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In cystic fibrosis (CF), a defect in ion transport results in thick and dehydrated airway mucus,
which is difficult to clear, making such patients prone to chronic inflammation and bacterial
infections. Physiotherapy using a variety of airway clearance techniques (ACTs) represents a
key treatment regime by helping clear the airways of thickened, adhered, mucus and, thus,
reducing the impact of lung infections and improving lung function. This article aims to
bridge the gap between our understanding of the physiological effects of mechanical stresses
elicited by ACTs on airway epithelia and the reported effectiveness of ACTs in CF patients. In
the first part of this review, the effects of mechanical stress on airwayepithelia are discussed in
relation to changes in ion transport and stimulation in airway surface layer hydration. The
second half is devoted to detailing the most commonly used ACTs to stimulate the removal of
mucus from the airways of patients with CF.

REGULATION OF AIRWAY SURFACE
HYDRATION

The hydration state of the airway mucus layer
is crucial for regulating the rate of mucocili-

ary clearance (MCC) in the lung (Boucher
2007b). In the airways, the hydration state of
the airway surface layer (ASL) fluid is controlled
by the ion channels that regulate the mass of salt
and water on the airway surfaces. Airway epithe-
lia are highly water permeable because of their
low transepithelial electrical resistances (Bou-
cher 1994) and high expression of aquaporins
(Kreda et al. 2001). The advantage of such epi-
thelia is that they are capable of both absorbing
fluid and secreting fluid, depending on the di-
rection of the salt transport across airwayepithe-

lia. Because the concentration of NaCl within
the ASL is essentially isotonic, the overall mass
of NaCl in the ASL is critical for determining the
total fluid volume of the ASL (Boucher 2007a).
For example, if more salt is secreted into the ASL
by the epithelium, water follows passively and
the ASL volume will rapidly increase to maintain
isotonicity. Conversely, if NaCl is absorbed,
water also follows passively, resulting in a dehy-
dration of the ASL. This ability to alternate be-
tween fluid absorption and secretion allows the
airway epithelia to fine-tune the hydration state
of the ASL and ensure efficient MCC.

Indeed, airway epithelia are capable of op-
timizing ASL hydration state by modifying
the activities of apical ion channels to switch
continuously between secretory and absorptive

Editors: John R. Riordan, Richard C. Boucher, and Paul M. Quinton

Additional Perspectives on Cystic Fibrosis available at www.perspectivesinmedicine.org

Copyright # 2013 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a009720

Cite this article as Cold Spring Harb Perspect Med 2013;3:a009720

1

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



phenotypes (Button et al. 2007). In the airways,
fluid absorption from the luminal airway sur-
face to the submucosal compartment is regulat-
ed by net Naþ absorption, mediated by the
amiloride-sensitive epithelial sodium channel
(ENaC) (Davis and Matalon 2007), whereas
chloride (Cl2) secretion across the apical mem-
brane provides the driving force for net fluid
secretion onto the airway surfaces. In the air-
ways, Cl2 secretion is mediated by the cystic
fibrosis transmembrane conductance regulator
(CFTR), a member of the ATP-binding cassette
(ABC) family of channels/transporters (Greger
et al. 2001), and the calcium-activated chloride
channel (or CaCC), which has been identified
as TMEM16A, a member of the anoctamin fam-
ily of anion channels (Rock et al. 2009).

DEFECTIVE ASL HYDRATION REGULATION
IN CYSTIC FIBROSIS

In cystic fibrosis (CF), mutations of the gene
coding CFTR are associated with a significant
decrease in epithelial Cl2 secretion and excess
Naþ absorption (Boucher 2007a). The deple-
tion of the ASL causes an excessive concentra-
tion of the mucus layer. When mucus concen-
trates, increases in its osmotic pressure results in
drawing water osmotically from the PCL, col-
lapsing the PCL and folding over the cilia. The
sequence renders cilia ineffective at coordinated
beating activity and thus unable to clear the ad-
herent thickened mucus (Boucher 2007b; But-
ton et al. 2012). This immobilization results in
the apposition of the mucus layer to the cell-
surface PCL, which has been hypothesized to
lead to a physical interaction (adhesion) that is
sufficiently strong to resist mucus clearance via
ciliary beating or coughing. Stasis of lung secre-
tions in CF eventually leads to mucus plugging,
chronic bacterial infection and inflammation,
and eventually, airway damage (bronchiectasis).

REGULATION OF ASL HYDRATION BY
EXTRACELLULAR NUCLEOTIDES/
NUCLEOSIDES

Airway epithelia appear to be disconnected
from the effects of systemic hormones that are

known to regulate ion transport rates in other
epithelia, including being resistant to the ac-
tions of mineralocorticoid and steroid hor-
mones (Grubb and Boucher 1998). In contrast,
airway epithelia rely on local extracellular sig-
nals in the ASL itself to maintain the ASL hy-
dration state sufficient for basal mucus clear-
ance, as well as report the stresses on airway
surfaces that require an adjustment of ASL hy-
dration and mucus clearance.

Key players in ASL hydration regulation that
have been extensively characterized are the lu-
minal concentrations of adenosine-based nu-
cleotides (e.g., ATP or UTP) and nucleosides
(e.g., adenosine [ADO]) (Schmid et al. 2011).
These molecules act as major autocrine regula-
tors of mucus clearance by their ability to mod-
ulate the activity of ion channels/transporters
involved in ASL volume homeostasis. Specifi-
cally, studies have shown that exogenous appli-
cation of ATP, UTP, or ADO produces coor-
dinate regulatory effects on airway epithelia
ion transport, including the inhibition of Naþ

absorption and activation of Cl2 secretion
(Knowles et al. 1991; Benali et al. 1994), result-
ing in net secretion of fluid onto the airway
surface. Indeed, inhaled UTP (and its deriva-
tives) has been shown to stimulate both mucus
clearance (Bennett et al. 1996) and sputum pro-
duction (Johnson et al. 2002) in patients with
obtrusive lung diseases.

