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BACKGROUND: A flow-dependent conical positive expiratory pressure (PEP) resistor incorpo-
rated into a oronasal mask was developed, which might reduce dyspnea and dynamic hyperinflation
and increase exercise endurance for patients with COPD. We reported here the flow-pressure
relationships and the safety and suitability of the device when used by healthy young and older
subjects. METHODS: The flow-pressure relationships were determined for a range of resistors with
different orifice diameters and cone lengths. A 1-cm conical-PEP device with a 6- or 7-mm orifice was
used during a cycle exercise test (60% heart rate reserve) in 15 young (mean � SD, 24.3 � 3.9 y) and
12 older (mean � SD, 64.4 � 3.5 y) adults. Cardiopulmonary function and dyspnea were monitored
for up to 10 min of exercise. RESULTS: For a given flow, pressure decreased as the cone length
and orifice size increased. A 1-cm cone with a 6 mm orifice generated pressures of 5.24 � 0.17
cm H2O and 18.29 � 0.34 cm H2O at flows of 0.5 and 0.9 L/s, while for a 7 mm orifice, pressures
were 4.88 � 0.13 cm H2O and 19.14 � 0.10 cm H2O at flows of 0.5 and 1.1 L/s, such as might
occur during exercise. The choice of orifice size for a subject depended on his or her estimated
expiratory flow; larger flows required the larger orifice to generate an expiratory pressure of
between 5 and 20 cm H2O. Breathing with the conical-PEP device did not affect exercise time,
dyspnea, minute ventilation, heart rate, or blood pressure. The SpO2

was slightly lower and
PETCO2

was somewhat higher than during control exercise, but the differences were not signif-
icant. There were no adverse physiological consequences. CONCLUSIONS: A conical-PEP
device of 1-cm length with an orifice of 6 or 7 mm generates effective expiratory pressure for
most subjects during exercise. There were no adverse effects in healthy young and older
subjects, and the device is suitable for trials with patients with COPD. (ClinicalTrials.gov
registration NCT 02788370.) Key words: pressure-flow relationship; PEP device; exercise; car-
diopulmonary function; randomized trial; physiotherapy. [Respir Care 2018;63(8):966 –980. © 2018
Daedalus Enterprises]

Introduction

Pulmonary rehabilitation for patients with COPD gen-
erally includes a large component of graded exercise train-
ing, which has proven benefits for improving exercise ca-

pacity, breathlessness, the number of exacerbations, days
in the hospital, anxiety, depression, and health-related qual-
ity of life.1 Within sensible limits, the benefits are in pro-
portion to the amount of exercise, so it is important to find
ways of maximizing exercise time. During exercise or
physical activity, patients with COPD commonly de-
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velop dynamic hyperinflation due to premature airway
closure, which leads to abnormal lung mechanics and
thus increased work of breathing, with restriction of
normal tidal volume expansion and dyspnea during ex-
ercise.2 This is a major factor that leads to dyspnea and
premature termination of exercise and physical activ-
ity,3 and, consequently, reduces the potential benefits of
pulmonary rehabilitation sessions.

Exhalation through a resistance generates a positive
expiratory pressure (PEP), which can help maintain open
airways and a more even intrapulmonary distribution of
ventilation.4 PEP is commonly used in respiratory care
for airway clearance and to increase ventilation at rest
and in a variety of medical and surgical conditions.5

There are 2 types of PEP devices. One involves a spring-
loaded resistance or a head of water and provides a
constant load that is independent of the flow.6 The al-
ternative is a flow-dependent PEP, such as when breath-
ing through an orifice.

There are conflicting reports of the benefits of PEP
breathing during exercise. Flow-independent PEP breath-
ing at 5–10 cm H2O has been shown to reduce dynamic
hyperinflation7,8 and postexercise dyspnea9,10 but also to
aggravate dyspnea during cycle exercise in patients with
COPD.8 More recently, PEP was found to increase the
6-min walk distance in subjects with COPD.11,12 Flow-
dependent PEP breathing is reported to reduce dynamic
hyperinflation and dyspnea,13 and to increase exercise tol-
erance in patients with COPD.13,14 In contrast, Wib-
mer et al,15 by using flow-dependent PEP, found the 6-min
walk distance to be reduced.

The conflicting results may, in part, be due to the
different types of PEP devices, some of which may not be
ideal for use during exercise. Breathing with a pressure
threshold, flow-independent PEP device has the disadvan-
tage that there is a period with no flow at the start of
expiration as the pressure builds up and requires pressure
to be maintained for the whole of the expiration. This may
be acceptable when breathing at rest but can be uncom-
fortable during exercise when the drive to breathe increases.
This could deter patients from sustained exercise during
pulmonary rehabilitation.

In contrast, flow-dependent PEP may be more suit-
able to use during exercise because there is never any
interruption of the flow. The problem, however, is that,
at low flows, the pressure developed may not be suffi-
cient to provide a clinically useful PEP, which will

reduce dynamic airway compression. Therefore, the size
of the orifice needs to be carefully chosen so that the
pressure is high enough to be useful at low flows yet
does not generate too high a pressure during peak ex-
piratory flow.

