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Abstract

Introduction: Positive expiratory pressure (PEP) devices are widely used for respiratory therapy. Cost and
accessibility of commercial devices can be preclusive, leading to therapists using improvised PEP devices.
There are very few studies describing a new improvised PEP device: Tubing PEP. The purpose of this study
was to compare pressures generated by different lengths of 4 mm internal diameter hospital-issue oxygen
tubing and to estimate if therapeutic PEP could be delivered with tubing PEP.

Methods: 4 mm internal diameter oxygen tubing was cut into lengths of 40, 60, 80, 100, and 120 cm The
pressure generated through each length was tested at gas flows of 4 to 11 L/min in 1 L/min increments.
Pressure manometer measurements were taken visually three times for each flow rate and the mean of these

measures calculated and recorded.

Results: There was a strong positive linear relationship between pressure and flow across lengths of
oxygen tubing up to 120 cm with flow rates from 4 to 11 L/min. Regression modelling can estimate
pressures generated with physiological flow rates to 20 L/min.

Conclusions: Tubing PEP consisting of 4 mm internal diameter oxygen tubing behaves as a flow-regulated
PEP device. It is estimated that =60 cm lengths of tubing could provide therapeutic PEP of 10-20 cm H O
throughout the expected range of physiological flow rates in subjects with respiratory pathology. This
requires further confirmatory in-vivo testing. Tubing PEP is a viable, low-cost, readily available, low-risk,
waterless, flow-regulated means of administering PEP.
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Introduction

Positive expiratory pressure (PEP) therapy generates an in-
crease in transluminal airway pressure by creating resistance
to air flow during expiration. This increase in airway pressure
prevents airway collapse, increases lung volumes, assists
with secretion clearance, and improves alveolar ventilation
[1]. Two independent physical principles underpin a PEPs
device’s method of generating pressure during expiration:
flow-regulation or pressure-regulation. Flow-regulated devices
function by exhalation through a mouthpiece or mask with a
small aperture outlet whereby pressure is generated according
to the Hagen-Poiseuille Law (P=Q8hL/pr?).

Pressure (P) is inversely related to the aperture diameter (r) and
directly dependent on driving flow rate (Q); a smaller aperture
or higher flow rate produces higher pressure. As expiration
flow rate diminishes, airway pressure reduces. In contrast, with
pressure-regulated devices, airway pressure remains constant
throughout expiration and is independent of flow rate [3].
Pressure is generated via expiration against a spring loaded
valve or column of water. Once a threshold pressure is achieved
against the spring’s tension or height of water, expiration starts.
Regardless of the method, therapeutic levels of low-PEP are
considered to be around 10-20 cm H,0 [1]. This is distinct from
high-PEP with target PEP up to 120 cm H,0 [4].
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PEP devices are used across many patient populations [5-9]
and countries [10-14]. Commercially manufactured PEP devices
such as TheraPEP® (DHD Smiths Medical), PEP/RMT® (Medimex
GmbH), Flutter VRP1® (Aptalis Pharma US), Acapella® (Smiths
Medical), Aerobika® (Trudell Medical) have been clearly de-
scribed with clinical applications and efficacy documented
[1]. In addition to commercial devices, some clinicians have
constructed improvised devices such as bubble PEP [5] and
recently, this has led to a developing market in commercial
bubble PEP devices such as Therabubble® (Physiotherapy
Innovations) and Hydrapep® (Resolve Healthcare).

Bubble PEP was introduced in the 1970's [15] and surveys
report that most hospital-based therapists choose this device
over others [10,11,16] because of cost and accessibility [11].
At its simplest, it comprises of a container that is partially
filled with water and a tube, whose distal tip is submerged
into the water, into which the patient exhales. However there
are safety concerns regarding potential water-borne bacterial
contamination, inadvertent aspiration of water [17] and, in
the case of non-commercial bubble PEP devices, the incon-
sistency of assembly of bubble PEP [11,18]. To obtain a valid
pressure-regulated system, bubble PEP tubing must be at
least 20 cm long and have an inner diameter and apparatus
air-escape aperture of > 8 mm [18]. However, surveys report a
variety of tubing diameters, lengths, volume of container and
apertures used in the administration of bubble PEP [11,16].
Non-standardised clinician manufactured bubble PEP risks
providing suboptimal or, at worst, excessive levels of pressure
which could increase work of breathing leading to respira-
tory muscle fatigue [18]. Additionally, some patients may not
tolerate bubble PEP as it is a pressure-regulated PEP device.
Hypothetically, due to the difference between pressure-
regulated and flow-regulated devices and the timing of flow
initiation on expiration, it is reported that some patients may
better tolerate a flow-regulated device [3].

