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Endotracheal intubation with
mechanical ventilation is an
essential component of inten-
sive care; however, it is also

associated with compromised airway

clearance. The endotracheal tube can ir-
ritate the wall of the trachea causing mi-
crotrauma, resulting in mucus hyperse-
cretion. Mucociliary transport stops at
the tip of the endotracheal tube, where
mucus is likely to pool (1), and the ability
to cough is also weakened by muscle re-
laxants and sedation used during ventila-
tory support. The result is an increased
risk of airway occlusion and atelectasis.

One of the aims of chest physiotherapy
is to remove excess mucus and optimize
ventilation in patients who are mechani-
cally ventilated. Mucus movement in the
airways is thought to occur through two
primary mechanisms: expulsive airflow
and two-phase gas–liquid interactions.
Expulsive flow such as that generated by
coughing or sneezing requires glottic
closure and Valsalva maneuvers, which
are not possible in mechanically venti-
lated patients, because the glottis is held
open by the endotracheal tube. The sec-
ond mechanism, two-phase gas–liquid in-

teraction, is thus the more likely expla-
nation for mucus movement during
physiotherapeutic interventions. It refers
to the way in which airflow (gas) in the
lungs disrupts the mucus layer (liquid),
creating instability and turbulence on the
surface of the mucus (2). Studies in ani-
mal and lung models have demonstrated
that for mucus movement to occur in a
cephalad direction through this mecha-
nism, an overall expiratory flow bias of at
least 10% must exist (2– 4). In other
words, expiratory air flow must exceed
inspiratory air flow, PEF:PIF ratio �1.1.

Chest physiotherapy for mechanically
ventilated patients often involves a com-
bination of airway clearance techniques,
including manual lung inflations inter-
spersed with chest compressions with vi-
brations (5–7). During these chest com-
pression–vibrations, the physiotherapist
aims to increase expiratory air flow by
rapidly compressing the patient’s chest at
the beginning of expiration with contin-
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Objective: This study aimed to quantify the specific effects of
manual lung inflations with chest compression–vibrations, com-
monly used to assist airway clearance in ventilated patients. The
hypothesis was that force applied during the compressions made
a significant additional contribution to increases in peak expira-
tory flow and expiratory to inspiratory flow ratio over and above
that resulting from accompanying increases in inflation volume.

Design: Prospective observational study.
Setting: Cardiac and general pediatric intensive care.
Patients: Sedated, fully ventilated children.
Interventions: Customized force-sensing mats and a commercial

respiratory monitor recorded force and respiration during physiotherapy.
Measurements: Percentage changes in peak expiratory flow,

peak expiratory to inspiratory flow ratios, inflation volume, and
peak inflation pressure between baseline and manual inflations
with and without compression–vibrations were calculated. Anal-
ysis of covariance determined the relative contribution of changes
in pressure, volume, and force to influence changes in peak
expiratory flow and peak expiratory to inspiratory flow ratio.

Measurements and Main Results: Data from 105 children were
analyzed (median age, 1.3 yrs; range, 1 wk to 15.9 yrs). Force during
compressions ranged from 15 to 179 N (median, 46 N). Peak expi-

ratory flow increased on average by 76% during compressions com-
pared with baseline ventilation. Increases in peak expiratory flow
were significantly related to increases in inflation volume, peak
inflation pressure, and force with peak expiratory flow increasing by,
on average, 4% for every 10% increase in inflation volume (p < .001),
5% for every 10% increase in peak inflation pressure (p � .005), and
3% for each 10 N of applied force (p < .001). By contrast, increase
in peak expiratory to inspiratory flow ratio was only related to applied
force with a 4% increase for each 10 N of force (p < .001).

Conclusion: These results provide evidence of the unique con-
tribution of compression forces in increasing peak expiratory flow
and peak expiratory to inspiratory flow ratio bias over and above
that related to accompanying changes from manual hyperinfla-
tions. Force generated during compression–vibrations was the
single significant factor in multivariable analysis to explain the
increases in expiratory flow bias. Such increases in the expiratory
bias provide theoretically optimal physiological conditions for
cephalad mucus movement in fully ventilated children. (Pediatr
Crit Care Med 2012; 13:e97–e102)

KEY WORDS: physiotherapy (techniques); vibration; respiratory
therapy; intensive care; child; airway clearance
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ued oscillatory pressure until expiration
is complete (7). An increase in peak expi-
ratory flow (PEF) and the creation of an
expiratory air flow bias relative to inspi-
ration (PEF:PIF ratio �1.1) is thought to
improve central flow of secretions (2–4),
the mucus moving into the larger airways
for removal by suction or coughing (7–9).