Padkao et al13 developed a simple flow-dependent con-
ical-PEP device held in the mouth, which proved to be
effective in reducing dyspnea and dynamic hyperinflation,
and increased exercise endurance for subjects with COPD
during knee extension exercise. However, it is not known
whether the design was optimal or whether it could be
incorporated into a oronasal mask that might be more con-
venient to use in everyday life.

The present study was composed of 3 parts. In the
first part, different designs of resistor were tested in a
bench rig to determine the pressure-flow relationships,
the objective was to find a design that generated clini-
cally useful levels of pressure over a range of flows that
might be experienced during exercise. The objective of
the second experiment was to determine whether the
findings of the bench test were reproduced in young
subjects during exercise and whether there were any
adverse effects of PEP breathing that could make its use
problematic during exercise. Having been reassured as
to the safety and acceptability of PEP breathing with
young people, the third part of the study involved healthy
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Current knowledge

Dynamic hyperinflation is a major cause of dyspnea
that limits exercise in individuals with COPD. Pos-
itive expiratory pressure (PEP) can help maintain
airway patency and reduce hyperinflation, and, po-
tentially, improve exercise capacity. The problem with
threshold PEP devices is that there is a period with
no flow at the start and end of expiration, which is
uncomfortable during exercise. A flow-dependent de-
vice might be the answer but the difficulty is finding
a design that provides a useful pressure at low flows
but not excessive pressure during peak expiration.

What this paper contributes to our knowledge

We bench tested a range of designs for a flow-depen-
dent PEP device and concluded that a 1-cm cone with
a 6- or 7-mm–diameter orifice provided a clinically
useful pressure in the range of flows expected during
moderate exercise. Testing in healthy young and older
subjects showed that people with lower peak flows
should use the smaller orifice. There were no contrain-
dications for its use during exercise, and future trials
are warranted.
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older subjects in whom there may be some age-related
deterioration of lung function and, possibly, a degree of
dynamic hyperinflation during exercise. The objective
of this last part was primarily to see if conical-PEP
breathing would generate optimum pressures likely to
be of clinical importance during exercise and whether it
was well tolerated and free of adverse cardiovascular
effects.

Methods

Khon Kaen University Ethics Committee in Human Re-
search approved this study (HE562267). The study was
conducted at the School of Physical Therapy, Faculty of
Associated Medical Sciences, Khon Kaen University, Khon
Kaen, Thailand. All participants gave written informed
consent before data collection began.

Experiment 1: Bench Testing of Pressure-Flow
Relationships of Different Resistors

Design of Conical Resistors for a PEP Device. Plain
orifice resistors were made by drilling appropriate sized
holes into 0.1-mm thick plastic disks (Fig. 1A). Cone re-
sistors were made by rolling 0.1-mm plastic sheets into
cones 1, 2, and 4 cm in length, with orifices of 5, 6, and
7 mm diameter (Fig. 1B and Fig. 1C).

Pressure-Flow Relationships of Different Resistors.
The apparatus used to measure flow and pressure is
shown in Figure 2, with transducers connected to a
BIOPAC MP 36 system (Biopac Inc., Goleta, Califor-

nia). A 30-cm corrugated tube connected the transducer
and PEP assembly to a mechanical air pump that could
be set to different flows. There was also a bacterial filter
to diffuse the air stream, together with Biopac air flow
(SS11LA) and pressure (SS13L) transducers situated
immediately in front of the PEP device. The flow and
pressure transducers were calibrated, and all the con-
nections were carefully checked to make sure that there
were no air leaks before the start of every test. Data
were collected at 31.25 Hz. The pressures generated by
each of the 8 different resistors (Fig. 1) were measured
3 times at each flow, from 0.1 to 1.5 L/s in increments
of 0.1 L/s. This range was chosen to cover the
likely expiratory flows during exercise in patients with
COPD.

Experiment 2: Pressure-Flow Relationships and
Cardiopulmonary Responses During Exercise with
the Conical-PEP Device in Young Subjects

Subjects. Twenty-three healthy subjects with normal
respiratory function participated in experiment 2.1, and
15 of these continued with experiment 2.2. Details of
the subjects are given in Table 1. The subjects were
recruited from the university population. The studies
were of a crossover design, with randomized allocation
to exercise with a 1-cm conical-PEP device with a 6- or
7-mm orifice for experiment 2.1, and to exercise with a
suitable conical-PEP device and without the PEP device
(sham) for experiment 2.2.

1.3 cm

1 cm

4 cm

2 cm
1 cm

1.3 cm

1.3 cm

5, 6 or 7 mm 5, 6 or 7 mm

5 mm

A

C

B

Fig. 1. Positive expiratory pressure (PEP) resistor designs. Plain orifices of different size (A); conical-PEP device with a 1-cm-length cone,
with different sized orifices (B); a conical-PEP device with a 5-mm orifice and various cone lengths (C).
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Experiment 2.1: Pressure-Flow Relationships During
Exercise With the Conical-PEP Device

Procedure. The subjects visited the laboratory on 3 oc-
casions. On the first occasion, the subjects were familiar-
ized with the procedures. On the second occasion, they
undertook an incremental cycle ergometer test to deter-
mine the work load to give 60% heart rate reserve, and
expiratory flow was used to select the size of the resistor

for subsequent experiments. On the third occasion, the
subjects exercised at a work rate to generate 60% heart
rate reserve while breathing with conical-PEP device with
a 1-cm cone and a 6-mm orifice on one occasion and with
a 7-mm orifice on another. The pressure and flow were
measured during the breathing cycle for the last 3 breaths
of the third minute of exercise when the subjects were in
a steady state. A washout period between exercise tests
with the 2 resistors was set for at least 2 h (Fig. 3).