Given the cost of commercial PEP devices, the degree of
assembly error with clinician manufactured improvised devices,
possible hygiene risks, and patient usage limitations with
bubble PEP [11], an alternative device that ameliorates these
risks would be a useful addition to the battery of therapeutic
PEP devices. Ideally this device should be flow-regulated,
low-cost, readily available, and water-less. Tubing PEP was
first proposed by Boden in 2009 [19] to meet these require-
ments and its implementation in some hospitals in Australia
has since been reported [16].

Tubing PEP may act as a flow-regulated PEP device accord-
ing to Hagen-Poiseuille’s law, where airway pressure can be
increased by expiration through long lengths of thin tubing.
Hospital-issue 4 mm internal diameter oxygen tubing is a
readily available piece of equipment fitting this description.

Itis currently untested whether 4 mm oxygen tubing lengths
could perform like a flow-regulated PEP device. Therefore, the
aim of this study was to perform a phase 1, proof-of-concept,
experimental study measuring pressures generated with

flows of 4 to 11 L/min in oxygen tubing of 4-mm internal
diameter and in tubing lengths of 40, 60, 80, 100 and 120 cm.
Additionally, if tubing PEP behaves as a flow-regulated PEP
device, to derive a formula that will estimate the lengths of
tubing required to provide therapeutic PEP for patient use.

Methods

Experimental setup

This was an experimental study performed at the Physiotherapy
Department at the Launceston General Hospital, Australia,
with standardised benchtop apparatus (Figure 1). A flowme-
ter (Comweld Medical, Australia, range 0-15 L/min accuracy
+/-5%) was connected to the hospital’s external medical gas
oxygen system to generate a constant flow from 4 L/min to 11
L/min. These flow rates were chosen to provide an adequate
series of data points to determine with confidence the rela-
tionship between flow, tubing length, and pressure within
the flow limit restrictions of our experimental apparatus. A

Figure 1. Experimental setup.

1. Pressure manometer, 2. Flowmeter, 3. External gas supply,
4. Elbow connector, 5. T-piece connector for manometer,

6. Oxygen tubing, 7. Capped T-piece connector for oxygen

\_ tubing.

/

T-piece was capped and connected to the flowmeter via an
elbow connector. Oxygen tubing (a.p.s. Medical, Malaysia)
with 4 mm internal diameter was attached to the T-piece
4 mm outlet. A manometer (AstraTech, Mdlndal, Sweden,
range -30 cm HZO -+30cm HZO, increments of 1 cm HZO)
was attached in series between the flowmeter and oxygen
tubing via a second T-piece. A bio-technician calibrated the
flowmeter and manometer immediately prior to measures
being taken. This was done digitally at five increasing test
points and five downscale test points to establish linearity
and check hysteresis. All measures were taken over a single
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one-hour period. All connections in the system were checked
between measures to ensure against air leaks.

A baseline measure of pressures generated with increasing
flow rates through the 4 mm T-piece outlet (without additional
oxygen tubing attached) was taken. Oxygen tubing was cut to
40 cm, 60 cm, 80 cm, 100 cm, and 120 cm lengths. Sequentially
each length was attached to the T-piece outlet and tested at
1 L/min flow increments from 4 L/min to 11 L/min. Flow deliv-
ery was determined by following manufacturer instructions
for the height of the float ball in line with the flow delivery
incremental markings. Pressure was measured visually from
the manometer once flow rate stabilised and pressure was
constant. Measures were repeated three consecutive times
and the mean of these measures calculated and recorded.

Statistics

SPSS 15.0 (SPSS, Chicago, lllinois) was used for statistical analy-
ses. The association between pressure, flow rate, and length
of tubing was estimated using linear (ordinary least squares)
univariate and multivariate regression analysis. Regression
coefficients (with 95%Cl and significance set at p<0.05) were
calculated to derive formulae for estimates of tube lengths
and flow rates to be used to achieve desired airway pressures.

Results

Pressures obtained from different lengths of oxygen tubing

with increasing flow rates are presented in Figure 2. Pressure

increased linearly with increasing flow rates and increasing

lengths of oxygen tubing. We observed very strong correlation

(R*>95, p<0.001) between pressure and flow for all lengths of
tubing within the measured flow rates. This enabled the devel-
opment of a multi-regression model to determine pressures

generated with variable tubing length and flow rates.
Pressure=-8.15+(Qx1.33)+(Lx0.082°)

Pressure is measured in cmH,0, constant (%) 95% confidence
intervals (Cl) -9.81 to -6.48, p<0.001; flow (Q) in L/min (°) 95%
Cl1.14t0 1.52, p<0.001; tube length (L) in cm () 0.070 to 0.092,
p<0.001. Estimates of pressure in each length of tubing to a
flow rate of 20 L/min are plotted in Figure 3.

