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Abstract

Breathing plays a vital role in everyday life, and specifically during exercise it provides work-

ing muscles with the oxygen necessary for optimal performance. Respiratory inductance

plethysmography (RIP) monitors breathing through elastic belts around the chest and abdo-

men, with efficient breathing defined by synchronous chest and abdomen movement. This

study examined if providing runners with visual feedback through RIP could increase breath-

ing efficiency and thereby time to exhaustion. Thirteen recreational runners (8F, 5M) ran to

exhaustion on an inclined treadmill on two days, with visual feedback provided on one ran-

domly chosen day. Phase angle was calculated as a measure of thoraco-abdominal coordi-

nation. Time to exhaustion was not significantly increased when visual feedback was

provided (p = 1). Phase angle was not significantly predicted by visual feedback (p = 0.667).

Six participants improved phase angle when visual feedback was provided, four of whom

increased time to exhaustion. Four participants improved phase angle by 9˚ or more, three

of whom increased time to exhaustion. Participants who improved phase angle with visual

feedback highlight that improving phase angle could increase time to exhaustion. Greater

familiarization with breathing techniques and visual feedback and a different paradigm to

induce running fatigue are needed to support future studies of breathing in runners.

Introduction

Running has been established as one of the most popular forms of physical activity in the

United States for several years [1]. Running, like any form of exercise, has metabolic require-

ments that the body must meet, and a primary way that the body meets these requirements is

through breathing [2]. Breathing allows for the exchange of oxygen and carbon dioxide

between the lungs and blood, and the heart pumps oxygen-carrying red blood cells to the

working muscles for fuel, which allows muscle contractions to continue through the
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production of adenosine triphosphate via the metabolic pathways of glycolysis and mitochon-

drial respiration [3–6]. Through maximum oxygen uptake testing, it is known that those who

are better at exchanging oxygen with the body can perform endurance exercise for longer peri-

ods of time [7, 8].

The most efficient breathing entails the chest and abdomen expanding and contracting in

synchrony, which allows for no interference with the contracting diaphragm and maximal air

intake into the lungs, therefore maximizing the amount of oxygen going into the bloodstream

with each breath [9–12]. The breathing technique of the chest and abdomen expanding and

contracting in synchrony has been implemented in various settings previously, which ulti-

mately showed improved oxygen intake in a population of participants with chronic obstruc-

tive pulmonary disease [9] as well as reduced oxidative stress in the bloodstream following

exhaustive exercise [10]. Furthermore, on breathing in general during exercise, tidal volume

has been shown to be relevant to exertion level and maximal oxygen uptake [11], and individu-

als with more synchronous chest and abdomen movements during a graded run experienced

less oxygen desaturation [12]. Combining these aspects of efficient breathing and breathing

during exercise, improving breathing patterns during exercise could lead to performance

improvements through improved oxygen exchange.

This efficient breathing can be measured and displayed in real time using respiratory induc-

tance plethysmography (RIP) [13–16], creating an opportunity to use RIP for biofeedback

training. RIP is a non-invasive method of monitoring breathing through the placement of elas-

tic belts around the chest and abdomen, referred to as RIP belts, that vary their voltage outputs

as their circumference changes [17]. RIP has been shown to be reliable and accurate when

compared to other measurements of breathing at rest [18, 19] and during exercise [20–24].

While there have been studies that have attempted to alter breathing pattern during exercise

[25–27], there are no studies that have investigated if optimizing breathing patterns can

improve running performance. Breathing for chest and abdomen synchronicity has been

taught previously [28] but has not been applied in sport-based research.

Synchrony between the chest and abdomen is quantified through the absolute value of the

phase angle [20, 22, 29]. Phase angle values range from 0–180˚, where a value of 0˚ signifies

perfectly synchronous movement of the chest and abdomen, shown in Fig 1. Common phase

angle values of humans range from 0–24˚ at rest [13] and average out to approximately 20˚

during exercise to exhaustion [20].

Given that the body relies on breathing to carry out physical demands and that breathing in

healthy individuals is typically not optimally efficient while at rest or exercising [12, 13], this

study sought to examine if time to exhaustion of runners using an inclined graded running

paradigm could be increased if real-time visual feedback on the breathing pattern of the chest

and abdomen was provided during an exhaustive run. It was hypothesized that having visual

feedback during the run would improve breathing efficiency, in turn leading to an increased

time to exhaustion.