The stimulation of net fluid secretion by
nucleotides and nucleosides occurs via the ac-
tivation of G-protein-coupled ATP-sensitive
P2Y2 and ADO-sensitive A2b purinoceptors,
located in the luminal membrane of superficial
airway epithelial cells (Lazarowski and Boucher
2001, 2009). Stimulation of P2Y2 receptors by
extracellular ATP results in the activation of a
heterotrimeric G protein (Gq) that increases the
activity of both CaCC (TMEM16A), via an IP3-
dependent increase in intracellular calcium
(Cai

2þ) and CFTR, by a PKC-dependent mech-
anism (Fischer et al. 1998). In contrast, ENaC
has been shown to be inactivated by P2Y2 recep-
tor activation (Stutts et al. 1995) via depletion
of PIP2 (Kunzelmann et al. 2005). The net effect
is the stimulation of fluid secretion in the air-
ways, facilitating mucus clearance. In addition
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to changes in ion transport by ATP, activation of
P2Y2 receptors can modulate the activity of oth-
er cellular processes, including stimulation in
mucin secretion (Davis 2002) and increasing
the rate of ciliary beating (Morse et al. 2001).

Adenosine, a product of ATP metabolism by
extracellular enzymes (Picher et al. 2004), has
also been shown to be a potent extracellular
regulator of airway hydration state via the acti-
vation of G-protein (Gs)–coupled A2b purino-
ceptors on the luminal surface (Lazarowski et al.
1992). In airways, A2b stimulation results in
cAMP-dependent activation of CFTR (Hanra-
han et al. 1996) and inhibition of ENaC-medi-
ated Naþ absorption (Kunzelmann et al. 2001).

As with ATP, the net effect of increases in extra-
cellular ADO is the stimulation of fluid secre-
tion onto the airway surface.

Figure 1 presents a simplified schema de-
picting how these elements are integrated to
participate in regulating the ATP/ADO levels,
ASL hydration state, and, hence, the rate of mu-
cus clearance from the lung. During conditions
of ASL dehydration, the concentrations of ATP/
ADO are elevated, resulting in a stimulation of
fluid secretion. In contrast, the presence of “ex-
cess” fluid on the airways dilutes the extracellu-
lar ATP/ADO, resulting in net fluid absorption
until the concentrations of ATP/ADO are suffi-
cient to activate purinoceptors.
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Figure 1. Model of purinergic signaling in airway epithelia. Mechanical stimulation of the epithelial surface by
mechanical stress, irritants, or pathogens induces ATP release and elevates ASL (ATP). ATP is an agonist to a
series of purinoceptors, including the G-protein-coupled P2Y2 receptor located on the luminal surface of the
airway lumen. Upon P2Y2 receptor activation, the rate of PIP2 hydrolysis increases, resulting in an increase in IP3

and release of Ca2þ from stores. Increased levels of intracellular Ca2þ are responsible for activating CaCC
(TMEM16a), resulting in a stimulation in Cl2 secretion. Additionally, the reduction in PIP2 also results in a
decrease in ENaC-mediated sodium absorption. The action of a series of ectonucleotidases converts the extra-
cellular ATP to ADP, AMP, and eventually adenosine (ADO). Adenosine is a potent agonist of adenosine
receptors, such as the A2b receptor, expressed on the airway surface. Activation of these receptors induces G-
protein-coupled adenylate cyclase, followed by cAMP-dependent activation of protein kinase A. The result is
stimulation of CFTR-mediated Cl2 secretion. In addition to modulation of ion channel activity, stimulation of
ATP release is a well-known agonist for stimulating mucin release (via P2Y2 receptor activation) and cilia beat
frequency (via both P2Y2 and A2b). Together, the action of mechanical stress is the stimulation of fluid secretion
and acceleration of mucus transport rates.
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STIMULATION OF ATP RELEASE BY
MECHANICAL STRESSES

By virtue of their interfacial position in the
lungs, the epithelial cells lining the airway are
ideally situated to act as sensors of breathing-
dependent changes in mechanical stress (such as
airflow, stretching, and pressure). The role of
mechanical forces in pulmonary health raises
the possibility of relationships between the
forces generated by tidal breathing, airway sur-
face hydration, and the rates of mucociliary
clearance.

As a mechanism to link these functions, sub-
stantial evidence suggests that the mass of nu-
cleotides and nucleosides on airway surfaces is
regulated by the rate of ATP release, triggered by
breathing-induced mechanical stresses (Button
and Boucher 2008). Consistent with this thesis
are several studies that have reported that ATP is
released from human airway epithelia subjected
to physical forces. Examples of these ATP re-
lease-stimulating mechanical forces include
forces generated by mechanical deformation
(Grygorczyk and Hanrahan 1997), fluid shear
stress (Tarran et al. 2005), compression/stretch
(Button et al. 2007), or osmotic shock (Okada
et al. 2006). It should be noted that although the
ATP release pathway(s) are poorly understood,
studies have suggested that it is the result of ve-
sicular release (Kreda et al. 2007) and/or through
conductive ion channels, such CFTR (Egan
2002) and Pannexins (Ransford et al. 2009).