Recent technical developments allow
continuous quantitative monitoring of
both compression forces and respiratory
variables during chest physiotherapy
treatments (7). Preliminary studies using
this technique have demonstrated an in-
crease of PEF in ventilated children during
manual chest physiotherapy compared
with baseline mechanical ventilation (7).
However, it is clear from previous research
that larger inspired volumes will inevita-
bly result in greater expiratory flow (10).
Because chest physiotherapy treatments
regularly involve both the delivery of
larger tidal volumes and the application
of compression–vibrations (7), it has not
been clear whether the increase in PEF
during physiotherapy occurs primarily as
a result of the increased tidal volume or
the application of force applied during
the compressions. Furthermore, it has
not been clear whether the increase in
inspiratory flow during manual inflations
is simply matched by the increase in ex-
piratory flow (with no net movement of
mucus as a result) or what the unique
contribution of force application might
be to generation of an expiratory flow
bias.

The aim of this study was to identify
the unique additional contribution of the
compression–vibrations to changes in
PEF and expiratory air flow bias (PEF:PIF
ratio) as measures of airway clearance
over and above any effects resulting from
the accompanying respiratory changes
associated with the delivery of manual
lung hyperinflations.

MATERIALS AND METHODS

The study was approved by the Great Or-
mond Street Hospital for Children National
Health Service Trust and UCL Institute of
Child Health Research Ethics Committee (eth-
ics number 04AR10). Written, informed con-
sent was obtained from all participating fam-
ilies and physiotherapists. Ventilated children
were recruited from the cardiac and general
intensive care units at Great Ormond Street
Hospital for Children National Health Service
Trust.

Sedated, fully ventilated children (0–16 yrs
of age) were eligible for recruitment if they
were deemed, after assessment by the physio-

therapist, to require chest physiotherapy.
Clinical indications for physiotherapy in-
cluded signs of lung consolidation or atelecta-
sis on chest radiograph, added or decreased
breath sounds on auscultation, increased ven-
tilatory requirements within the last 4 hrs,
and/or deteriorating arterial blood gases. The
children were cardiovascularly stable, phar-
macologically paralyzed, and/or deeply sedated
(to a level where the children could not cough
or breathe spontaneously). The study was de-
signed to monitor clinical practice in a heter-
ogeneous population of fully ventilated chil-
dren. Children at risk of hemorrhage, those
demonstrating raised intracranial pressure be-
fore physiotherapy, and those with metabolic
bone disease were excluded as were those chil-
dren with a tracheal tube leak exceeding 20%
(11, 12).

Equipment and Outcome Measures. Mea-
surements of inflation volume (VI), peak infla-
tion pressure (PIP), peak inspiratory flow, and
PEF were continuously recorded by the
CO2SMO Plus Respiratory Profile Monitor
(Philips Respironics, Wallingford, CT) using a
disposable, low deadspace sensor connected
between the endotracheal tube and ventilation
circuit. Volume was automatically derived
from the integration of flow over time. A neo-
natal sensor (model 6720-00) was used for
children �2 yrs of age (where flows were gen-
erally �25 L/min) and a pediatric sensor
(model 6716-00) for older children. The values
of the respiratory variables were automatically
calculated by the CO2SMO, which has been
previously validated in mechanically venti-
lated children (11, 12).

The maximum forces applied during the
compression–vibrations were measured using
a custom-designed, flexible, and lightweight
force-sensing mat (Pliance Novelgmbh, Mu-
nich, Germany), which has been previously
described and validated (7, 13). The mat was
wrapped around the patient’s chest to measure
the compressive forces applied directly
through the therapist’s hand. The system
measured the dynamic pressure distribution
and force by means of 192 individually cali-
brated capacitance sensors within the mat.
Each sensor comprised a compliant material
sandwiched between two electrodes, the ca-
pacitance of which changed when forces were
applied perpendicular to the electrodes. The
force-sensing mat was calibrated before and
after each test and accompanying data acqui-
sition software confirmed correct functioning
of individual sensor cells during data collec-
tion. The system had a drift of �5% with
minimal hysteresis and minimal measure-
ment error across the full force range (7, 13).