Pressure cuff transducer
connect to MP 36 Biopac system

Airflow transducer
connect to MP 36 Biopac system

Bacterial filter for
distributing air stream

30 cm corrugated tube

10 cm

20 cm

Air stream
from a mechanical
air pump

Insert conical PEP or 
plain PEP

Fig. 2. Apparatus for measuring pressure and flow.

Table 1. Subjects’ Characteristics

Characteristic
Experiment 2.1,

Young Subjects (n � 23)
Experiment 2.2,

Young Subjects (n � 15)*
Experiment 3,

Older Subjects (n � 12)

Men/women, n 12/11 10/5 3/9
Age, mean � SD y 24.8 � 4.0 24.3 � 3.9 64.4 � 3.5
BMI, mean � SD kg/m2 22.1 � 2.8 22.5 � 2.7 22.2 � 2.8
IC, mean � SD L NA NA 1.85 � 0.36
IC, mean � SD %pred NA NA 83.1 � 16.5
SVC, mean � SD L NA NA 2.70 � 0.42
SVC, mean � SD %pred NA NA 92.0 � 17.4
FEV1, mean � SD L 3.19 � 0.98 3.48 � 0.82 2.06 � 0.38
FEV1, mean � SD %pred 97.8 � 12.2 98.7 � 11.7 95.3 � 15.6
FVC, mean � SD L 3.62 � 1.03 3.89 � 0.95 2.66 � 0.50
FVC, mean � SD %pred 94.8 � 12.3 94.9 � 12.4 91.1 � 14.2
FEV1:FVC, mean � SD 89.5 � 4.6 89.6 � 4.6 77.1 � 3.6
PEF, mean � SD L/min 483 � 116 515 � 113 350 � 77
PEF, mean � SD %pred 98.1 � 11.8 97.3 � 12.8 73.8 � 16.7

* The 15 young subjects of experiment 2.2 were a subset of the 23 subjects of experiment 2.1.
BMI � body mass index
IC � inspiratory capacity
NA � not applicable
%pred � % predicted
SVC � slow vital capacity
PEF � peak expiratory flow
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Incremental Exercise Test. An incremental exercise
test was performed on a cycle ergometer (Corival V3,
Lode B.V., Groningen, Netherland) as shown in Figure
4A, with the subjects breathing through a respiratory
transducer unit with a nose clip. Subjects were instructed
to pedal between 55 and 65 rpm, and, after an initial
3 min with no resistance, the load was increased every
minute by 15 W for the female or 20 W for the male
subjects until volitional fatigue or heart rate of � 80%
age-related maximum heart rate.

Constant Work-Load Cycling Tests. The subjects per-
formed 2 exercise tests at a constant load set to produce a
60% heart rate reserve. Age-related maximum heart rate
was calculated as 206.9–0.69 � age in years.16 After a
1-min warm up, exercise continued at the set load for
10 min or until volitional fatigue,17 with a 1-cm conical-
PEP device with a 6- or 7-mm orifice inserted into the
respiratory transducer unit (Fig. 3B). The order of the 6-
and 7-mm orifice tests was randomized in a balanced de-

sign. After the end of exercise, the subjects rested by sit-
ting on the ergometer while still breathing through the
respiratory transducer, although without a conical-PEP de-
vice, and recovery was followed for 10 min.

Outcome Measures. Spirometry procedures followed
American Thoracic Society/European Respiratory Soci-
ety task force recommendations for standardization of
lung function testing18 by using a potable spirometer
(ML3500 MK8 MicroLab Desktop Spirometer, Micro
Medical, Inc., Chatham Maritime, Kent, UK) for FVC
maneuver. During exercise, breathing frequency, inspira-
tory time, expiratory time, expiratory flow, and expira-
tory tidal volume were recorded during the last 3 reg-
ular breaths of each minute by using a flow transducer
(SS11LA, BIOPAC MP36 system). Minute ventilation
was calculated from breathing frequency and tidal vol-
ume. Expiratory pressure was recorded with a pressure
transducer (SS13L, BIOPAC MP36 system). The flow
and pressure transducers were calibrated before each

Young subjects

Subjective
screening

Hyperthyroid
1

Discomfort
2

Obstructive pulmonary
disease: 1
Abnormal EKG: 1

Familiarization
25

Randomization
23

Constant cycling test with
6 mm orifice C-PEP

Constant cycling test with
7 mm orifice C-PEP

Constant cycling test with
6 mm orifice C-PEP

Constant cycling test with
7 mm orifice C-PEP

Constant cycling test with
sham

Constant cycling test with
suitable C-PEP

Constant cycling test with
sham

Constant cycling test with
suitable C-PEP

Spirometry +
EKG screening

Incremental
cycling test

Older subjects

Subjective
screening

Familiarization
14

Randomization
older: 12
young: 15

Spirometry +
EKG screening

Incremental
cycling test

Hypertension: 1
Age >75 y: 5
Old stroke: 2
Musculoskeletal pain: 3

Discomfort
2

Asthma: 1
Unable to perform spirometry: 2
Abnormal EKG: 3

Experiment 2.2 young: 7
Experiment 3 older: 7

Experiment 2.2 young: 8
Experiment 3 older: 5

Experiment 2.2 young: 8
Experiment 3 older: 5

Experiment 2.2 young: 7
Experiment 3 older: 7

Cardiopulmonary responses analysis
Experiment 2.2 young: 15
Experiment 3 older: 12

