):120-5. doi: 10.1016/j.gaitpost.2005.
08.003

20. Castro RRT, Lima SP, Sales ARK, Nobrega A. Minute-ventilation variability
during cardiopulmonary exercise test is higher in sedentary men than in athletes.
Arq Bras Cardiol. (2017) 109(3):185-90. doi: 10.5935/abc.20170104

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2023.1112663/full#supplementary-material
https://doi.org/10.1113/EP087937
https://doi.org/10.1007/s12576-016-0452-5
https://doi.org/10.3390/s20216396
https://doi.org/10.3389/fphys.2017.00922
https://doi.org/10.1007/s00421-011-2040-y
https://doi.org/10.1007/s40362-014-0020-4
https://doi.org/10.1007/s00421-003-0831-5
https://doi.org/10.1007/BF00422959
https://doi.org/10.1007/BF00618488
https://doi.org/10.1007/s004210050238
https://doi.org/10.1371/journal.pone.0045206
https://doi.org/10.1371/journal.pone.0045206
https://doi.org/10.1097/00005768-199802000-00011
https://doi.org/10.1016/S0034-5687(96)00082-5
https://doi.org/10.1016/S0034-5687(96)00082-5
https://doi.org/10.1139/h94-035
https://doi.org/10.1007/s004210000224
https://doi.org/10.1007/s004210000224
https://doi.org/10.1371/journal.pone.0070752
https://doi.org/10.1152/jappl.1972.33.2.252
https://doi.org/10.1152/jappl.1980.48.4.577
https://doi.org/10.1016/j.gaitpost.2005.08.003
https://doi.org/10.1016/j.gaitpost.2005.08.003
https://doi.org/10.5935/abc.20170104
https://doi.org/10.3389/fspor.2023.1112663
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Harbour et al.

21. Harbour E, Stoggl T, Schwameder H, Finkenzeller T. Breath tools: a synthesis of
evidence-based breathing strategies to enhance human running. Front Physiol. (2022)
13:813243. doi: 10.3389/fphys.2022.813243

22. Morton D, Callister R. Exercise-related transient abdominal pain (ETAP). Sports
Med. (2015) 45(1):23-35. doi: 10.1007/s40279-014-0245-z

23. Wiens C. Comparison of noise signals on locomotor-respiratory coupling. Omaha:
University of Nebraska at Omaha (2016).

24. Perry S, Khovanova N, Khovanov I. Enhancement of synchronization between
Pphysiological signals during exercise: a preliminary investigation. 2020 42nd annual
international conference of the IEEE engineering in medicine & biology society
(EMBC). IEEE (2020).

25. Bernasconi P, Kohl J. Analysis of co-ordination between breathing and exercise
rhythms in man. ] Physiol. (1993) 471(1):693-706. doi: 10.1113/jphysiol.1993.
sp019923

26. Coates B, Kowalchik C. Runner’s world running on air: The revolutionary way to
run better by breathing smarter. New York: Rodale Books (2013).

27. Bechbache R, Duffin J. The entrainment of breathing frequency by exercise
rhythm. J Physiol. (1977) 272(3):553-61. doi: 10.1113/jphysiol.1977.sp012059

28. Haas F, Simnowitz M, Axen K, Gaudino D, Haas A. Effect of upper body posture
on forced inspiration and expiration. J Appl Physiol. (1982) 52(4):879-86. doi: 10.
1152/jappl.1982.52.4.879

29. Hausdorff JM. Gait dynamics, fractals and falls: finding meaning in the stride-to-
stride fluctuations of human walking. Hum Mov Sci. (2007) 26(4):555-89. doi: 10.
1016/j.humov.2007.05.003

30. Fadel PJ, Barman SM, Phillips SW, Gebber GL. Fractal fluctuations in human
respiration. J Appl Physiol (1985). (2004) 97(6):2056-64. doi: 10.1152/japplphysiol.
00657.2004

31. De Ruiter CJ, Van Daal S, Van Dieen JH. Individual optimal step frequency
during outdoor running. Eur J Sport Sci. (2019) 20(2):1-9. doi: 10.1080/17461391.
2019.1626911

32. Adams D, Pozzi F, Willy RW, Carrol A, Zeni J. Altering cadence or vertical
oscillation during running: effects on running related injury factors. Int J Sports
Phys Ther. (2018) 13(4):633-42. doi: 10.26603/ijspt20180633

33. Bood RJ, Nijssen M, Van Der Kamp J, Roerdink M. The power of auditory-
motor synchronization in sports: enhancing running performance by coupling
cadence with the right beats. PLoS One. (2013) 8(8):e70758. doi: 10.1371/journal.
pone.0070758

