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BACKGROUND: Clinicians may use adventitious breath sounds on lung auscultation and a “saw-
tooth” pattern on the ventilator expiratory flow waveform as indicators of the need for chest
physiotherapy for airway-secretion clearance in mechanically ventilated patients. This study seeks
to identify potential clinical and novel indicators of the weight of airway secretions cleared from a
single session of chest physiotherapy in mechanically ventilated subjects. METHODS: We recorded
airway crackles using artificial airway acoustic sound monitoring and computerized lung-sound
amplitude using artificial airway acoustic sound detection and compared them to standard clinical
assessments in 71 mechanically ventilated subjects immediately prior to a single session of chest
physiotherapy. Correlational analyses were undertaken between the weight of airway secretions
obtained after the single session of chest physiotherapy as the dependent variable and novel as-
sessments, clinical assessments, patient characteristics, and ventilator parameters as the indepen-
dent variables. Multiple linear regression analyses were then used to determine the best model to
predict the weight of airway secretions obtained from the single chest physiotherapy session. Data
are reported as mean and median as appropriate. Significance was set at P < .05. RESULTS:
71 mechanically ventilated subjects were included for analysis. Statistically significant associations
with the weight of airway secretions included the presence of a sawtooth waveform on expiration
and the novel assessment of average airway crackles during inspiration. The best predictive model
of the weight of airway secretions included the presence of the sawtooth waveform on expiration
and ventilator tidal volume. CONCLUSIONS: Simple clinical assessments used in this study were
able to independently predict the weight of airway secretions cleared during a single session of chest
physiotherapy. The novel assessments used in this investigation did not add any further value. Key
words: secretions; mechanical ventilation; physiotherapy; auscultation; computerized lung sound mon-
itoring. [Respir Care 2019;64(11):1377–1386. © 2019 Daedalus Enterprises]

Introduction

Endotracheal intubation and mechanical ventilation im-
pair secretion clearance and can lead to lung collapse,
consolidation, and ventilator-associated pneumonia.1 Air-

way suctioning is the current standard of care for secretion
clearance in the mechanically ventilated patient.2 Clinical
indicators of the need for airway suctioning in mechani-
cally ventilated patients currently include the presence of
adventitious breath sounds centrally located on lung aus-
cultation3 and a “sawtooth” pattern on the ventilator ex-
piratory flow waveform.4 These indicators can detect the
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airway suctioning, with likelihoods ratios of 2.50 and 2.75,
respectively. The likelihood ratio to detect airway secre-
tions � 0.5 mL with airway suctioning increases to 14.7
when adventitious breath sounds and the sawtooth expira-
tory flow pattern are both present.4 However, the clinical
impact of the 0.5-mL secretion on patient outcomes is
unknown.4 Chest physiotherapy in the mechanically ven-
tilated patient can be used to assist with secretion clear-
ance and may include techniques such as patient position-
ing (often head down), manual chest wall techniques (eg,
chest wall percussion and vibrations), and manual/venti-
lator lung hyperinflation.5 Chest physiotherapy techniques
can increase the weight of airway secretions cleared (on
average 5 g), which can result in improvements in respi-
ratory compliance6 and re-expansion of a collapsed lung.7,8

Unfortunately, there are currently no reliable methods to
predict the airway secretion wet-weight to be cleared with
chest physiotherapy, making it unclear when airway suc-
tion alone is sufficient or when chest physiotherapy is
indicated.

Computer-based acoustic technology provides objective
and reproducible measurements of breath sounds in nor-
mal and in mechanically ventilated subjects with paren-
chymal lung diseases.9-13 This methodology may be able
to standardize the detection of airway secretions in the
mechanically ventilated patient. A commercial acoustic
lung-imaging technology known as vibration response im-
aging (VRI) represents the unique distribution of breath
sounds using a grayscale image.14 The dynamic lung
image generated with VRI provides a continuous visu-
alization of the characteristics of breath sounds along
the complete breathing cycle.14 The TBAcare device
(First Medica, Cusago, Italy) is connected to the venti-
lator circuit close to the endotracheal tube and generates
an acoustic and visual signal with the automated detec-
tion of crackles when airway secretions are present. In
a single-site study, TBAcare has been demonstrated to
be a useful indicator of the need for airway suctioning
as opposed to standard clinical assessments using lung
auscultation.15 The TBAcare device may thus be an-
other potential tool to gauge the presence of airway
secretions in the mechanically ventilated patient.

The aims of this study were to determine whether stan-
dard clinical assessments, computerized lung sound mon-
itoring, and artificial airway acoustic detection could reli-
ably predict the weight of airway secretions cleared with a
single session of chest physiotherapy.