MECHANICAL FORCES IN THE LUNG

The lung is a unique organ in that it is subject-
ed to complex physical forces during normal
tidal breathing, coughing, and vascular perfu-
sion. Over the past few decades, it has been re-
alized that these physical forces play an impor-
tant role in regulating the structure, function,
and metabolism of the lung—for example, the
observation that normal breathing, interspersed
with intermittent large volume breaths (sighs),
is important for maintaining alveolar health and
patency (Dietl et al. 2001). Furthermore, breath-
ing movements observed as early as 10 wk of
gestation in the human fetus suggest that these

mechanical forces are important for cell differ-
entiation and further lung development (Inan-
lou et al. 2005).

In the airways, two types of mechanical
forces dominate. During normal breathing, air-
flow across the surface of the airway epithelium
produces a wall shear stress. Because both air-
flow velocities and airway diameter decrease
proportionally in the deeper lung, it has been
estimated that the magnitude of the shear stress
force varies little from the large to the small
generations of the airways, centering on a value
on the order of �0.5 dynes † cm2 (Fredberg
1978; Tarran et al. 2005). The other mechanical
stress that is relevant during respiration is the
transairway pressure gradient. During normal
expiration, a transmural pressure gradient of
�8.5 cm H2O is generated (Levitzky 1991),
and can approach �20 cm H2O in the proximal
airways during exercise or forced expirations
(Jones et al. 1975).

Abnormal physical forces exerted on lung
tissues are known to contribute to pathological
situations. For example, in extreme conditions,
such as patients receiving positive-pressure me-
chanical ventilation or during severe broncho-
constriction associated with asthma, cells in the
lung are compressed and/or stretched to supra-
normal levels, leading to an array of pathological
outcomes, including inflammation, airway re-
modeling, and even cell death (Ressler et al.
2000). Although transient, mechanical stresses
on airways are even more extreme during cough-
ing (Leith 1985). The combination of a closed
glottis with the rapid expiratory muscle con-
traction produces very rapid changes (600–
1600 cm H2O/sec) in transpulmonary pres-
sures, reaching pressures as high as 200 cm
H2O (Basser et al. 1989). During the expiration
phase of coughing, peak airflow rates of
.500 L/min can be reached, producing wall
surface shear stresses estimated to reach as high
as 1700 dynes/cm2 (Basser et al. 1989).

MECHANICAL FORCES AND STIMULATION
IN MUCUS CLEARANCE

As detailed in the sections below, airway clear-
ance therapy (ACT) represents an effective tech-
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nique to facilitate the clearing of retained mu-
cus secretions from the lungs of patients with
chronic lung diseases like CF. Although the
mechanism of action of such maneuvers on mu-
cus clearance is still poorly understood, it is
widely believed that the mechanical forces elic-
ited by these techniques reduce the viscoelastic-
ity of the bronchial mucus secretions. Such
forces would be analogous to imparting the
“shear-thinning” ketchup; that is, shake the bot-
tle and the semisolid paste becomes a runny liq-
uid. In addition, studies have also shown that
ACT can act directly as a physical mucolytic
(Sutton et al. 1983), by breaking down of high-
molecular-weight DNA in CF sputum samples,
to levels comparable to those obtained by exog-
enous rhDNAse treatment (App et al. 1998).
Finally, the ability to generate fluid secretion
by the action of mechanically stimulated ATP
release during ACTwould be expected to reduce
the concentration of the mucus (Button et al.
2007). Combined, these effects will make the
adhered mucus easier to clear from the lungs.

EXPECTORATION TECHNIQUES

Cough

Coughing is the body’s natural backup mecha-
nism for airway clearance. The cough is achieved
by rapid airflow acceleration and extremely high
flow rates and, when coupled with dynamic air-
way compression, is very effective in squeezing
and clearing mucus from the airways (Cloutier
2007). Coughing is mostly reflexive and, thus,
does not allow as much conscious control of
starting lung volume or pressures developed.
However, coughing can be directed in trained
patients. During coughing, a deeper inspiration
(often around one and one-half times the tidal
volume) occurs, increasing elastic recoil. High
intrapulmonary pressures are built up behind
the glottis, and when the glottis opens, supra-
maximal, turbulent expiratory flows are gener-
ated. During the cough, the posterior membra-
nous portion of the trachea is compressed, and
the tracheal diameter is narrowed to about one-
sixth of normal. With an increase in flow rate of
sevenfold during a cough, the linear velocity of
air increases 42-fold. Airflow at the site of com-

pression is turbulent and makes the sound that
we call a cough. As lung volume decreases and
the elastic recoil pressure decreases, the equal
pressure point moves upstream toward the alve-
oli (Cloutier 2007).

The equal pressure point plays a critical role
in the effectiveness of coughing, because a sub-
stantial increase in airflow velocity occurs at
points of narrowing (choke points). High linear
airflow velocity provides the turbulent flow,
high shearing forces along the airway walls,
and high kinetic energies that move secretions
cephalad. Because of the extremely high intra-
luminal and extraluminal pressures generated
with a cough, there is more potential for signifi-
cant dynamic airway collapse at the equal pres-
sure point, especially in unstable airways. Car-
tilaginous support decreases from the trachea
and larger bronchi to the smaller bronchi and
is probably minimal within bronchioles. Al-
though smooth muscles may aid in maintaining
smaller airway patency, a cough may compress
those airways too much to allow effective clear-
ance (Lapin 2002). During a cough, alveolar,
pleural, and subglottal pressures may rise as
much as 200 cm H2O (Frownfelter and Massery
2006). Coughing will clear to approximately the
sixth or seventh generation of segmental bron-
chi. If a patient has retained secretions, distal
airway clearance techniques must move the
secretions to an area where the cough can be
effective (Frownfelter and Massery 2006).

