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BACKGROUND: Positive expiratory pressure (PEP) therapy imposes expiratory flow resistance to

increase airway diameter and enhance mucus clearance. PEP is achieved several ways. Oscillatory

PEP devices (OPEP) generate repeated occlusions that are known to reduce mucus viscosity. There

are many marketed devices, but comparative performance is mostly unreported. The purpose of this

study was to evaluate performance characteristics of many PEP/OPEP devices. For OPEP devices,

we defined an optimal performance metric by creating an oscillation index that combines the OPEP

performance characteristics. METHODS: PEP devices (TheraPEP, EzPAP, VersaPAP, Resistex,

AccuPEP, AccuPAP, and Threshold PEP) and OPEP devices (Acapella DH, Acapella DM, Acapella

Choice, ShurClear, Aerobika, VibraPEP, vPEP, and PocketPEP with and without the Oxyjet attach-

ment) were tested by adjusting simulated expiratory flow from 5 L/min to 30 L/min in increments

of 5 L/min using a standard flow meter. RESULTS: All devices showed varying performance char-

acteristics. As expiratory flow increased, mean PEP increased for most devices. The TheraPEP

showed a mean PEP of 13 cm H2O across all settings. For OPEP devices, there was a major differ-

ence between pressure and flow waveforms. The Acapella DH, ShurClear, and Aerobika showed the

highest flow amplitude, flow frequency, and oscillation index. CONCLUSIONS: PEP devices

behaved similarly and as expected, with increased pressure with increased flow (flow resistors)

or flow independence (threshold resistors). There was much greater variation in the perform-

ance of the OPEP devices. A higher oscillation index indicates better mechanical performance

characteristics. Many devices have similar characteristics. However, the devices with the highest

oscillation index have the highest flow amplitude and frequency, which may indicate better clini-

cal performance. Key words: positive expiratory pressure; oscillatory positive expiratory pressure devi-
ces; respiratory device evaluation. [Respir Care 2021;66(3):482–493. © 2021 Daedalus Enterprises]

Introduction

Airway clearance techniques are therapies used to help

patients move and expel secretions. One type of airway

clearance technique is positive expiratory pressure (PEP)

therapy, which uses imposed expiratory flow resistance to

generate airway pressure above atmospheric pressure. This

airway pressure presumably increases airway diameter and

improves expiratory flow behind the mucus, allowing it to

be loosened and expelled more easily. Patients who use

PEP therapy must be able to produce a controlled, pro-

longed exhalation to provide enough expiratory flow for

the therapy to be useful. PEP therapy allows for enhanced

mucociliary clearance, which improves patients’ quality of

life.1

There are many different designs of PEP devices, and

they generate PEP in 3 different ways. The simplest method

of generating PEP is using a flow resistor, such as an orifice

(ie, the smaller the diameter, the higher the imposed resist-

ance). The generated pressure is “controlled” by the

patient’s expiratory flow and may be monitored by a simple

pressure gauge. Another method is a threshold resistor,

which is a device such as a spring or magnet that generates

a force for flow obstruction that allows flow only when

PEP reaches the requisite threshold level. This permits cali-

bration of the obstructing force mechanism (ie, desired PEP

level) and obviates the need for a pressure-monitoring de-

vice. A third method is to use an external flow source to
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oppose the expiratory flow and thus generate PEP. Some

devices use a combination of mechanisms (eg, threshold re-

sistor plus opposing flow).

Oscillatory PEP (OPEP) devices use mechanisms to cre-

ate a series of short occlusions of expiratory flow to gener-

ate oscillatory airway pressure and flow waveforms.

Studies have reported that the oscillation of expiratory flow

causes changes in the viscosity of mucus2 and shear forces

that increase mucus clearance.3

The clinical efficacy of PEP therapy has recently been

reviewed.4 However, there is limited information about

the technical performance of PEP devices them-

selves.5-8 Of particular interest is a recent study by

Poncin et al9 comparing 6 OPEP devices (some not

available in the United States). They noted that OPEP

often produces 2 main salutary physiologic effects: (1)

PEP to stabilize the airways and prevent collapse during ex-

piration,10 and (2) air-flow oscillations to facilitate mucocili-

ary clearance.2,11 Importantly, their analysis of the literature

was the first to suggest that an optimal OPEP device should

be able to produce flow oscillations with a frequency of at

least 12 Hz and an expiratory pressure of at least 10 cm H2O.