Methods

Study Site and Inclusion Criteria

This study was undertaken in the Adult Intensive Care
Department of the Guy’s and St Thomas’ NHS Foundation

Trust in London. The study was approved by the Research
and Development Department at Guy’s and St Thomas’
NHS Foundation Trust London, and ethical approval was
obtained from the South-East London Ethics Committee
(Ethics number: 09–39). Intubated and mechanically ven-
tilated patients admitted between October 2011 and May
2012 were prospectively screened for study eligibility
and enrollment. Study inclusion criteria included the
planned assessment by a physiotherapist for the need for
chest physiotherapy intervention with further details pro-
vided elsewhere.16 A physiotherapist is part of the mul-
tidisciplinary team in most ICUs. Physiotherapists use a
comprehensive multisystem assessment that includes the
respiratory, cardiovascular, neurological, and musculo-
skeletal systems to formulate individualized treatment
plans that include respiratory and rehabilitation inter-
ventions.17 Informed consent was gained from the par-
ticipants’ next of kin to enroll in the study at the request
of the Ethical Committee. Subjects were only studied on
one occasion.

Study Protocol

On the day of the assessment, prior to the chest phys-
iotherapy intervention, no endotracheal suction was per-
formed within 2 h of the application of the research pro-
tocol. If endotracheal suction was considered clinically
necessary during this period, then the protocol was de-
layed until no endotracheal suction was performed within
2 h of the application of the research protocol.

QUICK LOOK

Current knowledge

Chest physiotherapy is routinely provided within inten-
sive care for mechanically ventilated patients. How-
ever, there are no reliable methods to predict the weight
of airway secretions present in a patient. Such a method
may indicate whether airway suction alone is sufficient
or chest physiotherapy is necessary.

What this paper contributes to our knowledge

Standard clinical assessments in the mechanically ven-
tilated subject, including the presence of a sawtooth
waveform on expiration and ventilator tidal volume,
allow care providers to predict the weight of airway
secretions cleared from a single session of chest phys-
iotherapy. Novel computerized lung and airway sound
monitoring was not associated with the weight of air-
way secretions cleared.
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Device Preparation

Prior to chest physiotherapy intervention, all subjects
were established on the Viasys Avea ventilator (Care-
Fusion, California). The ventilator visual display unit was
connected to a personal computer via a VGA to USB
capture device (Epiphan Systems, Ottawa, Canada) to re-
cord 30-s clips of standard ventilator waveforms (pressure,
flow, and volume across time) and ventilator parameters,
in particular, tidal volumes, breathing frequency, peak in-
spiratory flow, and peak expiratory flow (Fig. 1). These
were recorded through dedicated software (Epiphan Screen
Capture Tools, Epiphan Systems) associated with the de-
vice. Flow, volume, pressure, and breath phase analog
ventilator waveforms were converted to digital waveforms
with an analog-to-digital converter (Power 1401, CED,
Cambridge, United Kingdom). In turn, these waveforms
were recorded on a computer via dedicated software (Spike
2, Version 7, CED, Cambridge, United Kingdom). TBAcare
analog signals were converted to digital waveforms via the
aforementioned converter, and 2 signals were captured.
First, a light sensor was used to capture the triggering of
the TBAcare LED alarm, which in turn was converted to
an analog audio signal. Second, the analog audio input was
acquired from the TBAcare acoustic sensor placed prox-
imal to the patient, between the ventilator circuit and
the lateral connection of the closed suction circuit. Both
signals were recorded continuously throughout the data-
collection phase. The full equipment setup is shown in
Figure 1.

The flow sensor of the VRI unit (VRIxv, Deep Breeze,
Or-Akiva, Israel) was connected between the TBAcare
sensor and the ventilator circuit. Subjects were positioned
semirecumbent (30–45° at the head of the bed), and V-

array pads were adjusted as necessary until image quality
was validated.

Ventilator flow, pressure, and VRI waveforms were syn-
chronized with the image captured on the VRI display unit
with an integrated flow sensor in situ (see sensor setup in
Fig. 1).13,14

VRI Recording Procedure

The subject laid on 2 arrays of sensors or microphones
similar to those used in digital stethoscopes (Deep Breeze).
Acoustic signals were recorded during 20 s of acquisition
time, followed by 40 s of processing time. A normalized
dynamic image was displayed after each VRI recording,
and the raw data were stored digitally on the device for
later review and analysis. Recording quality was as-
sessed according to predetermined criteria.13,14 Artifacts
were easily identified, and recordings of poor quality
were excluded.13,14

