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Abstract

Background: The standard bag-valve mask (BVM) used universally requires that a sin-

gle healthcare practitioner affix the mask to the face with 1 hand while compressing

a self-inflating bag with the second hand. Studies have demonstrated that creating a

2-handed seal (with 2 healthcare practitioners) is superior. Our study aims to assess

the efficacy of a novel single-practitioner BVM device that uses a foot pedal as the

bag compressor, allowing both hands to be available for the seal to facilitate delivery

of appropriate tidal volumes during single-practitioner resuscitation.

Methods:Thiswas a prospective, randomized, cross-over study. Participantswith vari-

ousBVMventilation experience performed2minutes ofmetronome-guidedBVMven-

tilation using a standard BVM and the pedal-operated compressor on a high-fidelity

simulation mannequin. Analysis examining differences in mean tidal volume delivered

was conductedusinga regressionmodel that adjusted for covariates.A secondaryanal-

ysis using a series ofWilcoxon tests was conducted to compare differences in the addi-

tional out-of-range sensed breaths metrics to compare differences by prior BVM ven-

tilation experience.

Results: A total of 58 subjects participated. The pedal-operated compressor unad-

justedmean tidal volumedeliveredwas446.5mL (95%confidence interval [CI], 425.9–

467.1) compared with 340.6 mL (95% CI, 312.2–369.0) by standard BVM (mean

change, 105.9 mL [95% CI, 71.2–140.6]; P < .001). When modeling a generalized esti-

mation equation regression model, standard BVM ventilation provided a mean dif-

ference of 105.9 mL less than pedal-operated compressor ventilation after adjusting

for covariates (P = 0.01). For the secondary outcome, the pedal-operated compres-

sor did have a significantly lower median number of out-of-range breaths (median, 3;

interquartile range [IQR], 1–11.5) compared with the standard device (median, 13.5;

IQR, 6–19; P< 0.001).
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Conclusions:Use of a novel pedal-operated compressor may allow a single healthcare

practitioner, regardless of prior experience, to deliver consistent, appropriate tidal vol-

umes with more ease compared with the standard BVM during manual respiratory

resuscitation.
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1 INTRODUCTION

1.1 Background

Bag-valve-mask (BVM) ventilation is a critical life-saving interven-

tion for airway management in patients whose respiratory drive is

insufficient to effectively ventilate and oxygenate. This is especially

important in settings where healthcare practitioners are not trained in

advanced airway maneuvers such as intubation. BVM ventilation can

be used indefinitely until an advanced airway is established.1,2 Tradi-

tionally, BVM is performed by creating a seal with a facemask over the

nose andmouthwith 1handwhile compressing a self-inflating bagwith

the other hand to provide positive pressure ventilation.3 The seal qual-

ity is critical for effective ventilation.

1.2 Importance

The ergonomics of BVM ventilation requires pushing on the face with

the index finger and thumb while lifting the jaw into the mask with the

middle, ring, and pinky fingers. This operation proves difficult for many

clinicians, especially thosewith smaller hands.4 This ismademore chal-

lenging if the patient is obese or has a beard.5 Studies have shown

that a large percentage of ventilation is inadequate as a result of weak

grip strength and other challenges associated with operating existing

BVM devices.6,7 Research demonstrates that creating a 2-handed seal

is superior to a single-handed seal, allowing for more reliable tidal vol-

ume delivery during resuscitation with minimal fatigue.8–10 However,

this technique requires 2 dedicated airway personnel, which is not

always feasible or ideal in less-resourced settings. These include set-

tings where limited staff are available for resuscitations, such as some

community hospitals, and settings where space is limited at the head

of the bed such that 2 healthcare practitioners cannot feasibly provide

2-person, dedicated airwaymanagement simultaneously (eg, an ambu-

lance). Having a pedal-operated compressor, which requires minimal

physical space, can be an effective means to provide a 2-handed seal

with a single healthcare practitioner and thus deliver more effective

ventilation in the emergency setting.