Materials and methods

Participant population

Thirteen adult recreational runners (eight females, five males) participated in this study, with

recreational runners defined as those who run eight to thirty-two kilometers per week on aver-

age. Participant demographics are provided in Table 1. All participants did not have a previous

lower limb surgery, medically diagnosed breathing deficiency, nor a running related injury in

the past six months [30]. All participants filled out an initial contact survey to ensure the previ-

ously mentioned criteria were met. The methods of this study were approved by the
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Biomedical Institutional Review Board at The Ohio State University (approval number

2019H0183) and all participants provided written informed consent prior to beginning the

study.

Testing overview

Participants were brought to the laboratory on two separate days for testing. The testing days

were separated by at least one week and participants were instructed to refrain from exercise

within twenty-four hours of testing times to avoid possible impacts on testing day performance

[23, 31–33]. All participants were instructed to wear comfortable running attire and the same

self-provided shoes for both testing days.

The desired sample size for this study was estimated at fifteen participants, based on similar

research involving exercise across multiple testing days that ultimately reported significant

Fig 1. Chest and abdomen plots during a single breath. Reproduced from Sivan et al. [13]. Sample phase angles from chest (RC)

and abdomen (ABD) data for three different single breaths: synchronous, asynchronous, and paradoxical. The variable m is the

distance between the intercepts of the chest and abdomen loop with a horizontal line halfway between the minimum and maximum

chest excursions, while the variable s is the maximum abdomen excursion. Phase angle is then calculated by taking the inverse sine of

m/s, with the values always ranging between 0 and 180 degrees. Perfectly synchronous breathing is signified by a value of zero

degrees.

https://doi.org/10.1371/journal.pone.0270335.g001

Table 1. Participant demographics.

Participant Sex (M/F) Age (years) Height (cm) Weight (kg) Self-Reported Average km Run per Week Days between Testing Visits

1 F 19 165 56 14 7

2 M 22 183 79 10 19

3 M 24 189 82 27 39

4 F 28 173 67 10 14

5 F 41 164 71 32 8

6 F 22 170 61 8 30

7 F 35 168 70 24 35

8 M 22 183 91 26 7

9 M 21 175 64 26 16

10 F 24 163 50 19 7

11 F 23 170 78 32 7

12 F 20 170 60 13 14

13 M 31 177 73 16 12

Mean - 25.5 173.0 69.4 19.8 16.5

SD - 6.5 8.1 11.4 8.6 11.2

https://doi.org/10.1371/journal.pone.0270335.t001
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differences in performance due to dietary supplements [31, 33–36]. Of these studies, three spe-

cifically involved exercise to exhaustion [34–36] and the largest sample size was twelve [34].

On both testing days, participants completed a graded treadmill fatigue protocol to volun-

tary exhaustion [36]. On one of these testing days, real-time visual feedback on chest and abdo-

men expansion was provided to the participant during the run. Block randomization was used

to ensure an even split of visual feedback on the first and second testing visits across the entire

population. All running was performed on a Bertec split-belt instrumented treadmill (Bertec

Corp., Columbus, OH).

Visual feedback animations

A visual feedback interface was created in LabVIEW, consisting of two sets of images that were

animated in sequence based on the voltage outputs from the RIP belts. Each set of images was

independently controlled by its corresponding RIP belt. The chest was represented by an

umbrella and the abdomen was represented by a rose, shown in Fig 2. The umbrella and rose

were selected at the suggestion of a physical therapist, as they are common objects that can eas-

ily be interpreted by participants when wearing the RIP belts. A twenty-inch computer moni-

tor was mounted to the front of the treadmill to provide feedback on the needed testing day,

shown in Fig 3.

Treadmill fatigue protocol

The treadmill fatigue protocol entailed setting the treadmill to a fixed three-degree incline with

a starting speed of 2.25 m/s. Every minute, the treadmill would increase speed by 0.0833 m/s

with an acceleration of 0.25 m/s2. At the fifty-eighth second of every minute, a two-second

beep would occur to notify the participant that the treadmill speed was about to increase. This

protocol was selected based on similar research involving a running population undergoing

treadmill testing to exhaustion [36] and to ensure that this wide-ranging population of runners

all reached a true exhaustion point rather than simply not being able to move their legs fast

enough to keep pace with the treadmill. An additional LabVIEW program was created to con-

trol the treadmill, which included automated speed changes and audible alerts. Prior to under-

going the treadmill fatigue protocol at a three-degree incline on each testing day, participants

ran a five-minute warmup on the treadmill at a self-selected speed with no incline. The tread-

mill warmup speed was the same on both testing days for each participant. No visual feedback

on breathing nor instruction for breathing were provided prior to the five-minute warmup.