Pressure-flow analysis
23

15 young subjects continually perform experiment 2.2

Wash out period ≥ 2 h

28

27

23

45

20

12

11 12

12 11

experiment 2.1

Fig. 3. Flow chart.
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exercise test. The PETCO2
and SpO2

were recorded with a
bedside monitor (BSM 2351K, Nihon Kohden, Irvine,
CA). An electrocardiogram was recorded by using the
BIOPAC MP36 system to determine heart rate during
exercise. Ratings of perceived breathlessness were as-
sessed every 2 min by using a modified Borg scale
(0 –10). Oscillometric blood pressure was measured at
rest and immediately after exercise by using the bedside
monitor with an arm cuff and bedside monitor. In ad-
dition, during the recovery phase, the subjects were
asked about any adverse symptoms during exercise, in-
cluding dizziness, tinnitus, or chest tightness.

Experiment 2.2: Cardiopulmonary Responses During
Exercise With the Conical-PEP Device

Procedure. Fifteen of the 23 subjects from experi-
ment 2.1 undertook 2 constant work load tests, one

breathing with a conical-PEP device, the other with the
sham device. The conical-PEP and sham tests were ran-
domly allocated in a balanced design, and a washout
period of at least 2 h was allowed between the constant
load tests (Fig. 4). Cardiopulmonary parameters were
collected at rest, during exercise, and immediately after
exercise (similar to experiment 2.1). After the incre-
mental exercise test, a suitable resistor was selected to
be used during the following constant load test. The size
of the conical-PEP resistor was selected for each subject
based on the ventilation at the end of exercise and peak
expiratory flow measurements. Based on the results of
experiments 1 and 2.1, those subjects with an expiratory
flow of 1 L/s or more, and a peak flow of 400 mL/s or
more, were allocated a resistor with a 7-mm orifice to
minimize the pressure at higher flows, whereas other
subjects were given a 6-mm orifice with the aim of
maintaining the pressure at the lower flows. The sub-
jects were then invited to try breathing with the selected

Pressure cuff transducer
connect to MP 36 Biopac system

Airflow transducer
connect to MP 36 Biopac system

Bacterial filter for
distributing expiration stream

Infrared sensor for PETCO  and breathing frequency
connect to bedside monitor

Mouthpiece

Insert a C-PEP
or non-insert (sham)

One-way valve T-piece

Blood pressure
cuff 

EKG line

Nose clip

Bed side
monitor

Respiratory transducer
for airflow, pressure,
PETCO  and breathing frequency
sensors

SpO  sensor

MP 36
Biopac system

2

2

2

A

B

Fig. 4. Experimental apparatus setting for exercise tests. A subject on a cycle ergometer, showing the position of the respiratory transducer
and associated recording equipment (A); a respiratory transducer (B).
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resistor with deep and rapid breaths as they might do
during exercise to become familiar with the sensation of
breathing with the device. The constant work load tests
were similar to experiment 2.1 but had 2 conditions:
one, breathing with a suitable conical-PEP device; and
one, of breathing without a conical-PEP device (sham).
All outcomes measurements were similar to experiment
2.1.

Experiment 3: Cardiopulmonary Responses During
Exercise With a Conical-PEP Device in the Older
Subjects

Subjects and Study Design. Twelve healthy older sub-
jects (3 men) were recruited from the local community, all
had normal lung function (Table 1) and no contraindica-
tions for moderate exercise. The study design was a cross-
over design similar to experiment 2.2.

Procedure and Outcome Measurements

Pulmonary function was measured at rest and at the
end of exercise by using a Pneumotach KOKO spirom-
eter (Hallam, PA) by following the American Thoracic
Society/European Respiratory Society task force recom-
mendations for standardization of lung function test-
ing18 and for FVC, inspiratory capacity, and slow vital
capacity measurement. Inspiratory capacity and slow
vital capacity were measured at rest and immediately
after exercise. The volume transducer was calibrated
before each exercise test. Predictive spirometry values
used were those of Morris.19 Other outcome measures
were the same as for the young subjects, described above
(Experiment 2.2).

Data Analysis

The pressure-flow curves were obtained by fitting a
trend line with the general formula P � K � u2/d2 by using
a nonlinear least squares regression, where P is the pres-
sure in cm H2O, u is flow in L/s, and d is the diameter of
the resistor orifice in cm, with K being a constant. De-
scriptive statistics (mean � SD) were used to report sub-
ject characteristics and cardiopulmonary responses to in-
terventions. The Shapiro-Wilk test was used to test data
distribution for normality. Two-way repeated measure anal-
ysis of variance with post hoc paired t tests and Bonferroni
correction were used to determine the significance of dif-
ferences between time and conditions. The Wilcoxon
signed-rank test was used to determine the significance of
differences of rate of perceived breathlessness within and
between conditions. SPSS version 17.0 (SPSS, Chicago,
Illinois) was used for all analysis. Significance was ac-
cepted at P � .05.