Discussion
This is the first laboratory-based phase 1 study to examine
tubing PEP’s physical properties and to generate an equation
to determine appropriate lengths of tubing required to gener-
ate therapeutic PEP. Our results demonstrate a strong linear
relationship between pressure and flow with gas flow rates
between 4-11 L/min through standard-issue oxygen tubing
with an internal diameter of 4 mm and length up to 120 cm.
These findings are in agreement with the Hagen-Poiseuille
law for laminar gas flow: when aperture diameter is kept
constant, as the length of tube increases, pressure increases.
These physical properties of flow and pressure with tubing
PEP are similar to other flow-regulated PEP devices [20].
Our findings replicate the results of Mestriner et al., [18]
who demonstrated that when a long tube <7 mm diameter
is used to construct bubble PEP, it leads to pressure becom-
ing dependent on tubing length and flow rate, rather than
the intended pressure-regulated device. Unfortunately, their
findings were not able to confirm the hypothesis that lengths
of tubing could independently be utilised for therapeutic PEP
as baseline pressure was set at 10 cm H,O accounting for the
water column and the maximum length of tubing tested was 80
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Figure 2. Flow versus pressure in 4-mm inner diameter oxygen tubing of varying lengths.
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rates up to 20 L/min.

Figure 3. Univariate regression modelling estimates of pressure for each length of tubing for flow

Solid lines and data points are experimental measures. Dotted lines are linear regression modelling for

each experimental length of tubing. Recommended therapeutic PEP range of 10 cm H,O to 20 cm H,0

and physiological flow rate range is shown. PEP, positive expiratory pressure; cmH.0, centimetres of

\ water pressure; L/min, litres per minute; mm, millimetres; cm, centimetres. /

cm. A post hoc manual data analysis where 10 cm H,0 was sub-
tracted from each data point shows a strong agreement with
our own data for similar lengths of 4 mm inner-diameter tubing.
Due to the strong linear relationship between pressure
and flow for each given length of tubing, multi-regression
modelling can estimate lengths of 4 mm diameter tubing
required to achieve therapeutic levels of PEP (10-20 cm
H,0) dependent upon the estimated patient expired flow
rate. The PEP generated by a patient using tubing PEP, as
for any other flow-regulated device, is dependent on the
physiological expired flow rate of the individual patient. Flow
rates measured during PEP therapy for normal healthy adults
are 15-20 L/min [3,21], whilst subjects with stable chronic
obstructive pulmonary disease (COPD) are approximately
10 L/min [22], and those with a cervical spinal cord injury
are around 12 L/min [21]. Our multi-regression modelling
indicates that for an individual with normal expiratory flow
rates a 40-60 cm tubing PEP length would provide 10-20 cm
H,O pressure throughout expiration. In a patient with slower
expiratory flow rates (e.g; COPD), a longer length of tubing
PEP is required. Delivering therapeutic PEP with tubing PEP
requires titration of the tubing length to achieve the desired
pressures as measured with a manometer, and according to an
individual’s expiratory flow rate. If tubing PEP is adopted as a
viable improvised PEP device, it has a number of advantages

over existing improvised clinician-manufactured bubble PEP.
Bubble PEP is one of the most common types of PEP device

used in Australian [11,16] and Swedish [12] hospitals due to

cost and accessibility [11,12]. However, safety concerns regard-
ing possible bacterial contamination [17], errors in assembly

[11,18], and cost of commercially available bubble PEP devices

may be a limitation to usage. Tubing PEP is water less and can

be constructed from a single piece of standardised hospital

equipment thus limiting these concerns.

Bubble PEP has also been reported to have some patient
dependent limitations. Sehlin et al., [3] reported that bubble
PEP was less tolerated in intensive care patients compared to
a flow-regulated PEP device. In-vivo use of bubble PEP with
healthy subjects demonstrated different flow-rate timings
and pressure-time functions compared to a flow-regulated
PEP device. There is an immediate start to expiratory flow
at the beginning of expiration when using a flow-regulated
device, whereas with bubble PEP, flow does not start until
a threshold pressure is met. It was hypothesised that in
patients with respiratory pathology, this delay to expiratory
flow could cause intolerance to Bubble PEP. As tubing PEP is
a flow-regulated device and flow starts immediately upon
expiration, it may be better tolerated.