34. Damm L, Varoqui D, De Cock VC, Dalla Bella S, Bardy B. Why do we move to
the beat? A multi-scale approach, from physical principles to brain dynamics. Neurosci
Biobehav Rev. (2020) 112:553-84. doi: 10.1016/j.neubiorev.2019.12.024

35. Ebersbach G, Dimitrijevic MR, Poewe W. Influence of concurrent tasks on gait: a
dual-task approach. Percept Mot Skills. (1995) 81(1):107-13. doi: 10.2466/pms.1995.
81.1.107

36. Archiza B, Leahy MG, Kipp S, Sheel AW. An integrative approach to the
pulmonary physiology of exercise: when does biological sex matter? Eur | Appl
Physiol. (2021) 121(9):2377-91. doi: 10.1007/s00421-021-04690-9

37. Dominelli PB, Molgat-Seon Y. Sex, gender and the pulmonary physiology of
exercise. Eur Respir Rev. (2022) 31(163):210074. doi: 10.1183/16000617.0074-2021

38. Abu-Hasan M, Tannous B, Weinberger M. Exercise-induced dyspnea in children
and adolescents: if not asthma then what? Ann Allergy, Asthma Immunol. (2005) 94
(3):366-71. doi: 10.1016/S1081-1206(10)60989-1

39. Weinberger M, Abu-Hasan M. Perceptions and pathophysiology of dyspnea and
exercise intolerance. Pediatr Clin North Am. (2009) 56(1):33-48., ix. doi: 10.1016/j.pcl.
2008.10.015

Frontiers in Sports and Active Living

13

10.3389/fspor.2023.1112663

40. Cowley ES, Olenick AA, McNulty KL, Ross EZ. “Invisible sportswomen”: the sex
data gap in sport and exercise science research. Women Sport Phys Act . (2021) 29
(2):146-51. doi: 10.1123/wspaj.2021-0028

41. Harbour E, Lasshofer M, Genitrini M, Schwameder H. Enhanced breathing
pattern detection during running using wearable sensors. Semsors. (2021) 21
(16):5606. doi: 10.3390/521165606

42. Benson LC, Clermont CA, Watari R, Exley T, Ferber R. Automated
accelerometer-based gait event detection during multiple running conditions.
Sensors. (2019) 19(7):1483. doi: 10.3390/s19071483

43. Harbour E, Schwameder H. New methods for measuring running rhythm
synchrony in the field: a practical guide. Proceedings of the 9th world conference of
biomechanics (2022). p. 202207032022

44. van Rheden V, Harbour E, Finkenzeller T, Burr LA, Meschtscherjakov A,
Tscheligi M. Run, beep, breathe: exploring the effects on adherence and user
experience of 5 breathing instruction sounds while running. Proceedings of the
16th International Audio Mostly Conference. (2021) 2021:16-23. doi: 10.1145/
3478384.3478412

45. Berens P. Circstat: a MATLAB toolbox for circular statistics. J Stat Softw. (2009)
31:1-21. doi: 10.18637/jss.v031.i10

46. van den Bosch OFC, Alvarez-Jimenez R, de Grooth HJ, Girbes ARJ, Loer SA.
Breathing variability-implications for anaesthesiology and intensive care. Crit Care.
(2021) 25(1):280. doi: 10.1186/s13054-021-03716-0

47. Vlemincx E, Abelson JL, Lehrer PM, Davenport PW, Van Diest I, Van den Bergh
O. Respiratory variability and sighing: a psychophysiological reset model. Biol Psychol.
(2013) 93(1):24-32. doi: 10.1016/j.biopsycho.2012.12.001

48. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a
practical primer for t-tests and ANOVAs. Front Psychol. (2013) 4:863. doi: 10.3389/
fpsyg.2013.00863

49. Cohen J. Chapter 8. The analysis of variance and covariance. In: Statistical power
analysis for the behavioral sciences. New York, NY, United States: Routledge Academic
(1988). p. 273-406.

50. Moore SR, Buchner L, Martinez A, Schwameder H. Effects of an extensive
running bout in novice female runners. Proceedings of the 40th international sports
biomechanics society conference (2022).

51. Harbour E, Schwameder H, Finkenzeller T. Breath tools: breathing pattern
indicators in sport & health. Proceedings of OSG tagung (2022).