Results

Experiment 1: Bench Testing of the Pressure-Flow
Relationships of Different Resistors

The Effect of Orifice Diameter. The pressure gener-
ated for a range of flows when using resisters with plain
orifices (no cone) of 5-, 6-, and 7-mm diameter are shown
in Figure 5A. With no resistor in place, no pressure was
recorded with air flows from 0.1 to 0.7 L/s; but, at higher
flows, there was a slight increase, to 0.6 cm H2O at flow
1.1 L/s and to 1.0 cm H2O at a flow 1.5 L/s. With a 5 mm
orifice, the pressure at a low flow of 0.5 L/s, was
11.0 � 0.3 cm H2O within the clinically useful range, but
the pressure increased rapidly, with increasing flow that
reached very high pressures, of 58.1 � 1.7 cm H2O at
flows of �1 L/s (60 L/min), which might be experienced
during mild-to-moderate exercise. Increasing the diameter
of the orifice to 6 and 7 mm reduced the pressure at a flow
of 0.5 L/s to 5.2 � 0.2 cm H2O and 3.6 � 0.1 cm H2O, and
to 23.2 � 0.2 cm H2O and 15.3 � 0.3 cm H2O at a flow
of 1 L/s, respectively. Orifices of 5, 6, and 7 mm produced
20 cm H2O, probably the maximum useful pressure, at 0.6,
0.9, and 1.1 L/s, respectively.

The Effect of the Resistor Shape. Changing the shape
of the resistor from a plain hole to a 1-cm cone with a
similar orifice diameter reduced the pressures generated at
all flows (Fig. 6B). At a flow of 1 L/s, the pressures were
44.1 � 1.0, 18.0 � 0.3, and 12.1 � 0.3 cm H2O for
orifices 5, 6, 7 mm, respectively, a reduction of 18–26%
compared with the plain orifice (compare Fig. 5A and Fig.
5B) and generated pressures of 20 cm H2O at flows of 0.7,
1.1, and 1.3 L/s, for the three orifices, which were higher
than for similar orifice of a plain shape (compare Fig. 5A and
Fig. 5B). It was found that the longer the cone, the lower the
pressure generated for a given size of orifice and flow (Fig.
6C). With a 4-cm cone and an orifice of 5 mm, the pressure
generated at a flow of 0.5 L/s was 6.2 � 0.3 cm H2O, whereas,
at 1 L/s, the pressure was 25.7 � 1.5 cm H2O; both pressures
were probably in the clinically useful range.

Experiment 2: Pressure-Flow Relationships and
Cardiopulmonary Responses During Exercise With
the Conical-PEP Device in the Young Subjects

Young subjects were healthy and had normal lung func-
tions (Table 1). None had cardiovascular, neuromuscular,
or musculoskeletal symptoms.

Pressure-Flow Relationships During Exercise With the
Conical-PEP Device in the Young Subjects. The pres-
sure-flow relationships seen in the bench tests were largely
replicated with the subjects exercising at moderate work
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rates. Data are shown in Figure 6A and Figure 6B for one
subject, with a relatively low peak expiratory flow of
�0.8 L/s exercising on 2 occasions, once with the conical-
PEP device, 1 cm in length with a 6-mm orifice (Fig. 6A),
with the peak pressure of �9 cm H2O, and, on the second
occasion, with a 7-mm orifice (Fig. 6B), the peak pressure
was �6 cm H2O. These pressures were very similar to
those predicted by the bench testing, as indicated by the
solid lines, in Fig 6. Another subject with higher peak
flows, of up to 1.4 L/s, is shown in Figure 6C and Figure
6D. With a 6-mm orifice (Fig. 6C), the peak pressure was
�20 cm H2O, and, with the 7-mm orifice (Fig. 6D), the
peak pressure was lower, at 15 cm H2O.

Cardiopulmonary Responses During Exercise With the
Conical-PEP Device in the Young Subjects. Young
subjects exercised at a constant work load set at 60% heart
rate reserve while breathing with a 1-cm conical-PEP de-
vice and orifice of either 6- or 7-mm diameter. The size of
orifice was selected according to the subject’s peak flow
during exercise (see the methods section). Nine subjects
exercised with a 6-mm conical-PEP device; the remaining

6 subjects used a 7-mm conical-PEP device. The data were
compared with the same subject exercising with no PEP
device (sham).

Heart rate responses were identical when using the sham
device or the conical-PEP device, and all reached a steady
state by 3 min when the pressure-flow measurements were
made. The mean � SD peak pressure during exercise with
conical-PEP breathing at steady state (third minute) was
11.4 � 4.5 cm H2O, with an mean � SD expiratory flow
of 1.19 � 0.31 L/s. The exercise times were no difference
(5.6 � 2.3 min for the sham and 5.7 � 2.0 min for conical-
PEP device). At the end of the exercise, the subjects re-
ported no differences in their perceptions of breathless-
ness, when using a modified Borg score, while breathing
with the sham (median 5 [interquartile range 4–5]) or the
conical-PEP device (median 6 [interquartile range, 5–6])
(Table 2). There were no differences in breathing fre-
quency, expiratory tidal volume, breathing frequency, and
minute ventilation between sham and conical-PEP breath-
ing at any time during the exercise. However, at the end of
exercise, when using the conical-PEP device, the expira-
tory time to breathing cycle time ratio (expiratory time to
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breathing cycle time ratio) was maintained, whereas it was
significantly reduced when using the sham device com-
pared with resting (Table 2). The SpO2

tended to be slightly
lower with conical PEP and the PETCO2

was a little higher,
but there were no statistically significant differences be-
tween conical PEP and sham in these measures at any
time. In the absence of any adverse reactions to exercise
with a conical-PEP device, it was considered acceptable
for the exercise tests to be repeated with the older subjects.