Their results summarized 24 simulated exhalations through

6 OPEP devices and quantified the expected variable per-

formance among the devices (eg, pressures, flow amplitude,

and frequency).

The purpose of our study was to expand the work of

Poncin et al9 by evaluating a larger number of both PEP

and OPEP devices. Our goal was to describe the rela-

tionship between flow through the devices and the

resulting mean pressure. This is important because

many studies of OPEP devices have not recorded flow

characteristics, which are more relevant than pressure

characteristics in creating a clinical effect on mucus

clearance. Therefore, we sought to specifically evaluate

OPEP devices in terms of oscillatory flow amplitude

and frequency. In addition, we expanded on the idea of

an “optimal” performance metric by creating an oscilla-

tion index that combines the salutary physiologic OPEP

mechanical properties of oscillatory flow amplitude and

oscillatory frequency.

Methods

Experimental Setup

The devices used in this study are listed in Table 1. The

experimental setup is shown in Figure 1. The simulated

exhaled flow and external PEP flow source (ie, the flow

opposing expiratory flow if applicable to the device) were

controlled with standard medical air-flow meters connected

to an air compressor. The pressure and flow through the

devices were measured with a pneumotachometer amplifier

(series 1110) and a pneumotachometer (0–160 L/min) with

a flat frequency response up to 20 Hz (Hans Rudolph,

Shawnee, Kansas). Data were recorded at a sampling rate

of 1,000 Hz. A digital low-pass filter with a cutoff frequency

of 60 Hz on the flow channel and 45 Hz on the pressure chan-

nel was used to minimize noise and stay within the range of

the pneumotachometer. The analog-to-digital converter was a

PowerLab/30 Series from ADInstruments, and the signal

analysis software was LabChart 8 (ADInstruments, Colorado

Springs, Colorado).

QUICK LOOK

Current knowledge

Positive expiratory pressure (PEP) devices are used as

a form of airway clearance therapy to increase airway

diameter and enhance mucus removal. There are many

devices available, and studies have been done to ana-

lyze performance characteristics.

What this paper contributes to our knowledge

This study extends current knowledge by providing

data on a large number of PEP and oscillatory PEP

devices and by focusing on flow frequency and flow

amplitude as important performance characteristics.

Furthermore, an oscillation index was created to allow

the mechanical aspects of oscillatory PEP devices to be

easily compared.

Computer Flow and pressure sensor amplifier

Pneumotachometer PEP device

A/D
converter

Flow meter
(exhaled flow)

Flow meter
(external flow)

Compressor

optional-depending on device

flow pressure

Fig. 1. Experimental setup. A/D¼ analog to digital; PEP¼ positive expiratory pressure.
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Device Settings

All of the devices, except the EzPAP, Oxyjet, and

VersaPAP, have a range of settings on the device that

increase or decrease the pressure against the simulated

expiratory flow. PEP for the EzPAP, Oxyjet and

VersaPAP was adjusted using external flow only (Table

1). For PEP and OPEP devices, the lowest and highest

device settings were used during the experiments. PEP

for EzPAP and Oxyjet devices was adjusted by setting

the external flow. The Oxyjet was not tested alone

because it is intended to be used as an attachment to

other PEP devices to provide supplemental oxygen and

increased mean PEP.

Procedure

Before taking measurements, the pressure and flow sen-

sors were calibrated. Expiration through the PEP devices

was simulated as a constant flow, adjusted from 5 L/min to

30 L/min in increments of 5 L/min, with the exception of

the Acapella DM because it is designed for flows # 15

L/min. This flow range was selected to be consistent with

previous studies.5-8,10,12,13 In particular, this flow range is

within the range used by Poncin et al,9 who based them on

actual patient data (Fig. 2).