Measurement Output

Data collected with the VRI sensors during a 20-s re-
cording were processed, and a grayscale video depicting
the relative regional breath sound distribution of respira-
tory sounds was created.14 A sequential display of the
images from 0.17 s of data were displayed 60 s after the
start of the VRI recording. This generated a short video
that demonstrated the changes that occurred in the distri-
bution of vibration energy across the lung regions over
time.18 VRI images can be processed to provide absolute
vibration energy amplitude, relative acoustic factors, in-
cluding regional vibration energy distribution, and param-
eters reflecting homogeneity of breath sound distribution,
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including the homogeneity index and apico-diaphragmatic
ratio. Detailed information on the VRI filtering and image
creation are described elsewhere.13,14 A normalized repre-
sentative image frame at peak inspiratory flow is automat-
ically selected by the VRI software. This image is quan-
tified by the VRI software and presented as the percentage
of weighted pixels in the 6 lung regions of interest: upper
right; middle right; lower right; upper left; middle left; and
lower left, up to a total of 100%. For example, if airway
secretions occluded the distal and or major airways and
disrupted regional ventilation, then conceivably the mea-
sures of the distribution of regional ventilation, including
vibration energy distribution, homogeneity index, and
apico-diaphragmatic ratio, will be affected.14 In normal
healthy individuals, using VRI provides very good repro-
ducibility for total lung (intraclass correlation coeffi-
cient � 0.86) and 6-zone assessment (intraclass correla-
tion coefficient � 0.83) of vibration energy amplitude.19

When compared to normal-appearing lungs (based on the
chest radiograph findings), diseased lungs demonstrated
significantly reduced vibration energy with significantly
greater asymmetry between the lungs.18

The VRI device monitors absolute vibration energy am-
plitude as well as relative acoustic factors, such as regional
vibration energy distribution, and parameters reflecting ho-
mogeneity of lung sound distribution (eg, homogeneity
index and apico-diaphragmatic ratio). Mean (� SD) VRI
values in normal lungs in the supine position and are pre-
sented (Table 1).

Schedule of Assessments and Intervention

Prior to assessment, any condensate from the mechan-
ical ventilator circuit or water traps was removed, oral
secretions were suctioned, and the subglottic ports of the
endotracheal tubes were aspirated. Airway suction circuit
pressure was set at �150 mm Hg, and the closed suction
unit catheter was flushed with 5 mL 0.9% saline solution
to remove residual secretions from the lumen. New suction
tubing was connected, and 2 mucous specimen traps were
inserted within the suction circuit to capture sputum. The
primary trap was placed proximally to the patient, and a
reserve trap was positioned distally to capture any secre-
tions bypassing the primary trap. Prior to their insertion
into the circuit, the dry traps were weighed on medical-grade

scales (Traveler Scales, Ohaus, Parsippany, New Jersey), and
their weights were recorded.

Assessments, Intervention, and Outcome Measures

At initial assessment, the real-time recording of all ven-
tilator and TBAcare waveforms were commenced in Spike
2 (Fig. 2). Physiotherapists then began their clinical as-
sessment of the need for secretion clearance based on local
ICU physiotherapy treatment guidelines (ie, presence of
adventitious sounds, presence of sawtooth pattern on the
ventilator waveform, tactile chest wall/ventilator circuit
fremitus).16 Lung auscultation was undertaken using a
dual-limb stethoscope (Classic II SE Teaching Stethoscope,
3M Littmann, St Paul, Minnesota) to allow the ICU and
research physiotherapists to independently auscultate the
same lung regions at the same time. Six standard antero-
lateral lung areas (right and left upper, middle, and lower
zones) were assessed with the subject in a supine, head-up,
30° position. The ICU and research physiotherapists doc-
umented their auscultation findings separately on standard-
ized data sheets, using standardized terminology for each
lung area, blinded to each other’s findings. They included
information on the presence or absence of breath sounds,
type of additional abnormal (ie, bronchial breathing) and
adventitious breath sounds (ie, crackles, wheezes, or pleu-
ral rub), including the phase of respiration in which these
sounds occurred. Bilateral chest wall palpation of the same
6 lung regions as auscultation was undertaken by the ICU
and research physiotherapists to assess the presence of

Table 1. Mean Value in Normal Lungs

Vibration energy amplitude 9 � 8 (106 � arbitrary units)
Vibration energy distribution