Experiment 3: Cardiopulmonary Responses During
Exercise With a Conical-PEP Device in Older Subjects

The older subjects were healthy, with normal lung
function (Table 1) and no cardiovascular, neuromuscu-

lar, or musculoskeletal conditions. The older subjects
reached a steady state, as indicated by heart rate (Fig.
7), by 4 –5 min and exercised, on average, at 60% heart
rate reserve or �75% estimated maximum heart rate
(Table 3), although there was variation among the sub-
jects. Heart rates were the same for conical PEP and
sham at all times during the exercise and subsequent
recovery. Some subjects stopped before 10 min due to
dyspnea in both conical-PEP (n � 5) and sham (n � 4)
conditions.

The cardiopulmonary responses during exercise were
the same in the conical-PEP and sham conditions but the
mean (6.6 cm H2O) and peak expiratory (10.4 cm H2O)
pressures were significantly higher in conical-PEP breath-
ing (Table 3), which confirmed that the conical-PEP device
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generated positive expiratory pressures in the therapeutic
range. Inspiratory capacity and slow vital capacity both
decreased at the end of the exercise but not sufficiently to
signify significant dynamic hyperinflation and with no dif-
ferences between the conical-PEP and sham conditions
(Table 3).

Flow-volume loops for 2 older subjects are shown in
Figure 8. The loops were of similar shape during con-

ical-PEP and sham breathing, both at rest and during
exercise, and with no indication of flow limitation. Flows
were similar in the 2 conditions, but volumes were larger
during exercise with conical PEP. It is notable that, when
breathing with conical PEP, the volume increased earlier dur-
ing exercise than in the sham condition.

There were no adverse effects of breathing with the
conical-PEP device; SpO2

and PETCO2
showed similar pat-
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Table 2. Cardiopulmonary Responses at Rest and the End of Exercise in the Young Subjects

Parameters
At Rest At End of Exercise

C-PEP Sham C-PEP Sham

Heart rate, mean � SD beats/min 77.3 � 6.6 77.0 � 7.9 142.9 � 2.9* 143.1 � 2.6*
MAP, mean � SD mm Hg 87.7 � 6.4 82.9 � 8.9 100.9 � 12.3* 95.7 � 13.7*
Frequency, mean � SD breaths/min 12 � 5 12 � 5 21 � 7* 21 � 6*
TE:Ttotal, mean � SD 0.62 � 0.10 0.62 � 0.10 0.59 � 0.05 0.54 � 0.07*
Tidal volume, mean � SD L 0.96 � 0.46 1.00 � 0.61 1.60 � 0.56* 1.74 � 0.66*
Minute ventilation, mean � SD L 11.13 � 4.03 13.45 � 9.74 32.72 � 7.70* 35.78 � 10.55*
PETCO2

, mean � SD mm Hg 35 � 6 34 � 6 50 � 7* 47 � 9*
SpO2

, mean � SD % 98 � 1 99 � 1 96 � 2* 97 � 2*
Borg RPB score, median (IQR) 0 (0–0) 0 (0–0) 6 (5–6)† 5 (4–6)†

* Significant within condition (resting vs end exercise), P � .001–.030, by using the paired t test.
† Significant within condition (resting vs end exercise), P � .030, by using the Wilcoxon signed-rank test
C-PEP � Conical positive expiratory pressure device
MAP � mean arterial pressure
TE � expiratory time
Ttotal � breathing cycle time
PETCO2 � partial pressure of end-tidal carbon dioxide
RPB � rate of perceived breathlessness
IQR � interquartile range
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terns of response to exercise and recovery, whereas the
increase in mean arterial blood pressure was significantly
less in the conical-PEP condition (Table 2, Fig. 9A, Fig.
9B, and Fig. 9C). The subjects found breathing with the
conical-PEP device during exercise to be acceptable, with
the ratings of perceived breathlessness the same as in the
sham condition during exercise and recovery (Fig. 9D).
No adverse symptoms were reported during exercise with
the conical-PEP device.

Discussion

The 4 major findings were that (1) a plain 5-mm orifice
may not be suitable to use during exercise but 6�7 mm
orifices could be used with flows � 1 L/s during mild
exercise that generated pressure �20 cm H2O; (2) the
changing shape of the PEP device to a cone reduced the
pressure generated for a given orifice and flow com-
pared with a plain orifice, which extended the useful
range beyond 1 L/s when using an orifice of 6 or 7 mm,
into the range of mild-moderate exercise; (3) PEP gen-
erated by the conical-PEP device during exercise was
related to flow in a similar way to that found in the
bench test; and (4) the conical-PEP device, when gen-

erating pressures of �11 cm H2O during exercise, was
found to be acceptable, with no adverse effects in the
young and older subjects.