The TheraPEP device is unique in that it uses both flow

resistance and biofeedback. The pressure is created by re-

sistance to flow through an orifice, but the device incorpo-

rates an uncalibrated pressure gauge. The gauge has 2

reference marks on the outer case, and the patient is

instructed to regulate exhalation such that the pressure

(indicated by a third mark on an inner piston) stays

between the 2 reference marks. According to the directions,

upon exhalation, the patient should try to keep the PEP level

in the optimal range indicated by the marks. This device

allows the clinician to adjust the setting based on the

patient’s ability to control expiratory flow. Hence, for the

Table 1. Devices Studied

Name Manufacturer Type Mechanism Settings Range

TheraPEP Smiths Medical, Minneapolis, MN PEP Flow resistor 1–6 13 cm H2O

Resistex Mercury Medical, Clearwater, FL PEP Flow resistor 1–4 5–20 cm H2O

Threshold PEP Phillips Respironics, Chichester, UK PEP Threshold resistor Twist 5–20 cm H2O 5–20 cm H2O

AccuPEP Sarnova, Dublin, Ohio PEP Threshold resistor 1–4 5–20 cm H2O

AccuPAP Sarnova, Dublin, Ohio PEP Threshold resistor with external flow 1–4 5–20 cm H2O

EzPAP Smiths Medical, Minneapolis, MN PEP Threshold resistor with external flow NA 5–20 cm H2O

Versa PAP Monaghan Medical, Plattsburgh, NY PEP Threshold resistor with external flow NA 5–20 cm H2O

Oxyjet D R Burton Healthcare, Farmville, NC PEP Threshold resistor with external flow NA 5–20 cm H2O

Acapella DH Smiths Medical, Minneapolis, MN OPEP Intermittent occlusion 1–5 5–20 cm H2O

Acapella DM Smiths Medical, Minneapolis, MN OPEP Intermittent occlusion 1–5 5–20 cm H2O

Acapella Choice Smiths Medical, Minneapolis, MN OPEP Intermittent occlusion 1–5 5–20 cm H2O

VibraPEP Sarnova, Dublin, Ohio OPEP Intermittent occlusion 1–5 5–20 cm H2O

Aerobika Monaghan Medical, Plattsburgh, NY OPEP Intermittent occlusion 1–5 5–20 cm H2O

vPEP D R Burton Healthcare, Farmville, NC OPEP Intermittent occlusion Dial 5–20 cm H2O

ShurClear Mercury Medical, Clearwater, FL OPEP Intermittent occlusion Angle 6–20 Hz

PocketPEP D R Burton Healthcare, Farmville, NC OPEP Intermittent occlusion Flip 5–20 cm H2O

PEP ¼ positive expiratory pressure

NA ¼ not applicable

OPEP ¼ oscillatory positive expiratory pressure
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Fig. 2. Simulated patient expiratory flows used in the study by

Poncin et al.9 CF¼ cystic fibrosis.
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study, simulated expiratory flows were adjusted empirically

to maintain PEP between the marks.

The EzPAP and the VersaPAP also required a different

protocol because it was unclear what pressure was generated

at each setting. Guidelines suggest a mean PEP of 10–20 cm

H2O. In accordance with the device instructions, external

flows were set at 6, 8, 10, and 12 L/min for the VersaPAP and

at 4, 6, 8, and 10 L/min for the EzPEP. Pressure data were col-

lected at each simulated expiratory flow setting. Each device

was tested twice to ensure results were replicable.

Data Analysis

Mean airway pressure (reported as mean PEP), oscilla-

tory flow frequency, and oscillatory flow amplitude were

recorded as calculated by the signal analysis software.

These metrics were averaged over at least 10 cycles for

OPEP devices. Average values from the 2 experimental

runs per device were calculated and graphed in a spread-

sheet. Representative pressure and flow waveforms

(recorded by the signal analysis software) were recorded

for each device at a simulated expiratory flow of 15 L/min.

Bench studies by Chang et al3 derived a theoretical

model predicting that mucus clearance velocity for oscilla-

tory flow devices is dependent on 5 variables. These

include the average air velocity and 4 other dimensionless

factors: (1) the ratio of the viscosity of air to the viscosity

of mucus, (2) a function of the fraction of the cross-sec-

tional area blocked by mucus, (3) an “oscillation parame-

ter” similar to the Wormersley number in a circular pipe

(relating pulsatile flow frequency to viscous effects), and

(4) a complex function of the oscillatory flow bias ratio, that

is, peak inspiratory flow divided by peak expiratory flow. To

summarize and compare the oscillatory flow performance of

the OPEP devices, we created an oscillation index based on

a simplified set of oscillatory flow characteristics described

by Poncin et al9: oxygenation index ¼ fosc � D _V, where

oscillation index is measured in Hz � L/min, fosc is the fre-
quency of the oscillatory flow waveform in Hz, and D _V is