52. Harbour E, Lasshofer M, Genitrini M, Prigent G, Schwameder H. Wearable
sensor detection of breathing pattern during running. Proceedings of the 26th
congress of the European college of sport science (2021). p. 202108312022

53. Valsted FM, Nielsen CV, Jensen JQ, Sonne T, Jensen MM. Strive: exploring
assistive haptic feedback on the run. Proceedings of the 29th Australian conference on
computer-human interaction. ACM (2017).

54. Harbour E, Finkenzeller T, Burberg T, Amesberger G. Breathing pattern during
fatiguing alpine skiing: individuality and coupling. Proceedings of 24th international
congress on snow sport trauma and safety - 37th congress of the international society
for snowsports medicine (2022). p. 202203272022

55. Nijs A, Roerdink M, Beek PJ. Cadence modulation in walking and

running: pacing steps or strides? Brain Sci. (2020) 10(5):16. doi: 10.3390/
brainscil0050273

56. Varlet M, Williams R, Keller PE. Effects of pitch and tempo of auditory rhythms
on spontaneous movement entrainment and stabilisation. Psychol Res. (2020) 84
(3):568-84. doi: 10.1007/500426-018-1074-8

57. Van Hooren B, Goudsmit J, Restrepo J, Vos S. Real-time feedback by wearables
in running: current approaches, challenges and suggestions for improvements. J Sports
Sci. (2020) 38(2):214-30. doi: 10.1080/02640414.2019.1690960

frontiersin.org


https://doi.org/10.3389/fphys.2022.813243
https://doi.org/10.1007/s40279-014-0245-z
https://doi.org/10.1113/jphysiol.1993.sp019923
https://doi.org/10.1113/jphysiol.1993.sp019923
https://doi.org/10.1113/jphysiol.1977.sp012059
https://doi.org/10.1152/jappl.1982.52.4.879
https://doi.org/10.1152/jappl.1982.52.4.879
https://doi.org/10.1016/j.humov.2007.05.003
https://doi.org/10.1016/j.humov.2007.05.003
https://doi.org/10.1152/japplphysiol.00657.2004
https://doi.org/10.1152/japplphysiol.00657.2004
https://doi.org/10.1080/17461391.2019.1626911
https://doi.org/10.1080/17461391.2019.1626911
https://doi.org/10.26603/ijspt20180633
https://doi.org/10.1371/journal.pone.0070758
https://doi.org/10.1371/journal.pone.0070758
https://doi.org/10.1016/j.neubiorev.2019.12.024
https://doi.org/10.2466/pms.1995.81.1.107
https://doi.org/10.2466/pms.1995.81.1.107
https://doi.org/10.1007/s00421-021-04690-9
https://doi.org/10.1183/16000617.0074-2021
https://doi.org/10.1016/S1081-1206(10)60989-1
https://doi.org/10.1016/j.pcl.2008.10.015
https://doi.org/10.1016/j.pcl.2008.10.015
https://doi.org/10.1123/wspaj.2021-0028
https://doi.org/10.3390/s21165606
https://doi.org/10.3390/s19071483
https://doi.org/10.1145/3478384.3478412
https://doi.org/10.1145/3478384.3478412
https://doi.org/10.18637/jss.v031.i10
https://doi.org/10.1186/s13054-021-03716-0
https://doi.org/10.1016/j.biopsycho.2012.12.001
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3390/brainsci10050273
https://doi.org/10.3390/brainsci10050273
https://doi.org/10.1007/s00426-018-1074-8
https://doi.org/10.1080/02640414.2019.1690960
https://doi.org/10.3389/fspor.2023.1112663
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Step-adaptive sound guidance enhances locomotor-respiratory coupling in novice female runners: A proof-of-concept study
	Introduction
	Guiding LRC
	Aims  hypotheses

	Methods
	Sample
	Breathtool app
	Instruments
	Study design
	Step-only feedback
	Breathtool LRC guidance

	Data processing
	Event detection
	Locomotor-respiratory coupling
	Frequency coupling and instruction adherence
	Phase coupling and entrainment
	Breathing pattern variability

	Statistical analysis

	Results
	Outdoor runs: T1 step sounds vs. T3 LRC sounds
	Frequency coupling and variability
	Phase coupling
	Within-trial T3 LRC guidance analysis

	Indoor treadmill runs: T2 step sounds vs. T4 LRC sounds
	Frequency coupling and variability
	Phase coupling
	Within-trial T4 LRC guidance analysis


	Discussion
	Frequency coupling results in context
	Phase coupling
	Relation to frequency coupling
	Phase lag

	Breathing variability: reset breaths
	Effects upon step rate
	Limitations
	Application and next steps

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