Movement of the Equal Pressure Point (EPP)
during a Forced Expiration (“Huff”)

“Huffing” is a forced expiratory maneuver, usu-
ally initiated from mid-to-low lung volumes via
an open glottis, and is another way to produce
supramaximal airflow and high linear velocities
(Rossman et al. 1982). The equal pressure point
(EPP) is defined as the point at which the intra-
luminal pressure and extraluminal pressure are
equal. Beyond that point (downstream toward
the mouth), the external pressure around the
airway (extraluminal or pleural pressure) is
greater than the pressure within it (intralumi-
nal), and the airway is compressed, which limits
flow. During a huff, the pressure in the airway
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(intraluminal pressure) decreases from the pe-
ripheral airways to the mouth, because of fric-
tional pressure loss and convective acceleration
pressure loss (Mead et al. 1967). The pressure
also decreases because of the movement of air
from the periphery with a cumulatively large
cross-sectional area, centrally, with gradual cu-
mulative cross-sectional area decreasing. During
the exhalation, the extraluminal (pleural) pres-
sure remains relatively constant, and the intra-
luminal pressure gradually decreases. Thus, there
is a wave of equal pressure points moving deeper
(more peripherally) into the airways as exhala-
tion proceeds and intraluminal pressures fall.

The site of the equal pressure point is deter-
mined by the amount of expiratory force and the
elastic recoil. A higher expiratory force shifts
the equal pressure point peripherally (toward
the alveoli). Likewise, if the forced exhalation is
initiated at a lower lung volume, the pressure
from the static elastic recoil will be less, as will
the intraluminal pressure, and the resulting
equal pressure point will be more peripheral.

Mucus clearance has been studied using a
two-phase gas–liquid flow mechanism in an in
vitro flow model. The study found that the peak
expiratory flow rate should exceed the peak in-
spiratory flow rate by at least 10% for mucus to
move proximally. Second, the peak expiratory
flow rate should exceed 30–60 L/min to over-
come the shear force to which the mucus is
attached in order to move the mucus. This study
also found that fluids with low viscosity and
elasticity required higher expiratory flow rates
than viscous fluid to move (Kim et al. 1987).

Asynchronous Ventilation (Differences in
Lung Filling) and Interdependence

For mucus clearance to occur, air must get be-
hind (distal to) the mucus. Even in normal
lungs, time constants vary among lung regions,
and asynchronous ventilation occurs secondary
to regional and stratified inhomogeneity (Mur-
ray 1986). Mucus obstruction (partial or com-
plete) in disease states may increase inhomoge-
neity, substantially impairing the ability to get
air past mucus obstructions (Laube et al. 1989).
Some airway clearance techniques include an

inspiratory pause to compensate for asynchro-
nous ventilation (Lapin 2002).

Inspiration dilates airways as negative pleu-
ral pressure causes the lungs to inflate, causing a
transient decrease in resistance to airflow that
aids ingetting air behind themucus. Interdepen-
dence between adjacent parenchymal lung units
occurs because of the elasticity of the surround-
ing interstitium and also between the lungs and
chest wall (Mead et al. 1970). These mechanisms
help to preserve uniform ventilation distribu-
tion. As lung volume decreases during expira-
tion, expiratory flow limitation occurs.

Collateral Ventilation

The various lobes of the lung are subdivided by
fissures. The division into lobes is incomplete,
which allows for collateral ventilation. Collat-
eral ventilation is an accessory pathway that con-
nects air spaces supplied by other airways. The
accessory pathways in the lung include (1) the
channels of Lambert, which connect respiratory
bronchioles and terminal bronchioles to air
spaces supplied by other airways; (2) the pores
of Kohn, which are openings in the alveolar
walls that connect adjacent alveoli; and (3) the
interbronchiolar channels of Martin. These ac-
cessory pathways help to prevent collapse of ter-
minal respiratory units when their supplying
airway becomes obstructed (atelectasis) (Clou-
tier 2007).

Airway Clearance Therapy in CF: Rationale
and Practice

Airway clearance techniques (ACTs) are usually
commenced as soon as the diagnosis of CF is
made, often soon after birth. In infants, airway
clearance techniques are performed by parents
and/or caregivers. As children mature, they are
taught techniques that can be performed inde-
pendently of an assistant (Hodson 2000).
Patients/caregivers are required to perform
this treatment preventatively when well and
more intensively during acute exacerbations
(Williams 1994). A Consensus Conference Re-
port on CF adult care describes airway clearance
therapy as a “cornerstone” of treatment (Yanka-
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skas et al. 2004). Airway clearance techniques are
required to have a sound basis in physiology and
need to be efficient and effectively applied across
the life span.

BREATHING TECHNIQUES TO PROMOTE
MUCUS CLEARANCE

Autogenic Drainage

Autogenic drainage (AD) is an airway clearance
technique underpinned by basic physics, fluid
dynamics, pulmonary anatomy, and physiology,
together with breathing mechanics (Mead et
al. 1967; Dab and Alexander 1979; Chevaillier
1984; Schoni 1989; Lapin 2002; Van Ginderdeu-
ren 2009). J. Chevaillier, the developer of this
technique, states that mucus clearance is based
on two different systems: the effects of ciliary
clearance and increased airflow applying shear-
ing forces to the mucus adhering to the airway
wall, similar to the effects of erosion. “The high-
er the velocity of the medium, the stronger the
erosive effect.” To achieve the necessary shearing
forces to remove secretions from airways, it is
necessary to modulate the inspiratory and expi-
ratory airflow.