One-minute of rest followed this warmup.

Breathing instructions for participants during the fatiguing run

Participants were provided with breathing information during the one-minute of rest after the

warmup for the upcoming run to exhaustion. On both testing days, participants were told that

the most efficient breathing entails the chest and abdomen expanding and contracting in syn-

chrony and to try to exhibit this breathing pattern during the entire run. If the testing day did

not include visual feedback, only this verbal explanation was provided. If the testing day

included visual feedback, the visual feedback animations being displayed on the monitor were

explained. Any questions the participant had pertaining to breathing or the animations were

answered before beginning the fatigue protocol.

Participants were instructed to run to volitional exhaustion and to signal to the research

team when this point was reached so the treadmill could be stopped.
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Equipment placement

Equipment placed on participants for all running tasks included two RIP belts placed around

the chest and abdomen, a neoprene belt containing the data collection unit, a heart rate

Fig 2. Visual representation of the abdomen and chest animations. The abdomen is represented by the rose and the chest is represented by the umbrella with

each being independently controlled by the respective RIP belt. A change in the circumference of a belt results in a change in the voltage being output by the

belt. The animations were programmed to change images based on these changes in voltage outputs. The actual animations contained 194 images for the rose

and 156 images for the umbrella over the range of possible voltages.

https://doi.org/10.1371/journal.pone.0270335.g002
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monitor, and a safety harness, shown in Fig 4. The RIP belts were consistently placed on the

participant with the chest belt at the level of the xyphoid process and below the pectoral mus-

cles, and the abdomen belt at the level of the navel, as previous RIP research has prescribed

[37, 38]. A neoprene belt with hook and loop fabric covering (CoreX Therapy, Perfect Practice,

Inc.) was placed at the level of the waist to house the additional equipment needed for RIP,

which included a BioRadio and two interface cables (Great Lakes NeuroTechnologies, Cleve-

land, OH). A Polar H7 heart rate monitor (Polar Electro Inc., Bethpage, NY) was placed on

bare skin between the previously mentioned RIP belts. Each participant was fit with a custom-

Fig 3. Treadmill display. The monitor mounted to the front of the treadmill that displayed the animations for real-

time visual feedback.

https://doi.org/10.1371/journal.pone.0270335.g003
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made harness [39] composed of two hammock straps (ENO Suspension, Asheville, NC) to pre-

vent an injurious fall should they lose their footing.

Data collection and processing

Breathing data were collected during the five-minute warmup and the fatigue protocol at 250

Hz. VivoSense version 3.3 (VivoSense, Newport Coast, CA) was used to filter and analyze the

breathing data, which has been commonly used in exercise research with RIP [20–23]. Fig 5

illustrates the data processing steps automatically performed by VivoSense [14, 40, 41] to cal-

culate the phase angle on a breath-by-breath basis for a typical breath in this dataset. A low-

pass Butterworth filter (1.4 Hz cutoff) was applied to the breathing data, which has been

shown to remove signal values that were generated from causes outside of breathing [23]. Volt-

ages were converted to volumes for the chest and abdomen using a standard calibration algo-

rithm, and the calibration weights the abdomen and chest bands with equal unit weighting.

Fig 4. Equipment worn by participants. Anterior and posterior view of the equipment worn by participants while running. This equipment included two RIP

belts, a heart rate monitor, a harness, and a neoprene belt. The neoprene belt housed the BioRadio, which was used to detect changes in voltage outputs of the

belts, and additionally was where excess wiring from the RIP belts to the BioRadio was held down.

https://doi.org/10.1371/journal.pone.0270335.g004
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Fig 5. The process used by VivoSense to calculate phase angle for each breath. The entire process undergone by raw chest and abdomen

data to calculate phase angle for a single breath.

https://doi.org/10.1371/journal.pone.0270335.g005
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The tidal volume is calculated as the sum of each filtered and scaled chest and abdomen point

over time, thus forming another sinusoidal wave. Tidal, chest, and abdomen volumes are then

proportionately scaled so that the average tidal volume over the entire testing session is

400mL. Detection of the beginning of inhalation for each breath was performed by (a) detect-

ing the first incidence of a positive slope in the tidal volume, and (b) checking that the peak-to-

trough change from the previous beginning of inhalation was greater than 48mL [41], also

known as breath reversal detection. Once each breath, i.e. the interval from one beginning of

inhalation to the next, had been identified, the phase angle for each breath could be calculated,

as explained in Fig 1. These computations assume that chest and abdomen excursions are sinu-

soidal, so the filtered and calibrated chest and abdomen data form a loop (Fig 5, bottom).