1.3 Goals of this investigation

We aimed to compare the efficacy of a pedal-operated compressor,

a novel single-practitioner BVM device that uses a foot pedal as the

bag compressor, against a standard self-inflating BVM device. The

addition of a foot pedal introduces a “third limb” allowing for a sin-

gle healthcare practitioner to use a 2-handed seal. We hypothesized

that allowing both hands to be available to create a seal on the face

would allow for efficient delivery of appropriate tidal volumes during

single-practitioner respiratory resuscitation. Delivering andmeasuring

appropriate tidal volume is the optimal metric of effective manual ven-

tilation as established bymanufacturers and prior research.11–15

2 METHODS

2.1 Study design and population

We conducted a prospective, randomized, cross-over study compar-

ing the efficiency of a prototype of a pedal-operated compressor

to the standard BVM. We performed the study at Rhode Island

Hospital’s Lifespan Medical Simulation Center. The study population

was composed of emergency medical service (EMS) practitioners,

advanced practice practitioners, attending physicians, and resident

physicians from emergency medicine and non-emergency medicine

specialties. Participants delivered ventilations to a high-fidelity simula-

tionmannequinwith the standard BVMdevice and the pedal-operated

compressor. The Institutional Review Board at Lifespan Corporation

approved the study before its initiation.

2.2 Selection of participants

We recruited a convenience sample of healthcare practitioners with

varying levels of experience in respiratory resuscitation. Participants

were recruited by email and during routine graduate medical edu-

cation didactic sessions. Inclusion criteria included healthcare practi-

tioners such as EMS practitioners, residents, advanced practice practi-

tioners, fellows, and attending physicians who were board certified or

board eligible in emergency medicine, pediatric emergency medicine,

pediatrics, critical care, internal medicine, orthopedics, cardiology,

or dentistry. Eligible participants were categorized into 1 of 3 spe-

cific population groups: (1) pediatric emergency medicine/emergency

medicine practitioners, (2) EMS practitioners, and (3) non–pediatric

emergency medicine/emergency medicine practitioners. Exclusion cri-

teria included non-clinicians and those who are not EMS practitioners

as well as individuals with physical impairments that hindered use of

a standard BVM. Before starting the study, participants were asked to
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The Bottom Line

Bag-mask ventilation with a single healthcare practitioner

is challenging, and often there is significant mask leak. In a

cross-over randomized trial with 58 participants performing

ventilation on amannequin, a novel pedal-operated bag com-

pressor resulted in higher delivered tidal volumes compared

with a traditional bag-mask device, and more breaths were

delivered within a prespecified safe range.

complete a brief questionnaire regarding the following: sex, profession,

profession specific role, years of experience in their profession, num-

ber of real-life clinical scenarios they had with prior BVM ventilation

experience, hand dominance, and hand size. We obtained verbal con-

sent from all participants.

2.3 Novel pedal-operated compressor

The pedal is designed as an additional component for currently exist-

ing BVMs and is placed on the floor. A custom 3-dimensional-printed

class 2 lever pumps the bag when applying force in the vertical direc-

tion with the user’s foot. A flexible respiratory pipe indexes with the

valve and mask. The respiratory pipe extends the mask from the floor

to the patient’s face. A tension spring attached to the lever allows the

bag to inflate quickly after the bag is compressed to give a breath (Fig-

ure 1).

F IGURE 1 Participant using the novel pedal-operated device on a
high-fidelity mannequin

2.4 Intervention and comparison condition

After completing this questionnaire, participants were given an 8-

minute interactive teaching session on how to appropriately use both

devices. Participants were allowed to make adjustments (eg, change

the height of the bed, adjust placement of the device on the floor) to

optimize breath delivery with both devices.

Participants were randomly assigned by coin flip to give

metronome-guided breaths to a high-fidelity, 70-kilogram man-

nequin (Laerdal Sim Man 3G, Stavanger, Norway) with 1 of the 2

devices. After a 2-minute rest period, they were instructed to give

metronome-guided breaths with the other device. Participants were

guided to give a breath every 6 seconds for 2 minutes, for a total of

20 breaths for each device. Tidal volume data were collected with

simulation software through the mannequin. The mannequin display

was concealed so that study participants were could not see the

measured volumes.

Upon completion of breath delivery with both devices, participants

were asked to fill out a concluding questionnaire about the ease of use

of each device (Likert scale 1–5) aswell as their preference for 1 device

over the other. Theywere also given the opportunity to give subjective,

open-ended feedback on the use of each device.

2.5 Outcome

This study compared the absolute values of the mean tidal volumes

delivered by participants using the pedal-operated compressor com-

paredwith the standard device.

2.6 Sample size

Sample size was calculated using data from the Zobrist study, which

reported a significantly mean higher tidal volume with the modified

compared with standard BVM.16 Using the Zobrist data for this study,

an expected mean difference of 90 mL end tidal volume between the

standard BVM and the pedal-operated compressor, a sample size of

between 55 and 60 participants, measured on both devices, would pro-

vide a statistical power of between 0.80 and 0.90 to detect a statistical

difference, (α< 0.05).

