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Objective/background: Expiratory positive airway pressure (EPAP) has been a treatment option for pa-

tients with obstructive sleep apnea (OSA). ULTepap is a new FDA-cleared EPAP device that seals the nares

with a nasal pillow interface. Comparisons of expiratory pressures generated by ULTepap and other EPAP

devices like Provent, Bongo Rx, and Theravent are not available. We aimed to compare the backpressures

created by these devices in an in vitro laboratory bench setting.

Methods: A test rig was designed and fabricated to test the expiratory pressures generated by ULTepap,

Provent, Bongo Rx, and Theravent. Airflow was generated by a linear actuator-driven piston in a syringe,

and a range of flow rates was provided by varying the voltage input to the actuator. The resulting

expiratory and inspiratory pressures were measured and resistances were calculated.

Results: The backpressures generated by ULTepap and Provent were comparable at all flow rates. For flow

rates at 99/142/212 ml/s, the expiratory pressures were 3.5/7.5/13.8 cmH2O for ULTepap and 4.5/8.5/14.5

cmH2O for Provent. Bongo Rx and Theravent devices produced substantially lower backpressures

compared to ULTepap devices (0.8/1.8/3.5 cmH2O for Bongo Rx and 0.9/2.2/5.3 cmH2O for Theravent at

flow rates of 99/142/212 ml/s). All four devices presented very low inspiratory flow resistance, with all

generating 0.5 cmH2O or less at all flow rates.

Conclusion: Not all FDA-cleared EPAP devices produce similar expiratory pressure profiles. ULTepap

generated backpressures closest to that of Provent. Clinical trials comparing the efficacy, tolerance, and

adherence of these EPAP devices in patients with OSA are warranted.

Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

1.1. Background

Obstructive Sleep Apnea (OSA) is now considered a common

community problem affecting up to 1 in every 5middle-aged adults

and is associated with cardiovascular complications [1e8]. There

are degrees of expression and variations in the consequences

resulting from chronic intermittent hypoxemia and sympathetic

hyperactivity associated with fragmented sleep [9,10]. Continuous

Positive Airway Pressure (CPAP) was introduced in 1981 and over

the years has become the standard, initial OSA treatment with

strong evidence of efficacy in those who are adherent [10e13].

However, many fail to tolerate CPAP, and the overall adherence is

roughly around 30e70% [14].

In 1983, Mahadevia and Lopata studied 9 patients with OSA one

week apart without and with expiratory positive airway pressure

(EPAP) of 10 cm H2O and noted that EPAP could reduce apnea in-

dex, apnea duration, and oxygen desaturation index (ODI) during

sleep [15]. Moreover, they found that EPAP significantly improved

sleep quality by decreasing the relative time spent in Stages N1 and

N2 sleep and increasing the relative time spent in Stage N3. This

study demonstrated that EPAP in itself is sufficient to improve OSA
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and sleep quality to some extent, but at that point, the institution of

therapy was cumbersome requiring a tight-fitting face mask that

contained an inspiratory valve and an expiratory valve that was

attached to a threshold resistance to apply EPAP.

1.2. EPAP devices and their valving systems

Fast forward to today, several devices have been developed that

focus on generating a positive pressure only in expiration rather

than a pressure throughout the respiratory cycle, with the advan-

tage of being relatively non-intrusive. At the time of this study,

there were three FDA-cleared EPAP devices to treat OSA (ULTepap,

Bongo Rx, and Provent) and one FDA-cleared device to treat snoring

(Theravent). All four devices utilize some kind of resistance valve in

the breathing path. When the patient inhales, there is minimal

resistance, but upon expiration, the patient is forced to breathe

through a partially restricted fixed opening which in turn increases

airway pressure. This creates therapeutic backpressure (i.e., EPAP),

which is maintained until the start of the next inspiration.

Provent (Ventus Medical, Belmont, CA), the first commercially

available EPAP device, was cleared by the FDA for treatment of OSA

of all severities in 2009 but was discontinued in June 2020. Provent

is a disposable, single-use disc-shaped bandage type and one-size-

fits-all patch, which adheres externally under each nostril. There is

a small one-way flap valve in each disc, which acts as a bi-resistor

valve. The efficacy of Provent EPAP to treat OSA has been investi-

gated and confirmed in several studies [16e23].

