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Abstract Objective: To evaluate the
effect of positive end-expiratory
pressure on the sound filtering char-
acteristics of injured lungs. Design
and setting: Prospective experimental
study in the animal laboratory in an
academic medical center. Patients
and participants: Six 35- to 45-kg
anesthetized, intubated pigs. Inter-
ventions: Acute lung injury with in-
travenous oleic acid. Measurements
and results: We injected a multifre-
quency broad-band sound signal into
the airway while recording transmit-
ted sound at three locations bilater-
ally on the chest wall. Oleic acid in-
jections effected a severe pulmonary
edema predominantly in the depen-
dent lung regions, with an average
increase in venous admixture from
16€14% to 57€13% and a reduction
in static respiratory system compli-
ance from 31€6 to 16€3 ml/cmH2O.

A significant concomitant increase in
sound transfer function amplitude
was seen in the dependent and lateral
lung regions; little change occurred in
the nondependent areas. The appli-
cation of PEEP resulted in a decrease
in venous admixture, increase in res-
piratory system compliance, and re-
turn of the sound transmission to
preinjury levels. Conclusions: Acute
lung injury causes regional acoustic
transmission abnormalities that are
reversed during alveolar recruitment
with PEEP.

Keywords Acute lung injury ·
Respiratory sounds · Acoustics

Introduction

The development of acute lung injury is characterized by
loss of alveolar capillary membrane integrity, accumula-
tion of fluid in the extravascular space, and loss of gas
volume, particularly in the dependent parts of the lungs.
The presence of areas of low ventilaton/perfusion ratios
and frank atelectasis or consolidation lead to the clinical
manifestations of respiratory failure: arterial hypoxemia
and impaired lung mechanics. We have shown previously
that pathophysiological changes during the development
of experimental acute lung injury effect an increase in the
transmission amplitude of sound introduced into the air-

way [1]. When measured at multiple sites around the
chest, this increase in sound transmission corresponded to
the distribution of lung pathology, being largest in the
dependent lung regions where the most extensive lung
injury was found on radiographs and at postmortem ex-
amination. Sound transmission through injured areas of
the lung likely is enhanced by an increase in lung tissue
density which improves the matching of acoustic im-
pedance between the lung parenchyma and the chest wall.
This results in less sound energy being reflected back at
this interface, allowing more sound energy to penetrate
the chest wall to the surface sensor.
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Positive end-expiratory pressure (PEEP) or continuous
positive airway pressure have been an integral part of the
clinical management of acute lung injury for several
decades [2]. The application of PEEP or continuous
positive airway pressure allows reinflation of collapsed
lung segments and improvement in the ventilation/per-
fusion relationships of areas with low ventilation/perfu-
sion ratios. When collapsed lung is recruited, the acoustic
impedance mismatch at the lung-chest wall interface is
reestablished. This causes more sound to be reflected
back and less transmitted to the surface. We hypothesized
that as the gas volume of the injured lung is increased
toward normal with positive pressure therapy, the ab-
normal sound conduction characteristics should revert
toward normal as well, bearing some relationship with the
improvement in gas exchange and respiratory system
mechanics.

Methods and materials

After approval by the Institutional Animal Care and Use
Committee six healthy pigs weighing 35–45 kg and cared
for according to the current guidelines for the care and use
of laboratory animals were included in the study. Details
of our standard anesthetic management and instrumenta-
tion for this experimental preparation have been published
previously [1]. The experimental setup is shown in Fig. 1.
To measure sound transmission through the respiratory
system broad-band noise (350–4000 Hz) was generated
digitally and injected into the airways via a connector at
the proximal end of the endotracheal tube. This signal was
recorded simultaneously with one sensor placed at the
point of its entry into the breathing circuit, and with six
sensors positioned on the surface of the chest at the level
of the diaphragmatic dome. The chest sensors were placed

bilaterally over the dependent lung 5 cm laterally from the
spine, on the nondependent lung 5 cm from the sternum,
and on the lateral midlung half-way between the other
two locations. The data acquisition and the determination
of the transfer function magnitude, coherence, and phase
for each input-output pathway occurred on-line (Trans19
Software, Technion, Haifa, Israel). All sound measure-
ments were made in duplicate, the second recording im-
mediately following the first. For details please see the
Electronic Supplementary Material.

Experimental protocol

Thirty minutes after instrumentation baseline respiratory
volume and pressure recordings, blood gas sampling,
hemodynamic measurements using a pulmonary artery
catheter, and sound data collection were performed at
ambient airway pressure without interrupting mechanical
ventilation. They were repeated after 15 min of ventila-
tion with 10 cmH2O PEEP and again after 15 min at
ambient airway pressure. Acute lung injury was then in-
duced with oleic acid, as previously described [1]; data
collection was repeated after 15 min of ventilation with 0,
5, 10, and 15 cmH2O PEEP and concluded with two
measurements 15 min apart at ambient airway pressure.
Thereafter the animal was killed, and a postmortem ex-
amination of the lungs was performed.

In one animal the sound measurements were repeated
at the end of the study at PEEP of 10 and 0 cmH2O, in this
order. Thereafter this animal was transported to the ra-
diology suite and computed tomography images were
recorded at 0 and 10 cmH2O of PEEP.