Breath-by-breath phase angle values were then averaged over the entire duration of the specific

run of interest. Thus, three average phase angle values were calculated for each participant:

warmup, run to exhaustion with visual feedback, and run to exhaustion without visual

feedback.

Time to exhaustion was defined as the duration of the fatigue protocol from the beginning

of the inclined run to volitional exhaustion. Heart rate beats per minute (BPM) data were out-

put and recorded every minute during the fatigue protocol via the Polar Beat: Run & Fitness

iOS application.

Statistical analyses

For consistency across all variables of interest, univariate regression analyses were used to

identify significant relationships for all continuous and logistic variables. Pairwise Pearson cor-

relation coefficients were calculated for the variables of time to exhaustion, phase angle,

warmup phase angle, age, sex, height, weight, a participant’s kilometers run per week, days

between testing periods, testing visit, and whether visual feedback was provided. Univariate

linear regressions were performed for the dependent variables of time to exhaustion and phase

angle using the variables listed previously as predictors. Statistical significance was set a priori
at α = 0.05. No correction for multiple comparisons was performed due to the exploratory

nature of this study. All statistical analyses were performed in SPSS version 26 (IBM, Armonk,

NY).

Results

Phase angle and time to exhaustion

Table 2 provides phase angle and time to exhaustion values for all participants during the runs

to exhaustion on the inclined treadmill at increasing speed. The mean of the two warmup peri-

ods is reported as one warmup phase angle as the warmup is intended to provide a reference

to a participant’s uninstructed breathing pattern. Consistency of the phase angle during the

runs to exhaustion was confirmed with no statistically significant difference between the phase

angle during the first half of the run (mean 19.7˚ ±8.3˚) and the second half of the run (mean

19.0˚ ±8.6˚) (p = 0.676).

Fig 6 provides a visualization of each participant’s performance with respect to phase angle

and time to exhaustion. Each point was calculated by subtracting a participant’s mean value

from the treadmill fatigue protocol with no visual feedback from the treadmill fatigue protocol

with visual feedback.

Time to exhaustion was not significantly predicted by phase angle (p = 0.853), nor having

visual feedback provided (p = 1). Phase angle was not significantly predicted by having visual

feedback provided (p = 0.667). The phase angle from the five-minute warmup significantly

predicted phase angle during the runs to exhaustion (p = 0.045), meaning that those with a
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better mean phase angle during the five-minute warmup showed a better mean phase angle

during the runs to exhaustion.

Findings for other variables

Initial and final heart rates were not significantly different across testing visits (p = 0.552 and

p = 0.802 respectively). Time to exhaustion was not significantly predicted by the order of test-

ing visits (p = .919).

Discussion

Phase angle and time to exhaustion for the participant population

Phase angles were not significantly different across the entire group when comparing the five-

minute warmup, visual feedback, and no visual feedback phase angle values. Moreover, the

phase angle did not change significantly from start to end of the run to exhaustion. Our mean

phase angle from the runs to exhaustion in this study of 19.4˚ (±7.7˚) was similar to the mean

phase angle of ten healthy adults undergoing an incremental treadmill protocol to exhaustion

in another study (20.0˚) [20].

No learning effect was observed with the treadmill fatigue protocol when going from the

first testing day to the second, as time to exhaustion was not significantly different between the

two (p = 0.919).

The observed time to exhaustion in our participants differed from the most similar study in

the literature [36], but this difference is most likely due to the fact that Fraga et al. tested well-

trained males while our participants were a mix of recreational athletes who run less than 32

kilometers per week. Other studies of time to exhaustion often used cycling instead of running,

but we chose running due to its popularity at both a casual and competitive level. The study’s

hypothesis that an improvement in breathing could lead to an increased time to exhaustion

Table 2. Phase angle and time to exhaustion data for all participants.

Participant Avg. Phase Angle

from Warmup

(Deg.)

Avg. Phase Angle

with Visual

Feedback (Deg.)

Avg. Phase Angle

No Visual

Feedback (Deg.)