2.7 Analysis

Screen recordings of the Laerdal Sim Man 3G (Stavenger) tidal vol-

ume display were exported as individual videos for each intervention

performed by the participants. The WebPlotDigitizer image analysis

tool (A. Rohatgi, WebPlotDigitizer, Version 4.2; https://automeris.io/

WebPlotDigitizer) was used to extract the chronological time (x-axis)

and tidal volume (y-axis) values of each detected breath recorded in

bar graph format from the video recordings. Tidal volume and chrono-

logical time data were exported in .csv format for statistical analysis.

https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
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TABLE 1 Characteristics of Study Sample

Characteristic

Sample,

N= 58

Standard BVM first

presentation, n= 31

Pedal-operated BVM

first presentation,

n= 27

Female sex, n (%) 36 (62) 18 (58) 18 (67)

Profession, n (%)

Paramedic/EMT 4 (5) 1 (3) 3 (11)

Emergencymedicine/pediatric emergency

medicine practitioner

28 (49) 13 (42) 13 (48)

Non–emergencymedicine practitioner 26 (46) 17 (55) 11 (41)

Years in profession, median (IQR) 5 (2–14) 5 (2.8–11) 5 (1.5–17.5)

Approximate number of prior total patients BVM

ventilated in the past, n (%)

<10 20 (35) 11 (35) 9 (35)

10–19 6 (10) 3 (10) 3 (10)

20–29 4 (7) 3 (7) 1 (7)

≥30 28 (48) 14 (48) 14 (48)

Shoe size, range

Female 6–11 6–10 6–11

Male 8.5–13 8.5–13 10.5–13

Handedness, n (%)

Ambidextrous 3 (5) 2 (5) 1 (5)

Left dominant 7 (12) 2 (12) 5 (12)

Right dominant 48 (83) 27 (83) 21 (83)

Abbreviations: BVM, bag-valvemask; EMT, emergencymedicine technician; IQR, interquartile range.

To adjust for other factors that could account for ventilation perfor-

mance,weassessed and included the following in the regressionmodel:

prior experience in conducting BVM, clinical experience, hand size, and

handedness.17,18

The data were exported into SAS (Version 9.4; SAS Institute) for

analysis. Descriptive statistics were reported as mean with 95% con-

fidence interval (CI), median with interquartile range (IQR), or fre-

quency (percentage). In addition to measuring tidal volume across

sensed breaths, the following additional metrics were generated for

out-of-range metrics: number of missed breaths, number of breaths

out of range, number of breaths <400 mL, and number of breaths

>700 mL. The upper and lower limits of in-range versus out-of-range

breaths were based on conventional ventilation strategy goals of tidal

volumes as recommended by the American Heart Association for

BVM ventilation during basic life support between the range of ≈6 to

10mL/kg.19–21

To test the difference in average tidal volume between the 2 devices

for sensed breaths (standard vs pedal-operated compressor) across

participants, a generalized estimation equation regression model was

conducted to allow for the effect of clustering in the data (each par-

ticipant measured twice). Covariates in this model were professional

role, patient bag mask use experience (4 categories: <10, 10–19, 20–

29, ≥30), years of practice experience (3 categories: <5, 5–15, >15),

healthcare practitioner role (emergency medicine vs not) handedness

(right and ambidextrous vs left), and hand size in centimeters (base

of palm to tip of middle finger and across widest portion of palm). An

ordering variable was added into the model to assess if the effect of

the device was independent of the order in which it was presented to

the participants.

A secondary analysis was conducted to compare differences in

the additional out-of-range sensed breaths metrics. The difference

between median numbers of these metrics was tested using a series

ofWilcoxon tests. Differences in frequencies of participant’s ratings of

ease of use of both devices measured by Likert scale was tested using

chi-square statistics.

3 RESULTS

3.1 Characteristics of study participants

Of 63 participants who were recruited, 58 participants participated in

the study, and the characteristics of this sample are shown in Table 1.

Most of the participants were women (n = 36, 62%) and were attend-

ing physicians or resident trainees (n = 54, 95%), with most of these

participants working in emergency or pediatric emergency medicine.

BVM experience with >30 patients was reported by 50% of the par-

ticipants and was significantly more often reported by emergency



SOJAR ET AL. 5 of 8

TABLE 2 Standard Versus Pedal-Operated BVMVentilation
Performance

Ventilation performance Standard BVM

Pedal-operated

BVM

Mean (95%CI) tidal volume,

mL

340.6

(312.2–369.0)

446.5

(425.9–467.1)

Median (IQR) number of

out-of-range breaths

13.5 (6–19) 3 (1–11.5)

Median (IQR) number of

breaths<400mL

12.5 (5–18) 3 (0–11)

Median (IQR) number of

breaths>700mL

0 (0–0) 0 (0–0)

Abbreviations: BVM, bag-valve mask; CI, confidence interval; IQR,

interquartile range.