the flow waveform amplitude in L/min. Because all the

observed oscillatory flow waveforms could be approximated

by sinusoidal flow waveforms superimposed on the mean ex-

piratory flows (ie, by Fourier analysis), D _V can be thought

of as representing small flow increases, or “mini coughs” (ie,

flow was always in the expiratory direction, but its value

changed sinusoidally). As such, D _V yields approximately

the same information as the flow bias ratio defined by

Chang et al,3 who reasoned that the greater the peak

flows during oscillation, the greater the shear forces at

the air–mucus interface. We presume that frequency

and flow amplitude are key variables that may enhance

mucus clearance by moving it toward the mouth or by

altering mucus rheology.2,14 Thus the oscillation index

is a metric that may be used to compare the key oscilla-

tory flow parameters of interest for OPEP devices.

Note that, in addition to altering mucus rheology, if the fre-

quency of pressure pulsations in the lower airways is at the

resonant frequency of the airways, then the flow impedance

is minimized and endobronchial oscillations are maximized,

perhaps maximizing mucus transport.15 However, we rea-

soned that, for airways to oscillate, there had to be volumetric

displacement. To achieve volumetric displacement, there has

to be flow. Therefore, the frequency associated with the oscil-

latory flow waveform should be the one included in the
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calculation of oscillation index, and not the frequency of the

pressure oscillation.

Results

Flow and Threshold Resistors

The results of this study generally show a large differ-

ence in performance among different brands of devices,

especially the OPEP devices. Within-brand repeatability

was good (reflecting good quality control), with a coeffi-

cient of variation generally ranging from 0% to 19% (2

repeated measurements yielded outliers of 34% and 45%,

which were not eliminated from final data analysis).

Data for PEP devices using either flow or threshold re-

sistance are shown in Figure 3. Increasing expiratory flow

caused a continuous increase in PEP for the Resistex as

expected. The Resistex graph had a different vertical axis

compared to the other devices due its higher range of PEP

values. The AccuPAP and AccuPEP showed virtual inde-

pendence of expiratory flow and PEP. The Threshold PEP

showed an increase in mean PEP from 10 to 15 L/min, and

then flow independence for flows between 15 and 30

L/min. For all devices, the mean PEP was higher at each

flow when the device was at the high setting.

Figure 4 shows data for the TheraPEP device. At each

device setting, a different expiratory flow is required to

reach the reference pressure indicated by the markers.

Before the study, it was unclear what numeric value of PEP

was achieved between the 2 reference markers. At simu-

lated flows of 4, 7, 8, 10, 11, and 14 L/min for settings 1–6,

respectively, the mean PEP at which the visual feedback

marker was in in the optimal range was�13 cm H2O across

all settings and flows.

Data for PEP devices with external flow settings only are

shown in Figure 5. Each colored line represents an external

flow setting across the 6 simulated expiratory flows. For

both devices, PEP is dependent on expiratory flow. The

external flow setting acts like a PEP setting on threshold

devices, with higher external flow generating higher PEP at

each expiratory flow.

Oscillatory PEP Devices

Data for OPEP devices are shown in Figures 6–15. Each

figure shows representative pressure and flow waveforms

measured at a simulated expiratory flow of 15 L/min, which

is the middle of the experimental flow range. There was a

large difference between the shape of the pressure and flow

waveforms for each device. Our results indicate that the
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frequency of flow oscillations did not match the fre-

quency of pressure oscillations, the latter often being

much lower in amplitude. For example, while vPEP

shows adequate pressure oscillation, there is virtually

no flow frequency or amplitude through the device (Fig.

12). The Acapella Choice shows a similar trend of high-

pressure oscillation but limited flow. Conversely, the

Acapella DH and the ShurClear show waveforms with

both high pressure and flow characteristics. Each figure

also includes graphs of the oscillation index, flow oscil-

lation frequency, flow oscillation amplitude, and mean

PEP data for both the high and low device settings

across all 6 simulated expiratory flows.