Phase Angle Difference

(Visual Feedback–No

Visual Feedback)

Visual

Feedback Time

to Ex. (s)

No Visual

Feedback Time

to Ex. (s)

Time to Exhaustion

Difference (Visual

Feedback–No Visual

Feedback)

11 24.8 15.7 31.6 -15.9 430.4 418.4 12.0

13 22.8 7.8 17.8 -10.0 1025.9 960.8 65.1

12 13.4 8.3 17.6 -9.2 378.3 362.5 15.8

9 14.5 20.1 29.1 -9.0 1309.6 1337.5 -27.9

10 14.7 11.6 12.3 -0.6 542.9 540.9 1.9

1 38.6 13.8 14.0 -0.2 488.9 516.2 -27.3

5 19.0 20.3 20.2 0.1 323.8 300.9 22.9

7 12.7 11.9 11.1 0.9 369.6 397.8 -28.2

2 20.1 26.7 25.3 1.4 766.4 805.6 -39.2

6 23.6 31.9 29.7 2.1 362.0 356.0 6.0

4 36.8 31.4 25.4 6.0 373.8 484.7 -110.9

3 11.8 21.1 14.3 6.9 563.1 521.0 42.1

8 29.4 22.8 12.4 10.4 729.9 661.8 68.1

Mean 21.7 18.7 20.1 -1.3 589.6 589.6 0.0

SD 8.9 8.1 7.3 7.6 297.2 292.7 48.1

Sorted from greatest phase angle improvement to least. Shaded rows indicate a phase angle improvement of 9.0˚ or greater.

https://doi.org/10.1371/journal.pone.0270335.t002
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would be of interest to runners at any level, we chose to test recreational runners under the

assumption that they were less likely to have previously learned any type of breathing tech-

nique for running than more experienced runners.

Phase angle improvement and time to exhaustion

An improvement in phase angle did not significantly correlate with an increased time to

exhaustion in this participant population. However, six participants had an improved phase

angle during the run to exhaustion with visual feedback when compared to the run to exhaus-

tion without visual feedback. Of these six participants, four increased time to exhaustion with

visual feedback when compared to no visual feedback. Furthermore, there were four partici-

pants that had phase angle improvements of 9.0˚ or more, shown by the shaded rows in

Table 2, three of whom had a positive time to exhaustion difference.

Analysis of these sub-groups suggests that improving phase angle could lead to an increase

in time to exhaustion. However, not all participants improved phase angle when visual feed-

back was provided. This result could be due to several factors, but a primary one was likely the

short familiarization period with the breathing technique of having the chest and abdomen

expand and contract in synchrony. This breathing technique has been taught explicitly in pre-

vious research [28] and has been shown to have positive impacts on subjects when applied in

various settings [9, 10] as it ultimately allows for the maximum amount of oxygen to enter the

bloodstream with each breath [9–12]. Had greater steps been taken to familiarize participants

Fig 6. Differences in time to exhaustion vs. differences in phase angle. Each point was calculated by taking the values of phase angle and time to exhaustion

from the visual feedback testing day and subtracting these same corresponding variable values from the testing day with no visual feedback for each participant.

The colors of the points signify the quadrant that the point lies in, with red representing quadrant I, green for quadrant II, yellow for quadrant III, and orange

for quadrant IV.

https://doi.org/10.1371/journal.pone.0270335.g006

PLOS ONE Receiving breathing feedback while running to exhaustion

PLOS ONE | https://doi.org/10.1371/journal.pone.0270335 July 7, 2022 11 / 16

https://doi.org/10.1371/journal.pone.0270335.g006
https://doi.org/10.1371/journal.pone.0270335


with the breathing technique, either through teaching or allowing participants to become

familiarized with the visual feedback animations prior to running, there is potential that an

improvement in phase angle and thus an increase in time to exhaustion could have been more

prominent across all participants.

Furthermore, the mean phase angle from the runs to exhaustion being significantly pre-

dicted by the mean phase angle from the warmup shows the difficulty of changing breathing

pattern with minimal time to practice or learn a new breathing method. It was hypothesized

that the animations and instructions would be enough to cause significant change to the

breathing pattern of a participant, but this level of familiarization was not enough to induce

greater synchrony across all participants, further illustrating the need for practice with any

type of new breathing technique.

Future work and limitations

An improvement in phase angle did not ultimately lead to an increase in time to exhaustion

across the entire study population. Looking specifically at participants who improved phase

angle when visual feedback was provided, there is a possibility that time to exhaustion can be

increased with an improved phase angle. An effective and efficient pulmonary system is

important for endurance exercise performance, as several respiratory system-related mecha-

nisms can impair oxygen delivery to locomotor muscles, such as arterial desaturation, and

compromised cardiac output due to the demands of respiratory work [42]. Whether these fac-

tors played a role in our short-duration maximal exercise protocol and/or are related to phase

angle remains to be tested. In the future, a more prolonged endurance effort with additional

measures of breathing efficiency, such as VE/CO2 could address additional potential impacts

of the intervention.