AD aims to generate higher expiratory air-
flow in all generations of bronchi without caus-
ing dynamic collapse. This goal is achieved us-
ing repetitive controlled tidal volume breathing,
starting at lower lung volumes in the vicinity of
residual volume (RV) and gradually and pro-
gressively increasing lung volumes toward in-
spiratory reserve volume (IRV) as secretions
are loosened, collected, and moved up toward
the mouth for expectoration (Van Ginderdeu-
ren 2009). This technique relies on the EPP to
move into the more peripheral airways and sig-
nificantly increase flow rate and linear velocity
in these airways (Lapin 2002).

AD was found to be as effective as other
airway clearance techniques when compared
in shorter and longer randomized controlled
trials (Pfleger et al. 1992; Giles et al. 1995; Miller
et al. 1995; McIlwaine et al. 2010; Pryor et al.
2010). The process of airway clearance in AD is
based on an active or passive assisted autogenic
drainage (AAD) modulation of the airflow and

lung volume-based level of breathing. AAD is a
technique that can be used with infants and very
young children.

Active Cycle of Breathing Technique

The active cycle of breathing consists of (1)
breathing control, (2) thoracic expansion exer-
cises, and (3) a forced expiration technique.
Breathing control (BC), which is gentle, relaxed
breathing at the patient’s own tidal volume and
resting respiratory rate, is followed by thorac-
ic expansion exercises (TEEs), which are deep,
slow, relaxed inspirations to IRV with or without
2- to 3-sec breath-holds with quiet unforced ex-
pirations (elastic recoil). BC is interspersed
throughout the cycle to allow recovery and pre-
vent an increase in airflow obstruction. These
TEEs help maximize ventilation via collateral
channels and interdependence and ameliorate
the problem of asynchronous ventilation and
blocked airways. The forced expiration tech-
nique is a combination of one or more forced
expirations (huffs) and periods of breathing
control. Huffing to low lung volumes should as-
sist in loosening and mobilizing excesssecretions
from smaller peripheral airways to larger central
airways. When secretions have reached the larger
airways, a huff or cough with high lung volume
can be used to clear them (Lapin 2002; Pryor
2009). ACBT is either performed in upright sit-
ting or recumbent positions (Cecins et al. 1999).
During a forced expiratory maneuver, there is
compression of the airway downstream (toward
the mouth) from the equal pressure point. The
squeezing action, which moves peripherally with
decreasing lung volume, together with the in-
crease in air speed as air flows through the nar-
rowed segment, facilitates the movement of se-
cretions along the airway (West 2004). ACBT is
comparable to other airway clearance therapies
in outcomes commonly used in clinical trials
(Pryor et al. 2010; Robinson et al. 2010).

Positive Expiratory Pressure (PEP) Therapy
to Enhance Mucus Clearance

Positive expiratory pressure (PEP) therapy, a
flow-regulated technique, was developed in Den-
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mark in the late 1970s using a mask, one-way
valve, and selected expiratory orifice resistor. A
pressure manometercan be inserted between the
valve and the resistor (Falk et al. 1984; Tonnesen
and Stovring 1984; Groth et al. 1985; Lannefors
2009). PEP is used to recruit closed or obstruct-
ed peripheral airways by mobilizing, transport-
ing, and evacuating secretions in spontaneously
breathing patients and is, by definition, com-
bined with the forced expiration technique
(FET) described above.

The aim of this flow-regulated technique is
to obtain a temporary increase in functional
residual capacity (FRC) that allows the tidal
volume (TV) to be above the opening volume
for otherwise closed or obstructed airways. The
12–15 consecutive TV breaths comprising each
cycle should be only slightly active while achiev-
ing a mid-expiratory pressure of 10–20 cm
H2O. Patients should be taught how to recog-
nize a temporary increase in FRC. The number
of treatment cycles within a treatment session
and the frequency of treatment are individually
selected according to specific needs. Owing to
the elastic recoil of the lung tissue at this tem-
porarily increased FRC level, collateral ventila-
tion should increase and open up these closed
airways. The air in the recruited lung volumes
can be used behind secretions and combined
with either the forced expiration technique or
the technique of autogenic drainage to mobi-
lize, transport, and evacuate airway secretions.
This technique can be applied in upright sitting
or horizontal positions. PEP can be used in in-
fants held on the arm of the caregiver with the
mask applied over the nose and mouth. PEP was
found to be superior to postural drainage in
short- and longer-term studies (Lannefors and
Wollmer 1992; McIlwaine et al. 1997). Contra-
indications to use of PEP are undrained pneu-
mothorax and frank hemoptysis.

High-Pressure Positive Expiratory Pressure
(Hi-PEP) Mucus Clearance Technique

High-pressure positive expiratory pressure (Hi-
PEP) airway clearance physiotherapy was devel-
oped in Graz, Austria during the early 1980s. Hi-
PEP uses forced expiratory maneuvers against

the PEP-mask’s expiratory resistor for mobiliz-
ing and transporting intrabronchial secretions
(Oberwaldner et al. 1986). The equipment used
is the same as that described in the previous
section.

The aim of Hi-PEP is to improve mucus
clearance in a physiological way. During the
“mobilization” phase, the aim is to increase col-
lateral airflow to underventilated regions and to
squeeze “Pendelluft” from hyperinflated into
unobstructed and atelectatic lung units. This
is achieved using a forced expiration against a
marked resistive load. Furthermore, mobiliza-
tion of mucous plugs is achieved by back pres-
sure-effected dilation of airways. During the
“transportation” phase, incorporation of the
peripheral airways into the compressed down-
stream (toward the mouth) segment is a prereq-
uisite for efficacy. An in-depth understanding of
the downstream and upstream movement of the
equal pressure point is required by therapists
teaching patients this technique (Oberwaldner
et al. 1991; Pfleger et al. 1992; Zach and Ober-
waldner 1992; Oberwaldner 2009).