Theravent (VentusMedical, Belmont, CA), using a similar bandage

design with “MicroValve technology” for creating EPAP, was cleared

by FDA for over-the-counter treatment of snoring in 2012, but was

also discontinued in 2020 as Provent. The valving system is some-

what different, in that there are four parallel vent slits on either side

of a fixed orifice in the center. More recently, Bongo Rx (AirAvant

Medical, Deerfield Beach, Florida) was cleared by the FDA for treat-

ment of mild to moderate OSA in 2018. Bongo Rx is a reusable EPAP

device that seals inside the patient's nares and may be used with

supporting headgear. Its valving system is very similar to that of

Provent, in that there is a small flap valve under each nasal pillow,

which opens on inhalation and closes on exhalation, requiring the

patient to breathe through two fixed orifices in each flap-valve, thus

creating backpressure during the expiratory phase of breathing.

ULTepap (BRYGGSMedical, Avon, Ohio), the latest EPAP device on

the market, was cleared by FDA for treatment of mild to moderate

OSA in 2020. ULTepap is a reusable EPAP device that seals around the

patient's nares similar to conventional CPAP nasal pillow interfaces

(Fig.1a). Under each pillow is a proprietary “flow cartridge” (Rashidi-

Sleeper valve) that contains a collapsible silicon thin-walled shell

(Fig.1b). The shell collapses on inhalation and expands on expiration,

forcing the patient to exhale through a small fixed diameter lumen.

1.3. Research question

Our research question was “Are expiratory threshold therapy

devices equivalent in generating backpressures in an expiratory

direction?” We, therefore, compared the expiratory pressures

created by ULTepap, Provent, Bongo Rx, and Theravent systems in

an in vitro laboratory bench setting. We also measured and

compared the non-therapeutic pressures generated on inhalation

and calculated inspiratory and expiratory resistance.

2. Materials and methods

2.1. Bench test rig design

To test the inspiratory and expiratory pressures generated by

ULTepap, Provent, Bongo Rx, and Theravent over a range of flow

rates, we designed and fabricated a test rig specifically (Fig. 2). The

test rig included a 1-L piston-driven calibration syringe (Spiro-

metrics, Grey, ME) that created airflow at selectable different rates

using a linear actuator (Zsxuianda XDHA12-300, Guangdong,

China) driven by a 12-V DC motor, controlled by a triple output DC

power supply (Agilent® Model E3631A, Santa Clara, CA).

2.2. Manifold configuration and pressure measurement

The expiratory and inspiratory pressures were measured by a

Respironics digital pressure manometer (Philips-Respironics,

Murrysville, PA) from a nipple mounted to each manifold as shown

in Fig. 3. Eachmanifold had a flat surface on one endwith two holes

roughly designed to replicate a person's nares opening, and a pipe

thread on its other end attached to the calibration syringe's

discharge end.

1. For ULTepap, the airflow cartridges were mounted and her-

metically sealed directly over the holes onto its manifold.

2. For Provent, each disc was mounted with the devices' adhesive

surface directly over the holes of its corresponding manifold.

3. For Bongo Rx, the device was inserted directly into the holes of

its manifold, secured, and hermetically sealed with adhesive.

4. For Theravent, the device was mounted with the devices' ad-

hesive surface covering both holes of its corresponding

manifold.

All four devices were tested to ensure that they were securely

attached to the manifold without air leaks around the adhesive's

surfaces using magnified visual inspection and soap-bubble leak-

detecting liquid. Eachmanifold was then attached to the calibration

syringe by securely tightening the manifold's pipe thread into the

calibration syringe and further sealed with plumber's putty (Oaty

Stain Free plumber's putty). All connection points were also tested

with soap liquid to ensure hermetically sealed connections at all

joints.

Before each test, the digital manometer was calibrated to zero

using the manometer's zero adjust dial, and the triple output DC

power supply was adjusted using the voltage adjust dial to the

required voltage to a tolerance of 0.00. The calibration syringe

required no calibration as the flow was a calculated value using the

fixed area of the syringe piston.