Not all participants improved phase angle with visual feedback. As such, one obstacle is

ensuring that all participants are breathing in the instructed manner of having the chest and

abdomen expand and contract in synchrony. While subjective feedback from participants on

the biofeedback system was not collected in a structured way in this study, participants were

told to let the research team know if any breathing instructions were unclear or if they experi-

enced any shortness of breath while running, and ultimately no participants reported any con-

fusion on instructions or dyspnea during running. Thoraco-abdominal synchrony can be

improved by manual breathing re-education methods or having a familiarization session for

the participant with visual feedback. Given that this specific technique of visual feedback on

breathing has not been used before, additional studies to gauge the time required for partici-

pants to fully learn this biofeedback technique are needed. With an established re-education

method or familiarization session in place for future work, further time-series analyses can be

done to observe phase angle patterns over time.

As shown in Table 2, the average time to exhaustion in this population of recreational run-

ners was under 10 minutes, with six participants reaching volitional exhaustion in less than

seven minutes. Studies with similar research objectives across multiple testing days [31, 33] uti-

lized protocols that had participants exercise at a constant pace for an extended period which

led to significant differences between the testing days. This further illustrates the potential lim-

itation that a lower-intensity constant-pace run could lead to a larger difference observed

between the two testing days. A constant-pace protocol tailored to each participant could fur-

ther isolate the variable of breathing during maximal exertion exercise as participants would

not need to meet the neuromuscular demands associated with increasing cadence throughout

the protocol. As stated previously, given that the population in this study ran a wide-ranging

number of kilometers per week, our protocol was selected to ensure that each individual could
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reach a true exhaustion point rather than not being able to keep pace with the treadmill. Ensur-

ing that participants reached a true exhaustion point in each testing session allowed us to con-

fidently analyze the role that breathing played during maximal exertion exercise, and the role

that breathing plays could potentially be greater in a constant-pace protocol. As with many

physiological questions, the findings of this study are somewhat specific to the exercise proto-

col performed.

A primary limitation of this study was not having a testing day with a run to exhaustion

without visual feedback or breathing instructions. This was not done for the primary reason of

time commitment for participants, as well as the study ultimately being designed to isolate the

impact that visual feedback had on participants. Our observation of time to exhaustion not

being significantly predicted by the order of testing visits also suggests that the verbal or visual

cues given on the first testing visit did not affect the results on the second testing visit. Addi-

tional limitations included the specific population tested and the fatigue protocol that partici-

pants were put through. It is possible that other running populations (such as novice runners

of less than eight kilometers per week or more experienced runners of more than thirty-two

kilometers per week) may have baseline phase angles that are inefficient and could see benefits

from having visual feedback provided. Indirect calorimetry and spirometry testing on a sepa-

rate day could be used in future studies to directly relate phase angle to other breathing and

metabolic variables to determine the impact of visual feedback on running economy. It is also

unknown to what extent the harness worn by participants impacted their breathing pattern,

but it was assumed to have minimal influence. An additional limitation is the use of visual

feedback for breathing instruction, which cannot be directly translated to overground running.

However, given the lack of existing knowledge on whether breathing patterns during running

can be changed at all, we believe that an approach providing clear, unambiguous feedback is a

valuable first step to motivate the development of and assess the efficacy of other more portable

types of feedback such as audio or haptic feedback [27]. Moreover, while many runners prefer

field running, treadmill running is also very common, especially during wet or cold seasons.

Therefore, we believe that further investigation of visual feedback to determine the upper lim-

its of breathing training would be useful in parallel to developing non-visual breathing feed-

back approaches for overground running. Lastly, even with filtering applied to the raw

voltages from the RIP bands based on the recommendations from previous studies [23] and a

minimum tidal volume of 48mL used to minimize the number of erroneous breaths identified,

over-identification of breaths could lead to noise in the estimation of the average phase angle.

The dynamic nature of running with large vertical accelerations of the torso could have exacer-

bated this problem relative to studies of breathing during walking, sitting, or lying down.