Right lung 44 � 7%
Left lung 56 � 7%

Homogeneity index 86 � 6%

ReaI time recording commenced on Spike 2

Ventilator, VRI and TBA care outputs

Research + clinical physiotherapist clinical assessments

VRI recordings time stamped on Spike 2

Chest physiotherapy intervention

Sputum wet weight

One recording 20 s Second recording 20 s

Auscultation, chest palpation and ventilator flow waveform analysis

Fig. 2. Schedule of assessments.
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tactile fremitus. Anatomical areas were not marked out;
hence, hand positioning was approximated as per clinical
practice. The findings of the ICU and research clinicians
were recorded, again independently of each other without
knowledge of each other findings. Flow-time waveforms
and ventilator parameters were recorded in real time for
30 s using a screen-capture device (Epiphan Screen Cap-
ture Tools, Epiphan Systems, Ottawa, Canada). The 30-s
screen capture recording of ventilator flow-time waveforms
was visually inspected for the sawtooth pattern by both the
ICU and research physiotherapist. Once again, their as-
sessments were documented independently, maintaining
blinding. The chest radiograph was reviewed independently
by both the clinical physiotherapist and the research phys-
iotherapist. The research physiotherapist utilized a stan-
dardized assessment tool to report the radiological find-
ings on the presence or absence of key pathologies,
including atelectasis, consolidation, pleural effusion, pneu-
mothorax, and pulmonary edema. The chest radiograph
report from the radiologist was utilized to identify the key
pathological findings of atelectasis, consolidation, pleural
effusion, pneumothorax, and pulmonary edema reported in
this study.

After the physical assessments, 2 separate 20-s periods
of VRI imaging were recorded and time-marked in Spike
2. Once these assessments had been completed, the clini-
cal physiotherapist carried out a single chest physiother-
apy treatment as deemed appropriate, ensuring that at least
1 endotracheal suction pass was performed with the mu-
cous trap connected; the research physiotherapist was not
present during this intervention and remained blinded to
the type of chest physiotherapy intervention used. Chest
physiotherapy could have included combinations of nor-
mal saline lavage (0.9% NaCl), postural drainage, manual
chest-wall vibrations, manual-assisted cough, and ventila-
tor/manual lung hyperinflations, depending on clinical
indications as previously described.16,20 The chest physio-
therapy interventions selected by the clinical physiothera-
pist were based on their initial clinical assessments and
clinical suspicion for secretion presence, and hence the
intervention varied on the basis of the perceived clinical
needs of the patient at the time of assessment. Chest phys-
iotherapy interventions were not standardized because the
indications for specific interventions were unknown until
the assessment by the physiotherapist had been under-
taken. Hence, it would have been unethical to standardize
a specific chest physiotherapy intervention. However, air-
way suctioning was to be undertaken to ensure the mea-
surement of the weight of airway secretions. Chest phys-
iotherapy was provided until the patient was deemed to be
clear of any signs of secretion retention (eg, tactile frem-
itus on the chest wall, catheter mount, adventitious breath
sounds such as wheezes and crackles on auscultation, saw-
tooth pattern on the expiratory flow waveform) that may

have been present on initial assessment or until there were
minimal secretions obtained on airway suctioning. Saline
instillation into the artificial airway was used as clinically
indicated, and the volume of saline used was documented.
When the chest physiotherapy treatment was complete, the
closed-suction catheter was flushed with 5 mL sterile 0.9%
normal saline solution, and both mucous traps were then
re-weighed. From this, the weight of the dry traps and the
5 mL 0.9% normal saline flush were subtracted to calcu-
late the sputum wet-weight obtained from the intervention.
For the purposes of this trial, only the weight of airway
secretions obtained as a result of the chest physiotherapy
intervention was reported and used as an indicator of the
presence of airway secretions in the subject at the time of
the study. The full schedule of the assessments and inter-
vention can be seen in Figure 2.

Statistical Analysis

This was an exploratory study with no a priori knowl-
edge of the effect size, so we could not conduct a proper
sample-size calculation. Based on an assumption of using
multiple regression analysis as the analytical approach with
a medium effect size of f2 � 0.35, 80% power of study, a
type-1 error rate of 5%, and at least 2 predictors in the
model a sample size of at least 68 subjects would be re-
quired.