Each test began with the linear actuator fully retracted. A

manifold with one of the devices was threaded into the calibration

syringe and sealed with plumber's putty. The power supply was

initially set at 12 V which resulted in a calculated flow rate of

260 ml/s. Upon the activation of the power supply, the linear

actuator rod pushed the syringe piston from its fully retracted

position (syringe fully filled with air) to its fully compressed posi-

tion (syringe empty of air). During this time, the backpressure being

produced by each respective device was displayed on the pressure

manometer and recorded. The polarity of the power supply was

then reversed, and the linear actuator rod pulled the syringe piston

until the rod was fully retracted. The negative pressures measured

during this phase were also recorded, which represent the resis-

tance to inspiration. This cycle was repeated three times for each

voltage at 5, 6, 7, 8, 9, 10, 11, and 12 V. This entire process was then

repeated for each of the other three devices.

2.3. Flow rate and resistance calculation

The flow rate for each test was calculated as follows: Q ¼ A x V,

where Q is the airflow rate (ml/sec), A is the cross-sectional area of

the piston in the syringe (cm2), and V is the piston's speed
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produced by the linear actuator (cm/sec). To determine V, the rod of

the actuator was marked at both ends (fully extended and fully

retracted), which represented the known distance D. Then the total

travel time (t) was measured using the iPhone timer app. Thus, the

speed was determined by dividing the distance by the time (V ¼ D/

t).

The backpressures generated during the expiratory phase

represent the level of therapeutic pressures created by the four

devices. The negative pressures generated during the inspiratory

phase indicate the resistance that a patient would experience

during inhalation. The resistance (R) can be calculated from the

expression shown below

R ¼ P/Q

where P is the negative inspiration pressure and Q is the flow rate.

2.4. Statistical analysis

All statistical analyses were conducted using SAS®, Version 9.4

(SAS Institute Inc, Cary, NC). Generalized linear models were used to

compare the differences of expiratory pressures and resistances

generated by the four devices. A p-value less than 0.05 indicates that

expiratory pressures and resistances generated between two com-

parison devices are significantly different across various flow rates.

Fig. 1. (a) ULTepap device on a model; (b) Flow cartridge (Rashidi-Sleeper valve) that contains a collapsible silicon thin-walled shell. Inhalation (on the left) with the contracted

flexible shell (yellow), and exhalation (on the right) with the expanded flexible shell (yellow). The airflow direction is shown with red arrows.

Fig. 2. The test rig designed and used in this study. The test rig consists of a piston-driven calibration syringe, a linear actuator, a DC motor, and a DC power supply. The expiratory

and inspiratory pressures were measured by a digital pressure manometer from a nipple mounted to each manifold.

Fig. 3. Manifolds' configurations designed and used in this study. From left to right: ULTepap, Provent, Bongo Rx, and Theravent.
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3. Results

3.1. Expiratory and inspiratory pressures

The means of expiratory and inspiratory pressures produced by

ULTepap, Provent, Bongo Rx, and Theravent EPAP devices at various

flow rates are summarized in Table 1. The expiratory pressures

generated by ULTepap and Provent were comparable (p ¼ 0.6448),

with ULTepap being slightly lower at all flow rates consistently.

Bongo Rx and Theravent devices produced substantially lower

backpressures than Provent (p < 0.0001, and p < 0.0001, respec-

tively) and ULTepap (p < 0.0001, and p < 0.0001, respectively), with

Bongo Rx being significantly lower than Theravent at higher flow

rates (p < 0.0001) (Fig. 4).

3.2. Expiratory and inspiratory resistances

Table 2 contains the means of calculated expiratory and inspi-

ratory resistances at various flow rates for the four devices tested.

Similarly, the expiratory resistances generated by ULTepap and

Provent were comparable (p ¼ 0.1317), with ULTepap being a bit

lower at all flow rates. Bongo Rx and Theravent devices produced

significantly lower resistances than Provent (p < 0.0001, and

p < 0.0001, respectively) and ULTepap (p < 0.0001, and p < 0.0001,

respectively), with Bongo Rx being lower than Theravent

(p < 0.0001).

All four devices presented very low inspiratory pressures and

resistances, with all generating 0.5 cmH2O or less at all flow rates.

4. Discussion

4.1. Emerging OSA treatment options

Innovative therapeutic alternatives for OSA management have

been rapidly emerging. In the past decade, we have witnessed the

rise of nasal EPAP, new positional devices, negative intra-oral

pressure therapy, and hypoglossal nerve stimulation. New novel

sleep technologies continue to grab our attention but there remains

a lack of rigorous scientific validation on the efficacy, adverse ef-

fects, acceptance, tolerance, and adherence of these therapeutic

devices [24,25].