Mean PEP

Mean PEP ranged from a high of�20 cm H2O (Acapella

Choice, Aerobika, and VibraPEP) to 0 cm H2O

(PocketPEP). For some devices, PEP was strongly flow de-

pendent (eg, VibraPEP), while for others it was not (eg,

ShurClear, vPEP, and PocketPEP). The high setting gave a

higher mean PEP compared to the low setting for all devi-

ces expect the PocketPEP and PocketPEP with Oxyjet. The

vPEP and vPEP with Oxyjet had almost identical mean

PEP values between the high and low settings.

Flow Oscillation Frequency

Flow oscillation frequency was generally in the range of

10–30 Hz and showed little change across the 6 simulated

expiratory flow settings for any device. For the vPEP and

vPEP with Oxyjet, there was a substantial shift downward in

flow frequency after 15 L/min flow.

Flow Oscillation Amplitude

There was wide variation in flow oscillation amplitudes

among the devices, ranging from�250 L/min (Acapella DH)

to virtually 0 L/min (vPEP and PocketPEP). Flow amplitude

increased with expiratory flow. For the high setting, the

Acapella DH, the Aerobika, and the ShurClear had the highest

flow amplitudes, respectively. However, the Acapella DH

and the Aerobika had virtually no flow amplitude at the low

setting. The VibraPEP showed increased amplitude fre-

quency at 15 L/min and higher. The vPEP, vPEP with the

Oxyjet, and the Acapella Choice showed very little oscilla-

tion amplitude across all expiratory flow settings. In general,

all devices (except the PocketPEP) had audible pressure

oscillations. Interestingly, although the vPEP had almost no

flow oscillation, it did show pressure oscillation, which was

audible.
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Oscillation Index

There was a very wide range of values for oscillation

index, from a high of almost 4,000 (ShurClear) to a low of 0

(PocketPEP). At the high setting, the highest oscillation

index was observed for the Acapella DH, the ShurClear, and

the Aerobika. At the low setting, the highest oscillation index

was for the ShurClear. The VibraPEP had the next highest

oscillation index at both the high and the low setting. For all

other devices except the Acapella Choice, the oscillation

index increased only slightly as simulated expiratory flow

increased and had a small peak oscillation index at 15 L/min.

Devices that had a higher oscillation frequency and adequate

mean PEP but low oscillation flow amplitude had a lower os-

cillation index. The PocketPEP and PocketPEP with Oxyjet

both had the lowest oscillation index.

Discussion

This is the first study to include such a large variety of

devices commonly used in the field of respiratory care. Our

results confirm other reports that there is variability in the

performance of devices designed to do the same thing.5-7,16

For both PEP and OPEP, all devices vary in performance

characteristics for each setting at a given simulated

expiratory flow. Some devices had a higher flow amplitude

at one setting but a better mean PEP at another; therefore,

human studies are needed to determine which devices are

most effective in clearing secretions.

For PEP devices that were flow resistors, we observed

that increased simulated expiratory flow increased mean

PEP for nearly all devices. This is to be expected and has

been seen in previous studies. We observed flow independ-

ence for threshold resistors (ie, a large variation in simulated

expiratory flows generated the same desired mean PEP).

This characteristic may allow a single device to serve many

patients at different stages of lung disease.

Other studies of OPEP have included pressure frequency

and amplitude as performance characteristics, but very few

studies focused on flow frequency and amplitude 5-8,13 Our

study used flow frequency and amplitude as performance

characteristics because previous research suggests that

flow, not pressure, is the key factor for mucus clear-

ance. The results of our study indicate that there is a

substantial difference between pressure frequency and

amplitude compared to flow frequency and amplitude.

Chang et al3 proposed that inspiratory and expiratory air

flows enhance tracheal mucus clearance because mucus

is a viscoelastic fluid. Kim et al17 reported that an addi-

tional increase in air flow velocity on top of wave forms
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Fig. 9. Oscillatory positive expiratory pressure data for Acapella Choice. OI ¼ oscillatory index. A = flow oscillation frequency, B = flow oscilla-
tion amplitude, C = mean PEP, D = oscillation index.