Protocol. Baseline respiratory data (flow,
pressure, and volume) during tidal mechani-
cal ventilation were recorded for 10 mins be-
fore the physiotherapy session using the
CO2SMO Respiratory Profile Monitor. Tra-
cheal tube leak was assessed before and after

physiotherapy and data were excluded if leaks
exceeded 20% (11, 12). Leak was calculated as
the percentage difference between the inspired
and expired volume recorded using the
CO2SMO. Patients were defined as clinically
stable if no hemodynamic instability was re-
corded by the intensive care nursing or med-
ical staff in the 2 hrs preceding the study.

The force-sensing mat was secured over
the treatment area of the child’s chest using
Microfoam elastic tape (7). Force and respira-
tory data streams collected during physiother-
apy were synchronized using a small, reinflat-
ing bladder, the depression of which generated
simultaneous force and flow signals (7, 13).
After the initial data synchronizations, the
CO2SMO sensor was reconnected into the
child’s ventilation circuit and the entire phys-
iotherapy session was continuously recorded
using the sensing mat and CO2SMO. Saline
instillation and suctioning occurred directly
through the endotracheal tube to avoid sensor
damage.

Chest physiotherapy was delivered by spe-
cialist respiratory physiotherapists, who se-
lected their treatment techniques based on
their assessment of clinical indications. Treat-
ment notes were continuously timed and elec-
tronically entered into the CO2SMO by the
researcher to document periods of manual
lung inflations, compression–vibrations, sa-
line delivery, and endotracheal suction (7). No
instructions were given concerning the use or
order of any of these treatment components,
the physiotherapists applying treatment ac-
cording to their clinical judgment.

Data Analysis. Analysis was performed us-
ing SPSS software version 16 (Chicago, IL).
During each child’s treatment, the respiratory
variables for each breath were summarized
under three measurement conditions: 1) base-
line, while the patient received mechanical
tidal ventilation before physiotherapy (base-
line); 2) manual lung inflations with no force
being applied (Minf); and 3) manual lung in-
flations with chest compression–vibrations ap-
plied during expiration (Minf & CCV).

The percentage change in PEF, PEF:PIF
ratio, VI, and PIP between baseline and man-
ual inflations with and without chest compres-
sions were calculated by transforming PEF, VI,
PIP, and PEF:PIF ratios to natural logarithms
and multiplying by 100. Such differences on
the natural log scale, i.e., between inflations
and baseline and between compressions and
baseline, correspond to percentage changes
(14). Repeated measures analysis of covariance
with fixed subject effects was used to analyze
the changes in PEF and PEF:PIF ratio between
baseline ventilation and lung inflations (with-
out compression–vibrations) and between
baseline ventilation and lung inflations with
compression–vibrations. By analyzing the data
paired, each procedure acted as its own con-
trol and the calculations determined the rela-
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tive contribution of changes in pressure, vol-
ume, and force. Force was equal to zero for the
change between baseline and manual infla-
tions when no compression–vibrations were
applied.

RESULTS

Data were collected from 19 physio-
therapists for chest physiotherapy proce-
dures on 114 children between March
2005 and August 2009. Nine procedures
were excluded from analysis either be-
cause the force and respiratory data were
incomplete (n � 5) or because the tra-
cheal air leak exceeded 20%, resulting in
analysis of data from 105 children. The
median age of the children studied was
1.3 yrs (range, 1 wk to 15.9 yrs) with 59
children aged �2 yrs. Of the 42 children
recruited from the general intensive care
unit, 26 had primary lung involvement
and 16 had secondary lung involvement
(e.g., secretion retention resulting from
mechanical ventilation after a head in-
jury). Of the 63 children recruited from
the cardiothoracic intensive care unit,
seven had nonsurgical cardiac conditions
and 18 had undergone upper airway sur-
gery, the remaining 38 children having
had other cardiothoracic surgery.

Ventilatory changes from baseline to
manual inflations with and without com-
pression–vibrations are summarized in
Table 1. The median (range) of force ap-
plied was 46 N (range, 15–179 N).

Figure 1 shows the ventilatory changes
during chest physiotherapy compared
with those during 5 mins of mechanical
ventilation immediately before and after
treatment.

Differences in PEF Between Chest
Physiotherapy and Baseline Ventilation.
Respiratory variables recorded during
manual lung inflations, both with and
without compression–vibrations, were
compared with those measured at base-

line. The increase in PEF was signifi-
cantly related both to the increase in VI
and PIP and to the force applied during
physiotherapy (Table 2). PEF increased
by, on average, 4% for every 10% increase
in VI (p � .001) and 5% for every 10%
increase in PIP with an additional in-
crease of 3% for each 10 N of applied
force. For example, a median force of 50
N used during treatments would produce
an increase in PEF of 15%. This model
explained 82% of the variance in PEF
change.