Conclusions

Visual feedback did not consistently lead to increased breathing efficiency or time to exhaus-

tion across a population of healthy recreational runners. However, sub-analysis of participants

with a phase angle improvement reveals the possibility that time to exhaustion can be

increased if breathing improvements are made. Familiarization with any form of visual feed-

back or breathing technique should be of utmost importance in future studies.
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26. Bahensky P., Bunc V., Malátová R., Marko D., Grosicki G. J., and Schuster J., 2021. Impact of a breath-

ing intervention on engagement of abdominal, thoracic, and subclavian musculature during exercise, a

randomized trial. Journal of Clinical Medicine 10 (16): 3514. https://doi.org/10.3390/jcm10163514

PMID: 34441810

27. Valsted, F.M., Nielsen, C.V.H., Jensen, J.Q., Sonne, T., and Jensen, M.M., 2017. Strive: exploring

assistive haptic feedback on the run. Proceedings of the 29th Australian Conference on Computer-

Human Interaction (OzCHI 2017): 275–84.

28. Chitkara D.K., Van Tilburg M., Whitehead W.E., and Talley N.J., 2006. Teaching diaphragmatic breath-

ing for rumination syndrome. The American Journal of Gastroenterology 101 (11): 2449–52. https://doi.

org/10.1111/j.1572-0241.2006.00801.x PMID: 17090274

29. Johnson M.L., and Suratt P., 2004. Quantifying asynchronous breathing. Methods in Enzymology 384:

130–38. https://doi.org/10.1016/S0076-6879(04)84009-6 PMID: 15081685

30. Van Middelkoop M., Kolkman J., Van Ochten J., Bierma-Zeinstra S.M.A., and Koes B., 2008. Preva-

lence and incidence of lower extremity injuries in male marathon runners. Scandinavian Journal of Med-

icine and Science in Sports 18 (2): 140–44. https://doi.org/10.1111/j.1600-0838.2007.00683.x PMID:

17555538

31. Utter A.C., Kang J., Nieman D.C., Williams F., Robertson R.J., Henson D.A., et al., 1999. Effect of car-

bohydrate ingestion and hormonal responses on ratings of perceived exertion during prolonged cycling

and running. European Journal of Applied Physiology and Occupational Physiology 80 (2): 92–99.

https://doi.org/10.1007/s004210050563 PMID: 10408318

32. Albertus Y., Tucker R., Gibson A.S.C., Lambert E.V., Hampson D.B., and Noakes T.D., 2005. Effect of

distance feedback on pacing strategy and perceived exertion during cycling. Medicine and Science in

Sports and Exercise 37 (3): 461–68. https://doi.org/10.1249/01.mss.0000155700.72702.76 PMID:

15741846

PLOS ONE Receiving breathing feedback while running to exhaustion

PLOS ONE | https://doi.org/10.1371/journal.pone.0270335 July 7, 2022 15 / 16

https://doi.org/10.1002/ppul.1950190305
https://doi.org/10.1002/ppul.1950190305
http://www.ncbi.nlm.nih.gov/pubmed/7792119
https://doi.org/10.1378/chest.124.5.1812
https://doi.org/10.1378/chest.124.5.1812
http://www.ncbi.nlm.nih.gov/pubmed/14605053
https://doi.org/10.1115/1.4035546
http://www.ncbi.nlm.nih.gov/pubmed/28289485
http://www.ncbi.nlm.nih.gov/pubmed/4041657
https://doi.org/10.1002/ppul.1950140308
http://www.ncbi.nlm.nih.gov/pubmed/1480445
https://doi.org/10.1378/chest.111.4.910
http://www.ncbi.nlm.nih.gov/pubmed/9106568
https://doi.org/10.1378/chest.128.3.1282
https://doi.org/10.1378/chest.128.3.1282
http://www.ncbi.nlm.nih.gov/pubmed/16162719
https://doi.org/10.1016/j.resp.2006.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16503424
https://doi.org/10.1016/j.resp.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19505672
https://doi.org/10.1249/MSS.0000000000000130
http://www.ncbi.nlm.nih.gov/pubmed/24042313
https://doi.org/10.3390/s21165606
http://www.ncbi.nlm.nih.gov/pubmed/34451048
https://doi.org/10.1016/j.resp.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21763472
https://doi.org/10.3390/jcm10163514
http://www.ncbi.nlm.nih.gov/pubmed/34441810
https://doi.org/10.1111/j.1572-0241.2006.00801.x
https://doi.org/10.1111/j.1572-0241.2006.00801.x
http://www.ncbi.nlm.nih.gov/pubmed/17090274
https://doi.org/10.1016/S0076-6879%2804%2984009-6
http://www.ncbi.nlm.nih.gov/pubmed/15081685
https://doi.org/10.1111/j.1600-0838.2007.00683.x
http://www.ncbi.nlm.nih.gov/pubmed/17555538
https://doi.org/10.1007/s004210050563
http://www.ncbi.nlm.nih.gov/pubmed/10408318
https://doi.org/10.1249/01.mss.0000155700.72702.76
http://www.ncbi.nlm.nih.gov/pubmed/15741846
https://doi.org/10.1371/journal.pone.0270335


33. Backhouse S.H., Biddle S.J.H., Bishop N.C., and Williams C., 2011. Caffeine ingestion, affect and per-

ceived exertion during prolonged cycling. Appetite 57 (1): 247–52. https://doi.org/10.1016/j.appet.