PEP breathing is undertaken through the
mask, two one-way valves, and individually se-
lected expiratory resistors for eight to 10 cycles
using moderately increased tidal breathing. This
maneuver is followed by inhalation to total lung
capacity and one or more forced expiratory ma-
neuvers against the expiratory resistor exhaling
toward residual volume. The consequent mobi-
lization of secretions usually results in cough-
ing from low lung volumes into the PEP mask
against the resistor, splinting the airways open
and avoiding dynamic compression of unsta-
ble airways. The sustained expiratory pressures
achieved usually range between 40 and 100 cm
H2O. The individually selected resistor and op-
timal expiratory pressure is determined by a
spirometry-assisted method. Hi-PEP can be ap-
plied as a passive physiotherapy technique in
infants and patients who are unable to cooper-
ate actively. Contraindications to Hi-PEP in-
clude pneumothorax, cardiac disease, frank he-
moptysis, lung surgery, and asthma. Hi-PEP is
not recommended for patients who are exhaust-
ed and unable to meet the demands of this en-
ergy-consuming technique.
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Oscillating Positive Expiratory Pressure
(OscPEP) Therapy to Enhance Mucus
Clearance

Oscillating positive expiratory pressure using
the Flutter device was developed in Europe
in the late 1980s (Althaus 1989) and approved
by the U.S. FDA in 1994. This was followed by
the development of the Acapella device in the
United States in the early twenty-first century.
The Flutter device uses an oscillating positive
expiratory pressure that causes vibrations of
the airway wall, which, in turn, loosen secre-
tions, change the rheological properties of spu-
tum to become less viscous, perhaps via pro-
moting ATP release, and prevent premature
closure of the bronchi during exhalations (App
et al. 1998; Althaus 2009). The Flutter device
consists of a molded plastic mouthpiece, a plas-
tic cone, a steel ball, and a perforated cover. By
tuning this frequency to the individual’s own
ventilatory abilities, the patient induces maxi-
mal vibrations of the bronchial walls, which pro-
mote mucus clearance. The Flutter generates
PEP in the range 18–35 cm H2O, and the angle
at which the device is held determines the oscil-
lation frequency, usually between 6 and 26 Hz.
The patient’s expiratory effort determines the
pressure. The Acapella device uses a counter-
weighted plug and magnet to create airflow os-
cillation. The Acapella device has an adjustable
PEP dial that is manipulated to provide more or
less PEP during oscillations depending on indi-
vidual requirements. The performance of these
two devices is similar. However, unlike the Flut-
ter, the performance of the Acapella is not de-
pendent on device orientation and may be easier
for some patients to use, particularly at low ex-
piratory flows (Volsko et al. 2003). Following use
of an oscillating PEP device, mobilized secre-
tions should then be cleared after each cycle by
using the forced expiration technique described
previously.

Contraindications to oscillating PEP are
frank hemoptysis and an undrained pneumo-
thorax. Caution should be exercised in patients
who are unable to tolerate the increased work of
breathing and those with increased intracranial
pressure; hemodynamic instability; recent fa-

cial, oral, or esophageal surgery; acute sinusitis;
or middle ear pathology (Althaus 2009). Oscil-
lating PEP therapy has been found to be as ef-
fective as other commonly used airway clear-
ance techniques (Morrison and Agnew 2009;
Pryor et al. 2010; Sontag et al. 2010).

High-Frequency Chest Wall Oscillation
(HFCWO) Therapy

High-frequency chest wall oscillation (HFCWO)
is a patient-delivered form of airway clearance
therapy consisting of an inflatable vest and an
air-pulse generator, also known as high-frequen-
cy chest compression (HFCC). This mechanical
system delivers high-frequency chest wall oscil-
lation capable of superimposing oscillatory air-
flow throughout a patient’s inspiratory and ex-
piratory cycle. This is performed by the vest
being inflated to a nearly constant background
pressure with a superimposed frequency of
air pressure oscillations (Hansen and Warwick
1990). During HFCWO, pressure pulses within
the vest oscillate the thoracic wall and generate
transient increases in airflow within the airways.
It has been proposed that HFCWO assists spu-
tum removal by increasing airflow at low lung
volumes, increasing expiratory flow bias (creat-
ing a peakexpiratory flow rate that is 10% greater
than peak inspiratory flow rate), resulting in an
increased annular flow of mucus toward the
mouth, and decreasing the viscoelasticityof mu-
cus by reducing cross-linking (Fink and Mahl-
meister 2002).

HFCWO is usually commenced at low pres-
sures and frequencies and then increased to
therapeutic optimum as the patient tolerates.
Different devices allow a different range of os-
cillation and frequency settings. For example,
“The Vest” has an adjustable frequency setting
that provides delivery of HFCWO at frequencies
from 5 to 20 Hz. The pressure delivered to “The
Vest” is adjustable with a range of �3–50 cm
H2O and mean pressure of �25 cm H2O. The
HFCWO should be paused approximately every
5 min for huffing and coughing.