Additionally, where it is difficult for physically weak patients
to hold a bubble PEP device this should not be a problem
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with a single light piece of 40-80 cm tubing. With tubing
PEP there are no water spillage issues, no gravity dependent
positioning requirements, no moving parts, no breakable
mechanical components, and it is quiet. Possible hygiene
concerns from remnant condensation following use need
establishing, however, the disposable nature of tubing PEP
could make this concern redundant. Despite the physical
properties and utility of tubing PEP having not yet been de-
scribed, tubing PEP comprises 10% of hospital PEP devices
in one region in Australia [16].

There is a risk that early adoption of tubing PEP prior to
published materials and physiological testing of the device
could lead to suboptimal PEP being prescribed. Expired flow
rates vary amongst patients and within pathology groups. PEP
generated in flow-dependent PEP devices, including tubing
PEP, is dependent on these expired flow rates. To ensure that
therapeutic PEP is delivered, longer tube lengths are required
for patients with slower expiratory flow rates. Tubing PEP
pressures in short lengths of oxygen tubing from 5 to 20
cm have been tested in hospital admitted adults with acute
exacerbation of COPD and compared to pressures generated
by healthy subjects [23]. Suboptimal pressures of less than
10 cm H,0 were generated in these short lengths of tubing.
Indeed, our study confirms that tubing lengths of less than
20 cm would not provide therapeutic PEP for patients with
COPD; rather >60 cm length tube should be used. To con-
firm tubing PEP as a viable therapeutic PEP device, phase Il
experiments of tubing PEP in healthy subjects and patients
with respiratory pathology of the appropriate length tubing
(40-80 cm) is now required to measure for repeatability, safety,
utility and practicality of administration.

The main limitation of our study is that flow rates beyond 11
L/min were not tested. This was for two reasons. Firstly, physi-
ological flow rates in patient populations for which tubing PEP
is primarily intended for use are 8-12 L/min [22] and, secondly,
measurement limitation of our experimental flow-meter. It is
possible that flow rates more than 11 L/min become turbulent
and the Hagen-Poiseuille law for laminar gas flow no longer
applies. As defined by Reynold’s number [24], with faster flow
rates the inertia of the gas interacts more significantly with
the lining of the tube and resistance to flow increases. The
relationship between pressure and flow changes from being
linear to exponential. Our described linear relationship be-
tween pressure and flow would no longer be valid at higher
flow rates and our regression formula and estimates would
be false. However, it is reported that a linear relationship is
maintained up to 20 L/min [18,25] in commercially available
and improvised PEP devices. Expiratory flow rates measured
during low-PEP in clinical and healthy populations range up
to 20 L/min. Thus, our findings and model are relevant for
use in patients with respiratory pathology and/or normal
physiological range of flows.

Other limitations are the quality of the experimental appa-
ratus and non-blinding of the measurement. Parallax error of

setting the flow rate based on the float ball height in line with
a marking on the flow meter could have introduced measure-
ment error. More sophisticated electronic flow and pressure
transducers with known standard error of measurement could
have been used to improve the methodological quality of this
experiment, the use of which was not fiscally viable for this
clinician-initiated experimental study. The measurement of
pressures was also taken by an assessor who was aware of
the length of the tubing and the quality of this study could
have been improved using a blinded assessor.

A further limitation is that only one variety of hospital sup-
plied oxygen tubing was tested. There is a possibility that a
different brand of 4 mm diameter oxygen tubing may have
different material properties affecting the resistance to airflow
through the tube. Olsen et al., [26] found that pressures gener-
ated by different resisters used in flow-regulated PEP devices
were significantly different despite the stated aperture sizes
being identical. Considering this, further testing of different va-
rieties of oxygen tubing of similar diameters may be warranted.

Nonetheless, this is the first study to demonstrate that tubing
PEP performs as a flow-regulated PEP device with pressures
reaching levels that could deliver therapeutic levels of PEP.

Conclusions

This experimental study demonstrates that tubing PEP con-
structed from 4 mm internal diameter oxygen tubing performs
as a flow-regulated PEP device. Modelling estimates that 40-
80 cm lengths would provide therapeutic levels of low-PEP
throughout a range of physiological flow rates. Further test-
ing is required in-vivo with healthy subjects and those with
respiratory pathology to assess tubing PEPs administration,
safety, efficacy, and utility.
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