Data are presented using descriptive statistics as pre-
treatment mean (SD) and median (interquartile range [IQR])
as appropriate. VRI and TBAcare data were assessed on
2 separate occasions before chest physiotherapy, and the
mean of the data are presented. Data analysis was per-
formed with statistic software (SPSS version 11.5, IBM,
Armonk, New York) with expert statistical support. Initial
correlation analyses were undertaken to explore the rela-
tionship between the weight of airway secretions removed
to the pretreatment findings of lung sound amplitude on
VRI (ie, vibration energy amplitude), crackles identified
with TBAcare, clinical assessment findings (lung auscul-
tation, chest wall, and tactile fremitus on the ventilator
tubing), and the presence of a sawtooth pattern on venti-
lator flow waveforms as detected independently by the
research physiotherapist. The number of clinical and novel
assessments included in the analyses were restricted due to
the sample size and collapsed down to 9 variables on the
basis of clinical experience: vibration energy amplitude
(total left and right lung), presence of any chest wall frem-
itus (inspiratory or expiratory), presence of ventilator tub-
ing fremitus (inspiratory), presence of ventilator tubing
fremitus (expiratory), presence of sawtooth ventilator wave-
form on expiration, presence of any adventitious breath
sounds (from any 6 lung regions), ventilator flow bias
(inspiratory/expiratory), average TBAcare value (inspira-
tory), and average TBAcare value (expiratory). Multiple
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linear regression analyses were then used to determine the
best model to predict the weight of airway secretions ob-
tained from the single chest physiotherapy session. For
testing of hypotheses, a type-1 error of 5% was employed.
As an exploratory study, no interaction terms of predictor
variables were attempted in the regression analyses.

Results

A total of 71 mechanically ventilated subjects were stud-
ied. Demographics and clinical characteristics are provided
in Table 2. Most subjects were male (59%), with a mean
(SD) admission APACHE II score of 19.1 (5.6), and most
were mechanically ventilated (75% with endotracheal
tubes, 25% tracheostomy tubes) with a median of 8 and the
IQR of (7–9) mm. Heated humidifiers were used with
45 subjects, and heat and moisture exchanger filters were
used with the remaining 26 subjects. Most of the subjects
were on spontaneous or assisted modes of ventilation (Ta-
ble 2). Most subjects were admitted to intensive care due
to medical conditions (ie, 52 medical admissions, 19 sur-
gical admissions), and 15 subjects also had a past history
of COPD or asthma (Table 2).

Subjects were studied a mean (SD) of 202 (194) h after
intubation. During the time of clinical assessment, the sub-
jects had a median (range) PEEP of 5 (5–10) cm H2O,
mean (SD) FIO2

of 31.4% (7.4), with a mean (SD) tidal
volume of 439 (150) mL, and most of the subjects were
lightly sedated (median [range] Richmond Agitation-Se-
dation Scale score of �1 [�5 to 2]); only one subject
required neuromuscular blocking agents. In all of the sub-
jects, the hemodynamic parameters at the time of assess-
ment were within normal range (Table 2).

The average PaO2
/FIO2

ratio was 247 mm Hg. Chest radi-
ography on the day of assessment showed subjects had
bilateral atelectasis (n � 11), unilateral left-lung atelecta-
sis (n � 24), or right-lung atelectasis (n � 18). The me-
dian (IQR) weight of airway secretions obtained after a
single session of chest physiotherapy was 8 gm (IQR [4–
14]) (n � 69). Physiotherapists suspected the presence of
airway secretions in the subjects in this study as they used
a median (IQR) of 4 (2–6) chest physiotherapy techniques,
with the most frequently used techniques of closed suc-
tioning, chest wall vibrations, postural drainage with tren-
delenburg positioning, and saline lavage (Fig. 3), with a
mean (SD) treatment time of 19.6 (10.2) min.

Standard Clinical and Novel Assessments

The summary data of the clinical and novel assessments
prior to chest physiotherapy are presented in Table 3. Prior
to chest physiotherapy, most subjects (94–100% of sub-
jects) had normal breath sounds present on standard lung
auscultation.

The most common adventitious breath sounds on lung
auscultation were inspiratory crackles in the left lower
zones (34% of subjects) followed by inspiratory wheeze in

Table 2. Subject Demographics and Clinical Characteristics

Age, y 61 (17)
Male, n (%) 42 (59)
Hours mechanically ventilated prior to

assessment, h
202 (194)

APACHE II score at admission 19.1 (5.6)
SOFA score at admission 7.9 (3.3)
SOFA score on day of assessment

(n � 70 subjects)
6.2 (3.4)

Medical admission, n (%) 52 (73)
Surgical admission, n (%) 19 (27)
COPD/asthma, n* (%) 15 (21)
Weight, kg 77 (19)
Airway/mechanical ventilation/cardiorespiratory
Type of artificial airway, n (%)

Orotracheal tube 53 (75)
Tracheostomy 18 (25)

Median inner-airway diameter, mm
(interquartile range)

8 (7–9)

Humidification, n (%)
Heated 45 (63)
Heat and moisture exchanger 26 (37)

Ventilation mode, n (%)
CPAP alone 16 (23)
CPAP � pressure support 46 (65)
Pressure SIMV 1 (2)
PRVC SIMV 5 (7)
Bilevel positive airway pressure 2 (3)