HFCWO is not recommended with unstable
neck injury, intravenous access port being ac-
cessed under the vest, pulmonary embolism,
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lung contusion, current hemoptysis, hemody-
namic instability, rib fractures, large pleural ef-
fusion, oremphysema. Precautions include end-
stage disease (end expiratory volume may fall
below closing capacity), port under the vest (not
currently accessed), recent esophageal surgery,
distended abdomen, bronchospasm, osteoporo-
sis, and coagulopathy (AARC 1991). HFCWO
therapy has been compared with other airway
clearance techniques in CF and other disease
groups with pulmonary problems (Arens et al.
1994; Braggion et al. 1995; Kluft et al. 1996;
Scherer et al. 1998; Oermann et al. 2001; Phillips
et al. 2004; Yuan et al. 2010; Fainardi et al. 2011).
A simulation tool to study high-frequency com-
pression energy transfer mechanisms and wave-
forms has been developed for applications in
pulmonary disease (O’Clock et al. 2010). Re-
cently, a large multicenter trial comparing
HFCWO therapy with PEP was conducted in
12 centers across Canada in 107 children and
adults over a 12-mo period. The HFCWO group
experienced significantly more acute exacerba-
tions requiring oral, inhaled, or IV antibiotics
than the PEP group. Both groups maintained
their lung function over the 1-yr period of the
study, although the treatment burdenwas signif-
icantly higher in the HFCWO group. The results
of this study favor PEP and do not support the
use of HFCWO as the primary form of airway
clearance in patients with CF (McIlwaine et al.
2013).

Intrapulmonary Percussive Vibration (IPV)

Intrapulmonary percussive ventilation (IPV) is
a patient-activated form of physiotherapy that is
administered via the mouth to the airways, en-
hances the mobilization and cephalad move-
ment of pulmonary secretions, and increases
resting lung volumes. IPV is used to treat and
ventilate (short term, during treatment) pa-
tients with an obstructive and/or restrictive,
acute or chronic respiratory disease.

IPV is an open breathing circuit combining
a “Phasitron” with an aerosol converter. The
Phasitron is a pressure flow converter that trans-
forms small volumes of gas at high pressure and
low flow into larger volumes of gas at low pres-

sure and high flow. A high-output nebulizer
provides a dense aerosol to deliver medications
and hydrate secretions. During IPV, high-fre-
quency minibursts of gas (at 100–300 cycles/
min) are superimposed on the patient’s own res-
piration at pressures of 5–35 cm H2O. In prac-
tice, the driving pressure and frequency are
individually titrated to patient comfort and tho-
racic movement.

IPV creates a global effect of internal percus-
sion of the lungs, which could promote clear-
ance of the peripheral bronchial tree. The high-
frequency gas pulses are also proposed to ex-
pand the lungs, vibrate and enlarge the airways,
and deliver gas into distal lung units, beyond
accumulated mucus. Three forms of therapy
are provided during IPV: percussive oscillatory
vibrations to loosen retained secretions, high-
density aerosol delivery to hydrate viscous mu-
cous plugs, and positive expiratory pressure
(PEP) to recruit alveolar lung units. IPV has
been compared with other airway clearance
therapies in CF and other disease groups (Natale
1994; Homnick 1995; Newhouse 1998; Scherer
et al. 1998; Toussaint 2003).

CONSIDERATIONS IN POSITIONING TO
OPTIMIZE MUCUS CLEARANCE THERAPY

Head-Down Tilted Positioning

A study of CF patients using radiolabeled spu-
tum clearance compared postural drainage,
PEP in upright sitting, and cycle exercise versus
acontrol activity (Lannefors and Wollmer 1992).
The most effective sputum clearance occurred
using PEP in upright sitting. Surprisingly, when
the majority of patients were in the left decubi-
tus (head-down) position, there was greater
sputum clearance from the dependent left lung
compared with the “gravity-assisted” right lung.
This study indicates that gravity results in in-
creased ventilation in the dependent regions in
positions commonly used during airway clear-
ance, thus effecting increased sputum clearance
from the dependent regions. Numerous side ef-
fects have been reported in head-down posi-
tions, including headaches, sinus pain (Cecins
et al. 1999), desaturation of oxygen (Falk et al.
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1984), symptomatic and silent gastroesophageal
reflux (Button et al. 1997, 1998, 2003, 2005;
Orenstein 2003), and poor adherence (Myers
and Horn 2006). Another relevant study com-
pared the effects of body position on mean ex-
piratory pressure (MEP) and peak expiratory
flow rate (PEFR), surrogate markers of huff,
and cough strength in adults with stable CF.
Repeated measures of MEP and PEFR were
performed across seven positions (standing,
chair-sitting, sitting in bed with backrest verti-
cal, sitting in bed with backrest at 458, supine,
side-lying, and side-lying with head-down tilt
208) in random order. During testing, reflux
sensation and oxygenation were monitored.
MEP was significantly reduced in side-lying
and in the head-down tilt position. PEFRs
were significantly reduced in the three-quarters
sitting, supine, side-lying, and head-down posi-
tions. Oxygenation and reflux scores were worst
in the head-down position (Elkins et al. 2005).
Patients with respiratory muscle fatigue may
have increased respiratory distress in head-
down positions due to the added resistive load-
ing beneath the diaphragm because of theweight
of the viscera. This may negatively impact airway
clearance therapy.

Upright Sitting with Feet Dependent

Studies using radioactive inert gas with a radi-
ation counter over the chest wall have shown
that when radiolabeled gas is inhaled by an in-
dividual in the sitting position, radiation counts
are lowest in the upper lung fields, intermediate
in the mid-lung fields, and greatest in the lower
lung fields. This effect of position is gravity de-
pendent. The lower lung fields are preferentially
ventilated compared with the upper lung fields.
The causes of regional differences in ventilation
can be explained in terms of the anatomy of the
lung and the mechanics of breathing. An intra-
pleural pressure gradient exists down the lung.
In the upright position, intrapleural pressure
tends to be more negative at the top of the
lung and becomes progressively less negative
toward the bottom of the lung. This pressure
is thought to reflect the weight of the suspended
lung (Frownfelter and Dean 2006).