The pressure developed for a given flow through a PEP
device such as used here depends on a number of factors:
tube and orifice diameter, tube length, and the shape of the
resistor. The pressures we reported here were primarily
generated by the resistor, although the length of tubing
before the resistor (Fig. 2) may have contributed a pressure
of up to 1 cm H2O at the highest flows, consistent with the
observations of Mestriner et al.6 The important factor that
determined pressure was the size of the orifice, and, as is
shown in Figure 4A, the pressure was related to the square
of the flow and inversely to the square of the orifice di-
ameter in much the same way as described by Fagevik
Olsén et al,20 although that study was concerned with rel-
atively small orifices (1.5 to 5 mm diameter) and very low
flows (0.17–0.30 L/s). The pressure-flow relationship was
also influenced by incorporating the resistor into a cone
shape, which reduced the pressure for a given flow, with
the reduction being proportional to the length of the cone
(Fig. 5B and Fig. 5C). Consequently, both the size of the
orifice and the length of the cone can be adjusted to pro-
vide suitable pressures but also to match the physical

Table 3. Cardiopulmonary Responses at Rest and the End of Exercise in Older Subjects

Parameters
At Rest At End of Exercise

C-PEP Sham C-PEP Sham

Heart rate, mean � SD beats/min 75.1 � 7.9 79.5 � 9.4 123.1 � 23.3* 122.0 � 24.0*
MAP, mean � SD mm Hg 90.5 � 7.8 90.8 � 11.7 104.5 � 10.7* 112.3 � 14.5*
Frequency, mean � SD breaths/min 17 � 4 17 � 4 27 � 7* 26 � 5*
TE:Ttotal, mean � SD 0.57 � 0.05 0.57 � 0.04 0.55 � 0.05 0.54 � 0.06
Tidal volume, mean � SD L 0.46 � 0.14 0.47 � 0.16 0.84 � 0.28* 0.76 � 0.30*
Minute ventilation, mean � SD L 7.96 � 2.73 8.19 � 2.34 20.09 � 7.07* 19.06 � 9.05*
PETCO2

, mean � SD mm Hg 43 � 4 42 � 3 50 � 6* 47 � 5*
SpO2

, mean � SD % 98 � 1 98 � 1 97 � 2* 97 � 1*
Expiratory flow, mean � SD L/s 0.27 � 0.1 0.28 � 0.11 0.61 � 0.21* 0.61 � 0.32*
Peak expiratory flow, mean � SD L/s 0.38 � 0.13 0.36 � 0.12 0.91 � 0.34* 0.91 � 0.40*
Expiratory pressure, mean � SD cm H2O 1.20 � 0.72 1.03 � 0.40 6.64 � 3.54*† 2.72 � 1.77*
Peak expiratory pressure, mean � SD cm H2O 1.95 � 0.79 1.65 � 0.67 10.42 � 5.52*† 4.09 � 2.54*
IC, mean � SD L 1.83 � 0.41 1.87 � 0.49 1.67 � 0.40* 1.73 � 0.36*
SVC, mean � SD L 2.70 � 0.50 2.71 � 0.50 2.60 � 0.52 2.36 � 0.61*
Borg RPB score, median (IQR) 0 (0–0) 0 (0–0) 3.5 (3–4.5)‡ 3.5 (3–5)‡

* Significant within condition (resting vs end exercise), P � .001–.040, by using the paired t test.
† Significant differences between conditions, P � .020–.040 at the end of exercise, by using the paired t test.
‡ Significant within condition (resting vs end exercise), P � .035, by using the Wilcoxon signed-rank test.
C-PEP � conical positive expiratory pressure
MAP � mean arterial pressure
TE � expiratory time
Ttotal � breathing cycle time
PETCO2 � partial pressure of end-tidal carbon dioxide
IC � inspiratory capacity
SVC � slow vital capacity
RPB � rate of perceived breathlessness
IQR � interquartile range
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requirements, for instance, if the resistor is to be fitted into
a mask or other breathing aid.

Most flow-dependent PEP devices have been used in
postsurgical rehabilitation, where expiratory flows are low,
and, in a recent evaluation of PEP devices, Fagevik Ol-
sén et al20 tested a range of resistors with holes of 2, 3, and
4 mm, which, at flows of 10 and 18 L/min, gave clinically
useful pressures. However, resistors of this size would
give impossibly high pressures at flows encountered dur-
ing exercise, even with patients with COPD. These inves-
tigators also commented that there was very little consis-
tency because resistors with apparently similar size holes
give different pressures in different devices.20 We took
20 cm H2O to be the upper limit for use during exercise,
partly because this was approximately the maximum that
can be tolerated but also because PEP of 5–20 cm H2O is

commonly used in physiotherapy.21 A PEP of 10–20 cm
H2O for airway clearance has been suggested in the AARC
clinical practice guideline.22 Low PEEP, at 5 and 10 cm
H2O, has also been reported to be sufficient to improve
lung mechanics and reduce the work of breathing by low-
ering the inspiratory threshold in COPD without increased
hyperinflation.23-25