FIO2
0.31 (7.4)

Median PEEP, cm H2O (range) 5 (5–10)
Peak inspiratory flow, L/min 53.9 (15.6)
Peak expiratory flow, L/min 35.9 (10.5)
Tidal volume, mL 439 (150)
Frequency, total (breaths/min) 23 (8.8)
Respiratory and hemodynamic parameters

Oxygen saturations, SpO2
94.8 (2.4)

Median RASS (range) �1 (�5 to 2)
Systolic blood pressure, mm Hg 126 (23)
Diastolic blood pressure, mm Hg 60 (10)

Heart rate, beats/min 98 (19)
Arterial blood gas (pre-physiotherapy

assessment)
pH 7.41 (0.06)
PaO2

, mm Hg 78.46 (12.52)
PaCO2

, mm Hg 45.15 (8.10)
HCO3

� 26.86 (3.28)
Median base excess (range) 2.5 (�5.5 to 10.2)‡

N � 71 subjects. Values are mean (SD) or frequency (%) unless otherwise noted.
* COPD or asthma in past medical history.
APACHE II � Acute Physiology and Chronic Health Evaluation II
SOFA � Sequential Organ Failure Assessment score
SIMV � synchronized intermittent mandatory mechanical ventilation
PRVC � pressure-regulated volume control ventilation
RASS � Richmond Agitation Sedation Scale
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the right middle zone (24%) and the left upper zones (23%),
inspiratory wheeze in the left middle zone (23%), inspira-
tory wheeze in the right lower zone (21%), inspiratory
wheeze in right upper zone (20%), inspiratory crackles in
the left middle zone (20%), and expiratory crackles in the
left middle zone (20%).

Tactile chest wall fremitus was more frequently present
bilaterally in the upper zones (31%) followed by the right
middle zone (23%). Tactile ventilator tubing fremitus was
also more evident during inspiration. The sawtooth pattern
on the ventilator flow waveform was found in 44% of
subjects and was predominantly present during expiration.

The mean (SD) vibration energy distribution percentage
values for the left lung were 42.2% (21.3), which was
lower than the expected mean (SD) vibration energy dis-
tribution percentage values from the normal healthy left
lung, ie, 56% (7.0). The mean (SD) vibration energy dis-
tribution percentage values from the right lung were 42.1%
(21.3), which was similar to the expected mean (SD) vi-
bration energy distribution percentage values for a normal
healthy right lung, ie, 44% (7.0). Similarly, the mean (SD)
vibration energy amplitudes (� 106 AU) for the left lung
were lower than those for the right lung at 7.8 (24.9) and
8.7 (26.4), respectively; however, the combined values for
both lungs were nearly double the expected normal values
of normal healthy lungs at 9.0 (8.0). The mean (SD) ho-
mogeneity index as an indicator of distribution of breath
sounds between the lungs was 67.5% (30.9), which was
lower than the expected normal value of 86.0% (6.0). The
TBAcare mean (SD) values as indicators of the presence
of airway crackles were higher during inspiration,
1.89 (3.41) than expiration 1.45 (5.84).

Univariate Associations With the Weight of Airway
Secretions

There were statistically significant positive univariate
associations in Table 4 between the weight of airway se-
cretions and the presence of the sawtooth waveform on
expiration (t67 � �2.69, P � .01) and the average number
of crackles during inspiration detected with the TBAcare
device (r � 0.30, P � .02).

There was a trend between the weight of airway secre-
tions and the average number of crackles detected with the
TBAcare during expiration (r � 0.25, P � .05). There was
no association between the weight of airway secretions
and the detection of fremitus on the ventilator tubing, ven-
tilator flow bias, the presence of any adventitious sounds
on lung auscultation, the presence of chest wall fremitus,
or the vibration energy amplitude (total from both lungs)
from the VRI device.

Multiple Regression Model of Predictors of Secretion
Wet-Weight

Multiple linear regression models were used to investi-
gate the potential predictors of the weight of airway se-
cretions (Table 5). The best predictive model with a r2 of
0.17 included the variables of sawtooth waveform pattern
on expiration (� � 4.46, P � .01) and the ventilator tidal
volume (� � 0.01, P � .02).

Discussion

There were statistically significant positive univariate
associations between the weight of airway secretions from
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a single chest physiotherapy intervention and clinical de-
tection of a sawtooth waveform on expiration and the mean
number of inspiratory crackles detected with the TBAcare
device. The multiple linear regression model demonstrated
that the only statistically significant predictors of the weight
of airway secretions cleared from a single session of chest
physiotherapy were the research physiotherapists’ detec-
tion of sawtooth waveform pattern on expiration and ven-
tilator tidal volume.