Supine

In the supine position, the apices and bases are
ventilated comparably, and the lowermost lung
fields are better ventilated than the uppermost.
The supine position inherent in bed rest alters
the configuration of the chest wall. The normal
anteroposterior configuration becomes more
transverse. The hemidiaphragms are displaced
upward in a cephalad direction, which reduces
functional residual capacity (FRC) in this posi-
tion. If the supine position is adopted for long
periods, pulmonary secretions tend to pool on
the dependent sides of the airways. The upper
side of the airway may dry out, exposing the
patient to infection and obstruction (Frownfel-
ter and Dean 2006).

Prone

The prone position shifts the mobile structures
of the thoracic and abdominal cavities. The
heart and great vessels are displaced anteriorly.
The liver and spleen and kidneys shift caudally.
The prone position increases arterial oxygen
tension, tidal volume, and dynamic lung com-
pliance. The pleural pressure gradient is homog-
enized; hence, the distribution of alveolar ven-
tilation and alveolar inflation is augmented
(Frownfelter and Dean 2006).

Side-Lying

In the side-lying position, there is greater gas
exchange in the dependent lung. The lower
lung fields are preferentially ventilated com-
pared with the upper lung fields. The left lung
is smaller than the right to accommodate the
position of the heart. This accentuates antero-
posterior expansion at the expense of transverse
excursion of the dependent chest wall. In this
position, the dependent hemidiaphragm is dis-
placed in a cephalad direction because of the
compression of the viscera. This results in great-
er excursion during respiration and to greater
contribution to the ventilation to that lung
and to gas exchange as awhole in adults (Frown-
felter and Dean 2006). Positioning needs careful
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consideration in each individual to optimize air-
way clearance therapy on an ongoing basis.

Percussion and Vibration

Manual percussion and vibrations are some-
times used as an adjunct to positioning and the
active cycle of breathing. Percussion is used to
mobilize mucus and may stimulate coughing in
infants and children. Percussion is performed
using a cupped hand with a rhythmical flexion
and extension action of the wrist. In adults, per-
cussion can be performed with one or two
hands. In infants, percussion is performed using
two or three fingers of one hand. A literature
review by Gallon (1992) suggests that percussion
is only indicated in patients with excessive spu-
tum production. Percussion has been shown to
cause an increase in hypoxemia (Falket al. 1984),
but, when combined with thoracic expansion
exercises, no fall was seen in oxygen saturation
(Pryoret al. 1990). Rib fractures were reported in
a neonate (Purohit et al. 1975). Vibration aug-
ments the expiratory flowand may help mobilize
mucus (McCarren and Alison 2006). Percussion
and vibration are contraindicated in patients
with severe osteoporosis, frank hemoptysis, frac-
tured ribs, and chest injuries. Caution should be
exercised in patients with hyper-reactive airways
and severe bronchospasm.

Physical Exercise as Airway Clearance

Whole body physical exercise increases minute
ventilation and oxygen uptake via the cardio-
pulmonary system, uses shear forces to loosen
mucus from the airway wall, increases resting
lung volumes, and increases regional ventilation
via gravitational effects. Exercising in different
positions such as upright, sitting, supine, side-
lying, and prone leads to the mobilization of
pulmonary secretions and enhances airway clear-
ance while concurrently increasing/maintain-
ing cardiorespiratory fitness, general muscle
strength, joint mobility, and postural alignment
(Zach et al. 1982; Salh et al. 1989; Lannefors and
Wollmer 1992; Hebestreit et al. 2001, 2010; Lan-
nefors et al. 2004). Some individuals with mild
lung disease and good lung function use exercise

together with forced expiration (huffing), cough-
ing, and expectoration as stand-alone airway
clearance therapy. Others, with more extensive
lung disease and larger volumes of sputum, use
exercise as an adjunct to a formal airway clearance
therapy regimen (Lannefors 2009; Kuys et al.
2011).

In a recent study of adults with CF, ease
of expectoration improved following exercise
(Dwyer et al. 2011). Ventilation and respiratory
flow were significantly higher during treadmill
and cycle exercise compared with control, and
there was a significantly greater decrease in spu-
tum mechanical impedance following treadmill
walking compared with control but not with
cycle ergometry. This last finding is thought to
be because of trunk oscillations and increased
ventilation and expiratory flow, resulting in in-
creased propulsion of mucus and the creation of
shear forces in the airways to augment ATP re-
lease airway surface liquid height, and mucus
transport toward the oropharynx. Caution
should be applied with patients with pulmonary
hypertension, cor pulmonale, acute exacerba-
tion with fever, and exercise-induced broncho-
spasm. Aerobic exercise is recommended as an
adjunctive therapy for airway clearance and for
its additional benefits to overall health (Flume
et al. 2009).

Timing of Airway Clearance and Inhalational
Therapies

Timing of therapies is important in terms of
optimizing treatment outcomes. Bronchodila-
tors, if prescribed, are generally inhaled before
airway clearance therapy. The mucolytic agent
of hypertonic saline is generally prescribed be-
fore or during airway clearance (Dentice et al.
2012; Elkins and Dentice 2012). The mucolytic
agent dornase alfa is recommended either 30
min before or after airway clearance (Dentice
and Elkins 2011).

CONCLUSIONS

Understanding of mucus clearance from the
lung is still expanding and is the focus of a range
of diverse investigations. Discoveries made in
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basic science research assist in further under-
standing the rationale that underpins the differ-
ent airway clearance therapies. There are many
different airway clearance techniques and regi-
mens from which to choose for individual pa-
tients. Complete descriptions of the different
techniques can be found on the Cystic Fibrosis
Worldwide website (www.cfww.org): Interna-
tional Physiotherapy Group/CF, Physiotherapy
for people with CF throughout life (4th ed.,
2009). These techniques need to be continu-
ously reevaluated and adapted according to
changes in pathophysiology, developmental
stages, lifestyle, or other considerations.
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