Differences in PEF:PIF Ratio Between
Chest Physiotherapy and Baseline Venti-
lation. By contrast, when undertaking
the same analysis for the PEF:PIF ratio
(Table 3), applied force was the only sig-
nificant determinant for the change in
PEF:PIF ratio during chest physiother-
apy. The PEF:PIF ratio increased by, on
average, 4% for each 10 N of applied force
(p � .001). For example, a median force
of 50 N used during treatments would
produce an increase in PEF:PEF ratio of
20%. This model explained 69% of the
variance in PEF:PIF ratio change.

DISCUSSION

Results from this study provide evi-
dence of the significant additional impact
of compression–vibrations on increasing
PEF and creating a favorable airflow bias
(PEF:PIF ratio �1.1) during chest phys-
iotherapy over and above changes result-
ing from the accompanying increase in
inflation volume and airway pressures
during manual lung inflations. Although
an increase in PEF during physiotherapy
has previously been demonstrated (7),
the current study is the first in which
changes in PEF and PEF:PIF ratio have
been quantified in such a way as to enable
the effects of force to be clearly discrim-
inated from the changes in ventilatory
pattern.

Until recently (7), no data had been
available on the patterns of ventilation in
intubated children during physiotherapy
and there were only limited data on PEF
generated during compression–vibra-
tions. In the current study, although
there was a significant increase in PEF
(p � .001) by, on average, 22% during
manual inflations when compared with
baseline ventilation, the increase was
much larger (76%) when compression–
vibrations were imposed. The magnitude
of PEF changes reported in the current
study are similar to those reported in 55
children with mean PEF increasing by
118% during the compressions (7) and
from nine ventilated adults, in whom
PEF increased on average by 42% during
compression–vibrations compared with
manual ventilation alone (15), although
data with which to compare changes
from baseline were not presented in the
latter study. In a further study, interpre-
tation of the 150% increase in PEF dur-
ing compression–vibrations when com-
pared with tidal breathing reported in the
study by McCarren et al (8) is limited by
the fact that it was based on only one
healthy, spontaneously breathing adult.

By further clarifying the complex in-
teractions between the lung inflations
and compression–vibrations during phys-
iotherapy, this study has enabled the re-
sultant changes in airflow to be related to
those occurring during normal airway
clearance. Although changes in PEF have
been used in clinical trials as a surrogate
measure of airway clearance (15–17), we
are not aware of any studies that have
explored the influence of compression
forces on expiratory air flow bias (PEF:
PIF ratio). In this study, and previously
(7), increases in PEF during manual lung
inflations without compressions were, on
average, matched or exceeded by in-
creases in peak inspiratory flow (Table 1;
Fig. 1). Mucus would therefore oscillate
backward and forward in the airways with
no net migration toward the central air-
ways or even retrograde motion (18). The
use of manual inflations alone did not
appear to confer any therapeutic advan-
tage in terms of airway clearance but may
have contributed usefully to airway re-
cruitment. By contrast, when a compres-
sive force was applied in addition to the
lung hyperinflation, the force applied was
the only significant factor accounting for
an increase in expiratory flow bias. Thus,
during compression–vibrations, PEF in-
creased by almost 80% from baseline val-
ues and expiratory flow bias increased by

Table 1. Ventilatory changes during physiotherapy treatments in mechanically ventilated children

Variable

Mean Percentage Change

Minf vs.
Baseline, %

Minf & CCV vs.
Baseline, %

Peak expiratory to inspiratory flow ratio �11 29
Peak expiratory flow 22 76
Peak inspiratory flow 34 47
Inflation volume 21 67
Peak inflation pressure 31 57

Baseline, tidal mechanical ventilation before physiotherapy; Minf, manual lung inflations; Minf &
CCV, manual lung inflations with chest compression–vibrations.
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30%, which would promote airway clear-
ance even at low flows. The application of
compressive forces increased PEF over
and above that resulting from any accom-
panying increase in VI and PIP. Further-
more, the demonstration of force as the
dominant cause of an expiratory flow bias
supports use of compression–vibrations
to provide theoretically optimal physio-
logical conditions for airway clearance.