Previous research has demonstrated that the combined
presence of adventitious breath sounds on auscultation and
the presence of the sawtooth pattern on the expiratory
flow waveform is significantly associated with 0.5 mL
of airway secretions obtained with airway suctioning
alone.4 Our study has demonstrated that using clinical
assessments such as the detection of the sawtooth wave-
form and ventilator tidal volume are better than novel
computerized assessments at judging the weight of air-
way secretions produced by a single session of chest
physiotherapy.

VRI has been previously validated to identify various
pleural and parenchymal lung diseases, and to detect
changes in regional lung ventilation with different me-

Table 3. Clinical and Novel Assessments Prior to Chest Physiotherapy

Assessments Left Lung Right Lung

Normal breath sounds
Upper zone 71 (100) 71 (100)
Middle zone 70 (99) 70 (99)
Lower zone 67 (94) 67 (94)

Adventitious breath sounds on lung auscultation
and fremitus

Inspiration wheeze
Upper zone 16 (23) 14 (20)
Middle zone 16 (23) 17 (24)
Lower zone 9 (13) 15 (21)

Inspiration crackles
Upper zone 8 (11) 10 (14)
Middle zone 14 (20) 13 (18)
Lower zone 24 (34) 17 (24)

Expiration wheeze
Upper zone 6 (9) 7 (10)
Middle zone 6 (9) 7 (10)
Lower zone 6 (9) 5 (7)

Expiration crackles
Upper zone 11 (16) 13 (18)
Middle zone 9 (13) 14 (20)
Lower zone 8 (11) 9 (13)

Bronchial breathing
Upper zone 0 (0) 0 (0)
Middle zone 1 (1) 1 (1)
Lower zone 2 (3) 6 (9)

Pleural rub
Upper zone 1 (1) 0 (0)
Middle zone 1 (1) 1 (1)
Lower zone 1 (1) 2 (3)

Chest wall and ventilator tubing fremitus
Upper zone 22 (31) 22 (31)
Middle zone 9 (13) 16 (23)
Lower zone 7 (6) 3 (4)

Airway/catheter mount fremitus
On inspiration 35 (49)
On expiration 6 (9)

Clinician-detected sawtooth flow pattern
On inspiration 9 (12.7)
On expiration 22 (31.0)

VRI-detected sawtooth flow pattern 15 (21)
VED, %*

Upper zone (UZ) 11.8 (7.9) 13.2 (6.2)
Middle zone (MZ) 17.9 (9.0) 17.7 (8.8)
Lower zone (LZ) 12.6 (8.3) 13.2 (9.4)
Upper quadrant (UQ) 20.5 (12.2) 19.8 (11.2)
Lower quadrant (LQ) 21.4 (11.9) 21.9 (13.3)
Total (for UZ�MZ�LZ and for UQ�LQ) 42.2 (21.3) 42.1 (21.3)

VEA (106 � AU)†
Upper quadrant 3.7 (12.8) 2.9 (8.7)
Lower quadrant 4.1 (12.6) 5.8 (18.5)
Total 7.8 (24.9) 8.7 (26.4)

Homogeneity index, %‡ 67.5 (30.9)
TBAcare

Inspiration 1.89 (3.41)
Expiration 1.45 (5.84)

N � 71 subjects. Assessments are shown as either frequency (%) or mean (SD).
* Normal VED (SD) values: left lung, 56 (7%); right lung, 44 (7%).
† Normal VEA (106 � AU) total both lungs � 9 (8).
‡ Normal homogeneity index value � 86 (6%).
VRI � vibration response imaging
VED � vibration energy distribution
VEA � vibration energy amplitude
AU � arbitrary units

Table 4. Unadjusted Associations Between Possible Predictors of
Airway Secretion Weight

Possible Predictors

Sputum
Weight, mL

Association P

VEA (total left and right lungs) r � 0.10 .40
Chest wall fremitus* r � 0.14 .36
Catheter mount fremitus (inspiration)* t67 � �1.00 .42
Catheter mount fremitus (expiration)* t67 � 0.50 .72
Sawtooth expiration* t67 � �2.69 .01
Any adventitious breath sounds* r � 0.13 .36
Flowrate bias r � �0.12 .33
TBAInspiration (average) r � 0.30 .02
TBAExpiration (average) r � 0.25 .05

N � 69 subjects.
* Indicates all assessments were made by the research physiotherapist (blinded to primary
outcome measure secretion weight).
VEA � vibration energy amplitude
TBAcare � crackle detector