F IGURE 2 Mean tidal volumes delivered

medicine providers (n = 19, 70%) and paramedics (n = 3, 100%) than

non–emergency medicine providers (n = 5, 19%). Most participants

were right handed (n = 48, 83%), and 3 were ambidextrous (5%). The

median number of years of experience was 5 years (IQR, 2–14). There

were no significant differences between the participant characteristics

in either the standard BVM group or the pedal-operated compressor

(see Table 1).

3.2 Main results

Table 2 displays the main results of the standard BVM compared with

the pedal-operated compressor. The unadjusted average tidal volume

of sensed breaths was significantly greater for the pedal-operated

compressor (mean, 446.5mL; 95%CI, 425.9–467.1) comparedwith the

standard device (mean, 340.6 mL; 95% CI, 312.2–369.0; Figure 2). A

regression analysis was conducted (Table SA) to assess differences in

the bag device after adjusting for covariates. StandardBVMventilation

provided amean difference of 105.9mL less than pedal-operated com-

pressor ventilation after adjusting for covariates (P = 0.01). The order

in which the 2 devices were presented did not have a significant effect

on tidal volume (P = 0.48). Years of practice, professional role, BVM

ventilation experience, handedness, and hand size were also insignifi-

cant in the regressionmodel of average tidal volume.

3.3 Secondary analysis

For each device there was no difference in the median number of

missed breaths or breaths >700 mL. As demonstrated in Table 2,

the pedal-operated compressor did have a significantly lower median

number of out-of-range breaths (median, 3; IQR, 1–11.5) compared

with the standard device (median, 13.5; IQR, 6–19; P < 0.001).

The pedal-operated compressor also had fewer breaths <400 mL

(pedal median, 3; IQR, 1–11.5; standard median, 12.5; IQR, 5–18;

P< 0.001).

3.4 Qualitative data

The standard bag device was described with a Likert scale as easy or

very easy to use by 41% of participants (95% CI, ±13%) compared

with 81% (95% CI, ±11%) of participants ascribing this to the pedal-

operated compressor (Figure 3). When asked about preference for

device, 73% (95%CI,±12%)of participants favored thepedal-operated

compressor.

4 LIMITATIONS

This is an in vitro study where the participants were asked to perform

BVM ventilation on a high-fidelity mannequin. We recognize that res-

piratory resuscitation on a mannequin may not fully translate into the

experience of performing PVM ventilation on a human. If repeated,

future studies should include in vivo experimental settings with ani-

mal models or humans in controlled settings such as the operating

room after the induction of anesthesia. In addition, participants were

aware that the devicewas an invention by the primary investigator and

research teamof the study, which could lead to biaseswhen giving pos-

itive or constructive feedback on reactions toward using both the stan-

dard andpedal-operated compressor.We tried tomitigate these biases

by using a research assistant not from the primary institution to recruit

and administer the study. Another limitation is that detailed ventila-

tory pressures were not measured (eg, inspiratory pressures, inspira-

tory flow, percent leak). Lastly, the same pedal-operated compressor

was used among all study participants, which led to the risk ofwear and

tear as the study progressed. Analysis of the data did not suggest that

repeated use of the samedevice influenced results. If economically fea-

sible in the future, we would have several devices available for partici-

pants to rotate through and use.

5 DISCUSSION

Dual-practitioner BVM ventilation is consistently superior to single-

practitioner BVM ventilation. This finding is attributed to the ability

to more effectively create a seal and consequently deliver a reliable

respiratory rate and higher tidal volumes.8,22 Challenges faced by clin-

icians providing single-practitioner ventilation include hand fatigue,
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F IGURE 3 Reported ease of use of standard bag-valvemask (BVM) and pedal device

small hand sizes, and weak hand grip regardless of prior experience

in BVM ventilation.23 Unfortunately, emergent scenarios often occur

where there is insufficient personnel or inadequate physical space to

implement effective dual-practitioner BVM ventilation. The introduc-

tion of a novel pedal-operated compressor device using a foot pedal as

the bag compressor allows a single practitioner to administer consis-

tent respiratory rates and tidal volumes that may be comparable with

the dual-practitioner technique.