In the current study, the children
were treated because of acute respiratory
problems and secretion retention or be-
cause they were acutely vulnerable to re-
spiratory compromise during mechanical
ventilation. The wide range of forces ap-
plied is likely to be related to the broad
age range of children studied, less force
being required in smaller, younger sub-
jects with more compliant chest walls
(19). Despite the significant increases in
PEF above baseline values, the levels
reached were much reduced compared
with the flows reported during coughing
in children. Peak cough flow exceeds 150
L/min in the average 4 yrs old, increasing
with age (20), compared with PEF aver-
aging 19 L/min during compression–
vibrations in fully ventilated children (13)
and 58 L/min during compression–
vibrations applied to a spontaneously
breathing adult (8). This adds weight to
the suggestion that mucus movement
during physiotherapy is more likely to be
related to two-phase gas–liquid interac-
tions than expulsive expiratory flow ma-
neuvers like coughing or huffing. Chest
compression–vibrations cannot compete
with the expulsive phase of cough, involv-
ing isometric muscular contraction
against a closed glottis, with generation
of high initial intrathoracic pressures and
resultant high expiratory flows (21). By
contrast, use of compression–vibrations
resulted in expiratory flow biases likely to
promote central movement of secretions.

Conditions exist in which compres-
sion–vibrations may be contraindicated,
including children with bone mineral de-
ficiency or coagulopathies. In these situ-
ations, manual or ventilator-delivered
hyperinflations incorporating a slow in-
spiratory flow compared with expiration
and a “quick release” of the manual re-
suscitation bag may produce the required
expiratory flow bias (18). Previous au-
thors have documented varying patterns
of ventilation during manual hyperinfla-
tions (22, 23). Although expiratory flow
bias was not observed in this clinical
study during manual inflations alone, the
potential for manipulation of expiratory

Figure 1. Respiratory variables during chest physiotherapy compared with those during mechanical ventilation
before and after treatment. Comparison with prephysio baseline values; **p � .01, ***p � .001. Minf, manual
lung inflations; CCV, chest compression–vibrations. Broken line denotes the PEF:PIF ratio of 1.1, above which
secretion removal is theoretically aided. PEF:PIF, peak expiratory to inspiratory flow ratio.
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flow bias and the impact of such inflation
patterns on secretion clearance in venti-
lated children require further clinical
investigation.

Therapists in this study increased ex-
piratory airflow and flow bias by deliver-
ing a large inflation volume with chest
compression–vibrations. The magnitude
of change in inflation volume and pres-
sure that was observed during chest phys-
iotherapy compared with baseline (Fig. 1)
concurs with earlier research conducted
using the same methodology (7, 13). The
highest inflation volumes and pressures
recorded during physiotherapy exceeded
those believed to cause lung injury (24,
25). Evidence of such lung injury is, how-
ever, based on prolonged alterations in
the subjects’ ventilatory pattern over sev-
eral hours or days, whereas in this study,
the exposures were brief and intermit-
tent, precluding direct comparisons. Fur-
thermore, in addition to overdistension,
many other factors can potentially cause
lung damage during manual ventilation,
including repetitive stress as a result of
opening and closing of small airways and
the level of positive end-expiratory pres-
sure in relation to inflation volume (26,
27). If we are to identify “safe zones”
within which both normal and diseased
lungs should be manually ventilated (13,
24–28), future studies need to focus on
both the adverse and beneficial effects of
the type of short-term changes in pat-
terns of lung inflation, compression–
vibrations, and suction commonly used
in clinical practice with respect to secre-
tion clearance, airway recruitment, and
cardiorespiratory and neurologic changes.

In the interim, it would appear reason-
able to recommend that therapists mon-
itor the pressures and volumes during
inflation maneuvers, balancing the venti-
latory patterns needed to optimize secre-
tion removal, lung recruitment, and pre-
vention of atelectasis while minimizing
the chances of lung trauma (24–28).

Other factors for consideration in-
clude the depth, amount, and thixotro-
phy of mucus present in the airways (4,
21, 29). Further research is required to
define the effects of specific vibration
frequencies and the lowest forces and
lung inflations required to produce an
appropriate flow bias for secretion
clearance in specific groups of venti-
lated children according to their age
and the nature and severity of the un-
derlying pathophysiology.