4.2. Summary of findings

This laboratory bench study is the first step to investigate the

performance of ULTepap, an innovative nasal EPAP device using a

“flow cartridge” that has an appearance of a nasal pillowmask. This

study demonstrated that ULTepap can generate backpressures

comparable to that of Provent, and substantially higher than the

pressures generated by Bongo Rx and Theravent at various flow

rates in an in vitro bench setting.

4.3. Earlier nasal valve EPAP research

Colrain et al. first exploited a novel nasal expiratory resistance

valve that can be inserted into each nostril and demonstrated that a

simple nasal EPAP valve can improve breathing during sleep in OSA

patients [26]. The authors tested the valve in 24 OSA patients (6

severe, 7 moderate, 11 mild OSA cases) and showed that nasal EPAP

can significantly decrease both apnea-hypopnea index (AHI) and

ODI and increase the percentage of the night spent above 90%

saturation. Several studies subsequently evaluated Provent, the first

commercialized nasal EPAP device, and confirmed its efficacy in

treating patients with OSA [16e20,23]. Riaz et al. performed a

systematic review and meta-analysis to quantitatively evaluate the

effectiveness of Provent on PSG variables and sleepiness in OSA

patients and concluded that Provent reduced AHI by 53%, ODI by

42%, and improved SpO2 nadir by 3% [22]. There were no major

adverse effects, but minor adverse events including difficulty

breathing, exhaling, and sleeping, dry mouth, nasal congestion/

drainage/discomfort, itching, and headaches were reported.

Exclusion criteria varied with studies and included conditions such

as prior use of CPAP or oral appliance, history of upper airway

surgery, poorly treated severe nasal allergies/sinusitis/nasal occlu-

sion, uncontrolled hypertension, severe cardiovascular, respiratory,

or neuromuscular diseases, hypoventilation, severe nocturnal

Table 1

Mean expiratory and inspiratory pressures generated by the four devices at various flow rates. No standard deviations were presented due to no or very little variation

among the repeated measurements at each flow rate.

Input Voltage

(Volts)

Flow rate (ml/

sec)

ULTepap

Expiratory

Pressure (cm

H2O)

Provent

Expiratory

Pressure (cm

H2O)

Bongo Rx

Expiratory

Pressure (cm

H2O)

Theravent

Expiratory

Pressure (cm

H2O)

ULTepap

Inspiratory

Pressure (cm

H2O)

Provent

Inspiratory

Pressure (cm

H2O)

Bongo Rx

Inspiratory

Pressure (cm

H2O)

Theravent

Inspiratory

Pressure (cm

H2O)

5 99 3.5 4.5 0.8 0.9 - 0.1 - 0.3 - 0.0 �0.2

6 119 5.0 6.0 1.0 1.4 - 0.1 - 0.3 - 0.0 - 0.2

7 142 7.5 8.5 1.8 2.2 - 0.1 - 0.4 - 0.1 - 0.2

8 166 9.8 10.5 2.5 3.3 - 0.1 - 0.4 - 0.1 - 0.3

9 189 12.5 12.8 3.0 4.4 - 0.1 - 0.4 - 0.1 - 0.3

10 212 13.8 14.5 3.5 5.3 - 0.2 - 0.4 - 0.1 - 0.3

11 235 16.5 16.8 4.0 6.8 - 0.2 - 0.5 - 0.0 - 0.3

12 260 19.2 19.5 4.5 8.1 - 0.2 - 0.5 - 0.0 - 0.3

Fig. 4. The backpressure-flow relationship of the four devices at various flow rates.
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oxygen desaturation, and comorbid sleep disorders. Although there

was no clear predictor as to which patients will respond favorably

to Provent, patients with positional OSA, mild tomoderate OSA, and

those without significant nasal obstruction were felt to be better

candidates [16e23].

Braga et al. investigated the mechanisms of how Provent nasal

EPAP improves OSA. MRI was used with and without nasal EPAP to

estimate the functional residual capacity and measure the upper

airway (UA) cross-section area to examine the EPAP effect during

wakefulness in 10 patients with sleep-disordered breathing [27].