PERFORMANCE CHARACTERISTICS OF PEP DEVICES

RESPIRATORY CARE � MARCH 2021 VOL 66 NO 3 489



40

60
Fl

ow
 (L

/m
in

)
−5

−40

Pr
es

su
re

 (c
m

 H
2O

)

Pr
es

su
re

 (c
m

 H
2O

)

0
0

10
20
30
40
50
60
70

10 15 20 25 30

Flow (L/min)

Fl
ow

 (L
/m

in
)

Fr
eq

ue
nc

y 
(H

z)

0
0
5

10
15
20
25

10 15 20 25 30
Expiratory flow (L/min)

Low
High

0
0

50
100
150
200
250
300

10 15 20 25 30

Expiratory flow (L/min)

O
I (

H
z-

L/
m

in
)

0
0

500
1,000
1,500
2,000

3,000
2,500

3,500
4,000

10 15 20 25 30

Expiratory flow (L/min)

A C

B D

Fig. 10. Oscillatory positive expiratory pressure data for Aerobika. OI ¼ oscillatory index. A = flow oscillation frequency, B = flow oscillation am-
plitude, C = mean PEP, D = oscillation index.
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Fig. 11. Oscillatory positive expiratory pressure data for VibraPEP. OI¼ oscillatory index. A = flow oscillation frequency, B = flow oscillation am-

plitude, C = mean PEP, D = oscillation index.
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Fig. 12. Oscillatory positive expiratory pressure data for vPEP. OI ¼ oscillatory index. A = flow oscillation frequency, B = flow oscillation ampli-
tude, C = mean PEP, D = oscillation index.
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Fig. 13. Oscillatory positive expiratory pressure data for vPEP with Oxyjet. OI¼ oscillatory index. A = flow oscillation frequency, B = flow oscilla-
tion amplitude, C = mean PEP, D = oscillation index.
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Fig. 14. Oscillatory positive expiratory pressure data for PocketPEP. OI ¼ oscillatory index. A = flow oscillation frequency, B = flow oscillation

amplitude, C = mean PEP, D = oscillation index.
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Fig. 15. Oscillatory positive expiratory pressure data for PocketPEP with Oxyjet set at 5 L/min. OI ¼ oscillatory index. A = flow oscillation

frequency, B = flow oscillation amplitude, C = mean PEP, D = oscillation index.
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imposed by flow would accelerate mucus movement.

Further studies have proposed that increasing the flow

oscillation, causing “mini-coughs” as described in our

study, may increase the effects on mucus rheology by

reducing viscoelasticity.2,13

A study like ours, with such a large sample of devices,

generates a copious amount of raw data. We created the os-

cillation index to quickly compare the performance charac-

teristics of each OPEP device in an easy-to-read graph. A

higher oscillation index indicates better mechanical perform-

ance characteristics. We suspect that a higher oscillation

index would correlate to a better mucus clearance, although

human studies would be needed to confirm this. The oscilla-

tion index emphasizes the importance of flow frequency and

amplitude. Devices that have similar mean PEP but little to

no flow amplitude have a much lower oscillation index com-

pared to devices with both a high mean PEP and high flow

characteristics. The data indicate that many devices have

both similar mean PEP and flow oscillation frequency; how-

ever, the devices with the highest oscillation index also have

the highest flow amplitude. It is a common misconception in

practice that a device performs well because it produces a

loud noise (ie, a pressure waveform with a large amplitude).

A major limitation of this study is that it was designed to

measure the mechanical characteristics of the devices in

vitro and provides no direct data on the physiologic effects

of either PEP or OPEP. A digital filter had to be used to

account for mechanical limitation and thus limited the accu-

racy of peak values for pressure and flow. However,

the filter was applied to all devices, so mechanical character-

istics can still be compared fairly. While this was not a human

study, it does provide a wide base of knowledge about the

mechanical functionality of PEP and OPEP devices that

could not be achieved using human subjects. A limitation of

our oscillation index is that it was designed to compare the

mechanical capabilities of similar devices and needs to be

validated in vivo before it can be used to describe the compa-

rability of the devices for therapeutic use. We believe that, if

a device delivers pressure oscillation but not flow oscillation,

it seems doubtful that it would enhance mucus clearance.

Conclusions

PEP devices behaved similarly and as expected with

increased pressure with increased flow (flow resistors) or

flow independence (threshold resistors). There was much

greater performance variation with OPEP devices. A higher

oscillation index indicates better mechanical performance

characteristics. Many devices have similar characteristics,

but the devices with the highest oscillation index have the

highest flow amplitude and frequency, which may indicate

better clinical performance.
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