Although we have previously shown
that an increase in PEF during treatment
was correlated with short-term improve-
ments in respiratory compliance (13),
this outcome was not analyzed in the
current study, which was primarily de-
signed to explore the impact of physio-
therapy treatments on patterns of air
flow, which, in contrast to passive respi-
ratory mechanics, can potentially be
measured in all children irrespective of
sedation status. In addition, effective
treatments relate to considerably more
than an ability to increase PEF during the
compressions (13, 30, 31). Clinical dete-
rioration may potentially occur in chil-
dren exposed to prolonged treatments,
excessive duration and magnitude of ap-
plied forces, excessive or inadequate lung
inflations, or poor coordination between

compression–vibrations and lung infla-
tions. Further studies are required in
more homogeneous patient groups, relat-
ing clinical outcome to the respiratory
changes measured during quantified
treatments.

The CO2SMO was selected because it
allowed measurement of the respiratory
changes during manual lung inflations
and quantification of resulting changes in
PEF and expiratory air flow bias during
treatment (5, 12). Although recordings of
PEF and PEF:PIF ratios during physio-
therapy provide useful surrogate mea-
sures of airway clearance, they do not
measure the actual volume of secretions
cleared. Direct measurements of secre-
tion removal are, however, confounded
by issues of reliability, including the di-
lution of secretions with the use of saline.
By contrast, measures of flow are simple,
available, and generalizable and were im-
portant to establish the direct effects of
compression forces on airflow. We now
have a method that allows changes dur-
ing treatment to be related to outcome.

Although the extent to which results
from the current study can be extrapo-
lated to other populations of partially or
fully ventilated children or adults has yet
to be determined, the underlying princi-
ples of analysis will be widely applicable.
Once these relationships have been estab-
lished, it should be possible to estimate
whether the increase in PEF and expira-
tory flow bias during physiotherapy in
any individual during a specific treatment
occasion is greater, smaller, or similar to
that expected in relation to other patients
within the population. These processes
have considerable potential in terms of
gathering evidence-based data on the ef-
ficacy of different physiotherapy tech-
niques, relating changes during treat-
ment to outcome. Interpretation of the
clinical implications of physiotherapy de-
pends both on consideration of treatment
factors influencing the short-term clini-
cal changes recorded and the relationship
and significance of these short-term
changes with the child’s longer-term
well-being.

CONCLUSION

This research has quantified the
“added value” of compression–vibrations
on PEF and PEF:PIF ratio in fully venti-
lated children over and above that result-
ing from the accompanying alterations in
ventilatory pattern from manual lung in-
flations. Although an increase in PEF

Table 2. Influence of changes in inflation volume, peak inflation pressure, and compression forces on
peak expiratory flow (%) during physiotherapy

Variable Coefficient SE p

Inflation volume change, % 0.39 0.09 �.001
Peak inflation pressure change, % 0.54 0.19 .005
Maximum force, N 0.30 0.05 �.001

Analysis undertaken using repeated-measures analysis of covariance. The coefficient represents the
percentage change in peak expiratory flow per unit change in each of the variables.

Table 3. Influence of changes in inflation volume, peak inflation pressure, and compression forces on
the peak expiratory to inspiratory flow ratio (%) during physiotherapy

Variable Coefficient SE p

Inflation volume change, % 0.17 0.12 .2
Peak inflation pressure change, % 0.20 0.24 .4
Maximum force, N 0.39 0.06 �.001

Analysis undertaken using repeated-measures analysis of covariance. The coefficient represents the
percentage change in peak expiratory to inspiratory flow ratio per unit change in each of the variables.
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during physiotherapy was related both to
the magnitude of the manual lung infla-
tions and to the forces applied, the in-
crease in PEF:PIF ratio was related only
to the application of force during com-
pression–vibrations. Although these find-
ings cannot necessarily be extrapolated to
children making spontaneous respiratory
efforts, the implication for clinical prac-
tice is that the application of compressive
forces creates theoretically optimal con-
ditions for mucus movement in a ceph-
alad direction through the two-phase
gas–liquid mechanism, which do not al-
ways exist during manual lung hyperin-
flations alone. Whether the force applied
and accompanying changes in flow pat-
terns should be recorded as part of rou-
tine clinical physiotherapy practice re-
quires further investigation. Future
clinical trials using this measurement
technique should aim to evaluate short-
and medium-term clinical outcomes and
relate these to changes in respiratory
variables measured during chest physio-
therapy for groups of children with dif-
ferent underlying pathophysiology across
the pediatric age range. This method will
enable the treatments and their effects to
be defined objectively, thereby providing
an important clinical and research tool.
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