Provent produced an end-expiratory pressure of 4e17 cmH2O

which caused significant hyperinflation, consistent with an in-

crease in tracheal traction and a decrease in UA collapsibility. Direct

MDI imaging effects on the UAwere less consistent, but there was a

trend to dilatation. In addition, significant hypoventilation with a

rise in end-tidal PCO2 was noted on EPAP during wakefulness and

sleep. These three mechanisms probably contribute to the thera-

peutic effect of nasal EPAP on OSA.

4.4. Recent nasal valve EPAP research

Currently, Bongo Rx and ULTepap are the only two FDA-cleared

EPAP devices for the treatment of OSA. Lanford recently reported an

industry-sponsored, prospective, non-randomized, open-label,

single-center trial for the assessment of Bongo Rx in an abstract

form. Full face CPAP mask users, mouth breathers, and subjects

with nasal congestion, and uncontrolled serious illness including

severe respiratory disorders, pneumothorax, and severe heart dis-

ease were excluded. Twelve subjects with mild to moderate OSA

were recruited with two subjects subsequently withdrawing. Re-

sults in 10 subjects showed a significant reduction of AHI from

15.7 ± 6.4 to 7.1 ± 4.2 (p ¼ 0.0093) [28]. Two adverse events (chest

discomfort in one patient and nasal abrasion in another) were re-

ported [29]. Gay et al. evaluated Bongo Rx in a laboratory bench

setting to determine the inspiratory and expiratory resistance and

expiratory work of breathing. Airway pressure measurements were

taken applying the Bongo Rx device to the nasal fixture to the

airway port of the breathing simulator. The authors found at flow

rates of 10/20/30 L per minute, the average expiratory resistance

was 17.4/34.1/49.1 vs 59.0/76.9/83.1 cmH2O/L/sec for Bongo Rx vs

Provent (all p < 0.0008) and concluded that Bongo Rx may result in

a more comfortable EPAP therapy for patients with OSA [30].

Most recently, Hakim et al. compared the expiratory resistance

of the Bongo Rx, Theravent, and OptiPillows (a device recently

cleared by the FDA for treatment of snoring) in a laboratory

experimental setup. They showed that expiratory resistances of

Theravent and Bongo Rx are equivalent (at 100 ml/s, the calculated

resistance were 12.76 and 13.21 cm H2O/L/sec, respectively; at

200ml/s, the calculated resistancewere 28.44 and 28.89 cmH2O/L/

sec, respectively). The pressures generated during expiration were

also equivalent in Theravent and Bongo Rx at both tidal volumes of

200 ml and 400 ml [31].

Our bench testing confirmed that Bongo Rx is associated with

lower expiratory resistance than Provent, which is likely due to its

design that has two fixed orifices in each flap valve as opposed to

one orifice in each flap-valve in Provent. While Bongo Rx may be

more comfortable due to its lower expiratory resistances, it may not

be as efficacious as Provent or ULTepap in treating OSA due to its

low backpressures. It may thus be rational to consider using

ULTepap as a rescue measure in those who tolerate Bongo Rx but

fail to achieve adequate OSA control.

4.5. Strengths and limitations

One important strength of this study is that we directly

compared four different devices including Provent and illustrated

the effects of each device on expiratory and inspiratory pressures

produced through the valves in the range of human resting

breathing at different flow rates. Also, we cautiously inspected the

experiment set-up and performed equipment calibration before

each test to ensure the accuracy of our data. There are, however,

important limitations of this study. First, this is a laboratory

experimental testing, in which airflow and pressure measured may

not mimic spontaneous tidal breathing. Further in vivo physiolog-

ical testing with measurement of pressure and airflow in patients

with OSA during wakefulness and in sleep is warranted as the

actual EPAP levels may be different with state and posture affecting

upper airway mechanics. Second, this study did not provide pivotal

clinical information including efficacy, tolerance, and adherence in

actual patients. As various EPAP devices may generate different

backpressure profiles, the tolerance, adherence, and time required

for acclimatization may vary significantly among them. These

metrics need to be examined and compared in future clinical trials.

5. Conclusions

In sum, clinicians must discern that not all FDA-cleared EPAP

devices produce similar mechanical profiles. We demonstrated that

there are fundamental differences concerning the expiratory

pressures and resistances generated due to different valve designs.

Further clinical trials comparing short-term and long-term efficacy,

acceptance, optimal acclimatization duration, patient satisfaction,

and adherence are warranted.
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