Our study demonstrated that, when compared with traditional

single-practitioner BVM ventilation, the use of the pedal-operated

compressor delivered higher mean tidal volumes and resulted in fewer

out-of-range breaths when providing respiratory support in a simu-

latedmodel. This was despite havingminimal training (ie, 8minutes) on

howtouse thepedal-operated compressor, and these resultswere con-

sistent regardless of the user’s prior experience with BVM ventilation.

Furthermore, the tidal volumes achievedwith the pedal-operated com-

pressor approximated tidal volumes achieved with dual-practitioner

techniques in other studies.8,22 In essence, the pedal-operated com-

pressor may allow a single healthcare practitioner to achieve similar

results as dual-practitioner BVM ventilation quickly and efficiently.

Furthermore, a secondary analysis to look at the absolute numbers

of in-range or out-of-range breaths delivered demonstrated that the

pedal-operated compressor had a significantly lower median number

of out-of-range breaths. Subjectively, participants stated concern that

using the strength and force generated by the foot to compress the bag

may result in delivery of breaths with supratherapeutic volumes and

barotrauma. Our study demonstrated that this was not the case. There

was nodifference in the delivery of supratherapeutic volumes between

both devices. Themajority of out-of-range breaths delivered by partic-

ipantswere attributed to lowvolumes.We suspect that thismight have

been related to having a compressor on the ground connected to ven-

tilator tubing created a large amount of dead space that the foot must

overcome.

TABLE 3 Subjective Feedback on Pedal-Operated Compressor

One thing I liked One thing I did not like

“I was able to use a 2-handed

techniquewith less

fatigue.”

“It would feel more comfortable if you

could step/pedal with your toes

similar to gas pedal”

“Two-hand technique allows

for more reliable seal.”

“I’m just not used to it yet, but I think

with time I would becomemore

facile.”

“Ability to use 2 hands but

not rely on a partner.”

“Felt unsteady standing on 1 foot.”

“Can do 2-hand hold, good

for seal and small hands.”

“Awkward to push downwithmy heel,

kept hittingmy knee on the stretcher.”

“Better hand comfort.” “Must have space for floor apparatus

and carrymore equipment.”

“Two-hand grip onmask.” “Its not always secure to the ground.”

“Better chest rise because

tighter seal.”

“I had trouble coordinatingmy foot with

the appropriate bag compression, but

it seems comfortable to get

comfortable with.”

“It hurts my hands less than

with bagging.”

“It may be difficult for some to keep their

foot elevated in between breaths.”

Another compelling feature of the pedal-operated compressor is

its ease of use. More than three-quarters of participants labeled the

pedal-operated compressor as “easy” or “very easy” to use, despite only

having had an 8-minute teaching session on how to use the device.

Comparatively, fewer than half noted that the standard device was

“easy” or “very easy” to use. Selected subjective, open-ended feed-

back regarding the pedal-operated compressor are noted in Table 3.

Notably, if given the option to use 1 device in a real-life clinical sce-

nario, themajority of participants preferred the use of the novel pedal-

operated compressor.
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An additional advantage of the pedal-operated compressor is the

feasibility of building the device from inexpensive and readily available

materials. They are found in most medical settings and can be repli-

cated easily. The pedal-operated compressor can also be implemented

with any existing model of self-inflating BVMs as well as with other

standard ventilatory equipment. Thus, widely implementing the use

of the pedal-operated compressor in the hospital setting could occur

efficiently without the need to acquire additional supplies besides

the pedal-operated compressor. The practicality of the pedal-operated

compressor may be useful in different clinical scenarios. In settings

where ventilators may be scare or patients require manual ventilatory

support for long periods of time (eg, low-resource settings or in the

back of an ambulance), the use of the pedal-operated compressor may

allow for healthcare practitioners to provide breaths for more time

before feeling fatigued.

6 CONCLUSIONS

The study findings demonstrated that the pedal-operated compres-

sor is non-inferior to the standard BVM device when performing

single-practitioner ventilatory support. Thenovel pedal-operated com-

pressor has the potential to significantly improve patient care in the

acute care setting by improving delivery of tidal volumes, producing

a reduced amount of fatigue, and minimizing the number of health-

care practitioners required to deliver high-quality cardiopulmonary

resuscitation. Future studies could aim to directly compare the pedal-

operated compressor to dual-practitioner techniques to observe out-

comes when improving ergonomics of the current device, measure the

effects of sources of haptic feedback such as the addition of amanome-

ter or a metronome, measure differences between specific ventila-

tor parameters and pressures, and assess the efficacy of the pedal-

operated compressor in vivo experimental settings.
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