Table 5. Results From the Final Model of the Multiple Linear
Regression Analyses on Weight of Airway Secretions

Variables �
Standard

Error
of �

Results

Sawtooth waveform pattern
on expiration

4.46 1.56 t � 2.86 (P � .01)

Ventilator tidal volume 0.01 0.06 t � 2.24 (P � .02)
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chanical ventilation strategies.21-26 However, our investi-
gation failed to demonstrate any independent associations
between the various VRI measures and the weight of air-
way secretions cleared as a result of a single session of
chest physiotherapy. In contrast, the only previous study
that used VRI prior to chest physiotherapy demonstrated
an increased lung sound amplitude (ie, vibration energy
amplitude) compared with normal values. In addition, be-
cause they demonstrated a 2-fold reduction in the lung
sound amplitude following chest physiotherapy for secre-
tion clearance in the mechanically ventilated patient,20 it
was postulated that the increased airway secretion weight
may have been the cause of the increased lung sound
amplitude. Unfortunately, the investigators did not report
on the clinical assessment findings before or after chest
physiotherapy, nor did they quantify the weight of airway
secretions removed with the chest physiotherapy interven-
tions. The significant positive univariate association be-
tween TBAcare signal and the weight of airway secretions
did not remain significant in the multiple linear regression
model. A previous trial with the TBAcare device demon-
strated a reduced need for airway suctioning when com-
pared with standard clinical assessment.15 The authors pos-
tulated the TBAcare device to be a more appropriate
indicator of the need for airway suctioning, however there
was no impact on patient outcomes. We hypothesize that
airway secretions in our subjects may be located more
distal from the artificial airway (where the TBAcare de-
vice was located), which may reduce the sensitivity of the
device to detect the weight of airway secretions in the
distal airways. Further validation is required in an intu-
bated and ventilated animal model with known presence of
a specified weight, location, and viscosity of airway se-
cretions to define and establish the valid indicators (both
clinical and novel) of the need for interventions such as
chest physiotherapy for secretion clearance.27

There are predominantly only low levels of evidence
indicating a link between the presence of airway secretions
and significant pulmonary complications in the mechani-
cally ventilated patient.28-30 In a large, prospective, obser-
vational trial of 955 mechanically ventilated subjects,31

8% of subjects developed severe hypoxemia, with atelec-
tasis due to mucous plugging the second most common
cause (28%). More recently, a large, multi-center, point
prevalence study reported mucous plugging events to oc-
cur in 2.7% of mechanically ventilated subjects over a
single 24-h period.5 Further studies are warranted to ex-
plore the definitions of the increased burden of secretions
in the mechanically ventilated subject, such as mucous
plugging events (eg, obstructive ventilator flow waveform
patterns, inability to deliver mechanical ventilation with a
requirement for manual lung ventilation5), the weight of
airway secretions obtained throughout the 24-h day, and
the impact on patient outcomes.

Investigations are required to prospectively evaluate
the clinical indicators of the presence of airway secre-
tions in the mechanically ventilated patient with an ac-
cepted standard comparator. Then the prevalence and
incidence of an increasing presence of airway secretions
and the impact on major patient outcomes may be fur-
ther investigated. This will drive the further investiga-
tion of interventions such as chest physiotherapy to al-
leviate the impact of an increased secretion burden and
additional exploration of the effect on key patient out-
comes such as lobar collapse, pneumonia, and time on
mechanical ventilation.

There are several limitations with this observational
trial. Primarily this was a single-site study with small
patient numbers, which limits the generalizability of our
findings. We also relied on the ability of a single chest
physiotherapy intervention to clear airway secretions as
a surrogate marker of the burden of secretions at the
time of clinical assessment. The effectiveness of this
single chest physiotherapy intervention to estimate the
weight of airway secretions is unclear without a true
accepted standard to predict the presence of airway se-
cretions. This investigation thus may have included sub-
jects with other conditions such as asthma, pulmonary
edema, or other pathologies26 that may mimic these
breath sounds and novel assessment findings. We did,
however, only enroll subjects in whom physiotherapy
clinicians suspected the presence of airway secretions
as an indicator for chest physiotherapy, but these sub-
jects may have had other or co-existing pulmonary and
cardiac conditions. Large animal models may provide
the ideal scenario to validate the methods used for the
clinical detection of secretion presence.

Conclusion

Routine clinical assessments used in this study, in-
cluding the presence of the sawtooth waveform on ex-
piration and ventilator tidal volume, were able to inde-
pendently predict the weight of airway secretions cleared
by a single session of chest physiotherapy.
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