2011.05.304 PMID: 21605608

34. Bell D.G., Jacobs I., and Zamecnik J., 1998. Effects of caffeine, ephedrine and their combination on

time to exhaustion during high-intensity exercise. European Journal of Applied Physiology 77 (5): 427–

33. https://doi.org/10.1007/s004210050355 PMID: 9562293

35. Denadai B.S., and Denadai M.L.D.R., 1998. Effects of caffeine on time to exhaustion in exercise per-

formed below and above the anaerobic threshold. Brazilian Journal of Medical and Biological Research

31 (4) 581–85. https://doi.org/10.1590/s0100-879x1998000400017 PMID: 9698813

36. Fraga C., Velasques B., Koch A.J., Machado M., Paulucio D., Ribeiro P., et al., 2017. Carbohydrate

mouth rinse enhances time to exhaustion during treadmill exercise. Clinical Physiology and Functional

Imaging 37 (1): 17–22. https://doi.org/10.1111/cpf.12261 PMID: 26302885

37. Swanson R., 2009. Calling for a specific placement site for thoracic effort belt. Sleep Diagnosis and

Therapy 4 (4): 24–25.

38. Seppänen T.M., Alho O.P., and Seppänen T., 2013. Reducing the airflow waveform distortions from

breathing style and body position with improved calibration of respiratory effort belts. BioMedical Engi-

neering OnLine 12 (1): 97. https://doi.org/10.1186/1475-925X-12-97 PMID: 24073710

39. Taboga P., Beck O.N., and Grabowski A.M., 2020. Prosthetic shape, but not stiffness or height, affects

the maximum speed of sprinters with bilateral transtibial amputations. PLOS ONE. 15 (2): e0229035.

https://doi.org/10.1371/journal.pone.0229035 PMID: 32078639

40. Sackner M.A., Watson H., Belsito A.S., Feinerman D., Suarez M., Gonzalez G., et al., 1989. Calibration

of respiratory inductive plethysmograph during natural breathing. Journal of Applied Physiology 66 (1):

410–20. https://doi.org/10.1152/jappl.1989.66.1.410 PMID: 2917945

41. VivoSense, Inc., 2018. VivoSense user manual—complex respiratory analysis (CRA). Version 3.1:

1–24. https://www.vivosense.com/hubfs/documents/complex-respiratory-analysis.pdf?hsLang=en

42. Amann M., 2012. Pulmonary system limitations to endurance exercise performance in humans. Experi-

mental Physiology 97 (3): 311–18. https://doi.org/10.1113/expphysiol.2011.058800 PMID: 22125308

PLOS ONE Receiving breathing feedback while running to exhaustion

PLOS ONE | https://doi.org/10.1371/journal.pone.0270335 July 7, 2022 16 / 16

https://doi.org/10.1016/j.appet.2011.05.304
https://doi.org/10.1016/j.appet.2011.05.304
http://www.ncbi.nlm.nih.gov/pubmed/21605608
https://doi.org/10.1007/s004210050355
http://www.ncbi.nlm.nih.gov/pubmed/9562293
https://doi.org/10.1590/s0100-879x1998000400017
http://www.ncbi.nlm.nih.gov/pubmed/9698813
https://doi.org/10.1111/cpf.12261
http://www.ncbi.nlm.nih.gov/pubmed/26302885
https://doi.org/10.1186/1475-925X-12-97
http://www.ncbi.nlm.nih.gov/pubmed/24073710
https://doi.org/10.1371/journal.pone.0229035
http://www.ncbi.nlm.nih.gov/pubmed/32078639
https://doi.org/10.1152/jappl.1989.66.1.410
http://www.ncbi.nlm.nih.gov/pubmed/2917945
https://www.vivosense.com/hubfs/documents/complex-respiratory-analysis.pdf?hsLang=en
https://doi.org/10.1113/expphysiol.2011.058800
http://www.ncbi.nlm.nih.gov/pubmed/22125308
https://doi.org/10.1371/journal.pone.0270335