PEP loads of 5–10 cm H2O in a threshold-PEP device
have been reported to reduce dynamic hyperinflation7 and
improve the 6-min walk distance,11 and Fagevik Ol-
sén et al26 suggested the use of 5–10 cm H2O to reduce
hyperinflation. Peak positive pressures of 4–20 cm H2O
with flow-dependent PEP devices have also been shown
to reduce dynamic hyperinflation.13,15 It, therefore, is
evident that PEP in the range of 5–20 cm H2O is suit-
able for reducing hyperinflation, but the difficulty with
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Fig. 8. Individual flow-volume curves at rest without conical positive expiratory pressure (PEP), the first min of exercise, and the end of
exercise. A female subject (age, 72 y; body mass index [BMI], 22.3 kg/m2; FEV1, 1.88 L [101% predicted]; peak expiratory flow [PEF],
4.31 L/s [77% predicted]), with an exercise flow of 0.5 L/s breathing with a 1-cm-long conical-PEP device with an orifice of 6 mm (A) and
sham (B). A male subject (age, 67 y; BMI, 21.9 kg/m2; FEV1, 2.30 L [90% predicted]; PEF, 6.84 L/s [82% predicted]), with an exercise flow
of 0.7 L/s breathing with a 1-cm-long conical-PEP device with an orifice of 7 mm (C) and sham (D).
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flow-dependent devices is that a resistor that provides a
suitable pressure during quiet breathing at rest offers
too great a resistance at the higher flows encountered
during exercise.

There is probably no perfect design, but we found that
a 1-cm cone with an orifice of 6 or 7 mm provided pres-
sures of between 5 and 20 cm H2O over the range of flows
that span rest-to-moderate exercise (Fig. 5B). The smaller
6-mm orifice was suitable for a subject with a relatively
low FEV1 and peak expiratory flow (Fig. 6A), whereas,
for a subject with a higher FEV1 and thus high flow
during exercise, the larger 7-mm orifice was more ap-
propriate (Fig. 6D). In the exercise study, care was taken

to match the orifice size with the subject, the result was
that the peak PEP pressures during exercise were �11 cm
H2O.

The conical-PEP breathing was found to be no more
or less comfortable than the sham breathing. Five sub-
jects stopped exercising before 10 min in the conical-
PEP condition and 4 also stopped early in the sham
condition, so it seemed that they had problems with the
sensation of breathlessness in general rather than coni-
cal PEP in particular. The expiratory pressures gener-
ated by the older subjects were a little less than for the
young subjects, but this was consistent with the lower
expiratory flows of the older subjects. The pressures
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generated, however, were within the therapeutic range
(Table 3).

It had been anticipated that the older subjects might
develop hyperinflation during exercise and this could be
minimized by conical-PEP breathing. There was a small
reduction in inspiratory capacity at the end of the exercise
(Table 3), which was similar in the conical-PEP and sham
conditions, but this did not represent significant hyperin-
flation, which is usually defined by a reduction in inspira-
tory capacity of �0.5 L at peak exercise in patients with
mild COPD27 or 20% of resting vital capacity in patients
with moderate-to-severe COPD.28,29 In our study, 20% of
vital capacity was �0.54 � 0.01 L but inspiratory capacity
was reduced by only �0.17 L in both conical-PEP and
sham conditions. This indicated that the older subjects
were healthy and had good lung function.

There was concern that resistance on the expiratory flow
could lead to CO2 retention during exercise. With the ap-
paratus (corrugated tube, bacterial filter, and flow trans-
ducer) used for the exercise testing, there was a dead space
of �200 mL, which could lead to an accumulation of CO2.
However, conical PEP did not change PETCO2

nor were
there any differences in SpO2

compared with the sham.
Although the overall pattern of breathing was unchanged
when using the conical-PEP device, there was a tendency
to prolong the expiratory phase, which would be advanta-
geous in patients for whom slow expiration assists in the
reduction of hyperinflation.

There were no adverse consequences of conical-PEP
breathing during exercise or subsequent recovery; heart
rate and blood pressure responses to exercise were not
different in the conical-PEP and sham exercises, and nei-
ther did the healthy subjects in our study find that the
added expiratory load affected their perceptions of respi-
ratory effort. However, an unexpected, and unexplained,
finding was that the rise in blood pressure at the end of
exercise was reduced with conical-PEP breathing (Fig.
7C).

There were some limitations to this study. The mouth-
piece used incorporated a one-way valve for the inspired
air, and this had a certain resistance that may have con-
tributed to the respiratory sensations reported by the sub-
jects, but this was the same for both conical-PEP and sham
conditions. At the highest flows, the tubing, bacterial fil-
ter, and respiratory transducer (Fig. 4B) increased peak
expiratory pressure by �4 � 2 cm H2O, and this may have
minimized the difference in terms of cardiopulmonary re-
sponses between conical PEP and sham results. Cycle ex-
ercise may not be a very good representation of the de-
mands of everyday life, and it would be useful to assess
the benefits of conical PEP during other types of exercise,
such as treadmill exercise or when combining both upper
and lower body exercise, which places greater demands on
the respiratory system.

Conclusions

The orifice size and shape of an expiratory flow resistor
affected the pressure-flow characteristics, with a larger
orifice producing less pressure. The a conical-PEP device
of 1-cm length with an orifice of 6 or 7 mm was found to
generate pressures in the useful clinical range during mild-
to-moderate exercise in the young and older subjects. Fur-
ther study is needed to incorporate the conical-PEP device
into a mask and test its efficacy and safety with patients
with COPD exercising and undergoing pulmonary reha-
bilitation.
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