Fig. 1 The experimental setup
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Data analysis

Venous admixture and static respiratory system compli-
ance were calculated using standard formulae. The fre-
quency distribution of the sound transfer function am-
plitude and coherence were plotted for each recording
covering a frequency band from 0 to 5000 Hz. A single
frequency range of interest was then selected leaving out
the low and high ends of the spectrum where coherence
was not consistently high (Fig. 2). Average and peak
amplitude and coherence for this frequency range were
calculated for each input-output pathway and averaged
across the duplicate measurements. The effect of PEEP on
uninjured lungs was assessed by comparing data obtained
during PEEP to recordings immediately before and after
its application. The baseline representing normal lungs for
comparison with measurements obtained during lung in-
jury was calculated by averaging the two measurements at
ambient airway pressure prior to injury.

The results are presented as mean €SD. The statistical
significance of the observed changes was evaluated using
Friedman’s nonparametric analysis of variance or Wil-
coxon’s signed-rank test because deviation from normal
distribution and inequality of variances could not be re-
liably ruled out [3]. The strength of association between
changes in sound transmission amplitude and physiolog-
ical variables reflecting lung injury was tested with linear
and exponential regression analysis. Correlation coeffi-
cients were determined for each subject and sensor indi-
vidually and averaged over the six animals. We also re-
port overall correlations based on population averages for
anterior, lateral, and posterior lung regions, averaging the
corresponding regions of both lungs. Results were con-
sidered statistically significant if the probability of type a
error was less than 5%.

Results

Physiological measurements

The application of 10 cmH2O PEEP to uninjured lungs
caused expected decreases in blood pressure, cardiac
output, and SvO2 (ESM, Table 1). Venous admixture also
decreased significantly for the duration of ventilation with
PEEP. Induction of lung injury was associated with sta-
tistically significant tachycardia, systemic hypotension,
and pulmonary hypertension, while cardiac output re-
mained unchanged (Table 1). A 3.5-fold increase in ve-
nous admixture required oxygen supplementation to pre-
vent profound hypoxemia. The static respiratory system
compliance decreased to 51% of its baseline value. The
stepwise application of 5–15 cmH2O PEEP decreased
cardiac output but improved the respiratory system
compliance and on the average brought the venous ad-
mixture to its baseline level. These effects of PEEP were
reversed upon its discontinuation.

Sound measurements

While the input signal recorded at the outlet of the
loudspeaker box was similar to the original white noise, it
was considerably altered by passage through the circuit
connectors and the tracheal tube, as we have previously
observed [1]. The signal recorded on the chest surface
consisted of peaks and valleys, with a frequency band
from 1200 to 3500 Hz containing, without exception, the
highest amplitudes and the largest changes during de-
veloping lung injury (Fig. 2). In this frequency band the
coherence was invariably high with the exception of the
frequencies constituting a valley in the transfer function

Fig. 2 Frequency distributions
of coherence and transfer func-
tion amplitude measured at the
posterior aspect of the left lung
in a pig before and after induc-
tion of lung injury with oleic
acid. All transfer function am-
plitude measurements (continu-
ous lines) are plotted; the co-
herence (broken line) corre-
sponds to the transfer function
with the highest peak ampli-
tude. Arrow The frequency
band selected for analysis
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amplitude. Hence high amplitude readings always came
from frequencies where coherence was good. The average
and peak transfer function amplitudes of the entire study
group are shown in Table 2 and Fig. 3, respectively. All
peak transfer function amplitude measurements from one
single subject over the entire course of the study are
shown in ESM (Fig. 1). When 10 cmH2O PEEP was
applied to noninjured lungs, several of the sound path-
ways displayed a small decrease in peak and average
transfer function amplitude. This effect was consistently
statistically significant only for the left anterior sensor
(ESM, Table 2).

Oleic acid lung injury effected a statistically signifi-
cant increase in the transfer function amplitude in all
sensors except the left anterior one. These changes varied
depending on sensor location, being on the average lar-
gest in the dependent and smallest in the nondependent

parts of both lungs (Table 2, Fig. 3). The injury-induced
increase in transfer function amplitude was statistically
significantly larger in the right lung than the left (p<0.01).

Application of PEEP to injured lungs resulted in a
statistically significant fall in the sound transmission
amplitude of all sensors (Table 2, Fig. 3). Computed
tomography in one animal showed severe volume loss in
areas underlying the sensors exhibiting increased trans-
mission (Fig. 4a), while aerated lung was seen under
sensors with normal sound transmission. The application
of 10 cmH2O PEEP in this subject resulted in almost
complete reaeration of the lungs and marked reduction in
the sound transmission abnormalities (Fig. 4b). Most of
the decrease in transfer function amplitude occurred with
5 cmH2O PEEP, making the average amplitude no longer
statistically significantly different from the preinjury
value. Further decrease was seen at PEEP levels of 10 and

Table 1 The effects of the application and withdrawal of PEEP on cardiopulmonary function in six pigs with oleic acid-induced of lung
injury (ALI acute lung injury, PA pulmonary artery, PAOP pulmonary artery occlusion pressure, Cs: static respiratory system compliance)

Baseline,
average

ALI, no
PEEP

PEEP,
5 cmH2O

PEEP,
10 cmH2O

PEEP,
15 cmH2O

PEEP off,
15 min

PEEP off,
30 min

Heart rate (bpm) 83€14 92€12* 91€17 94€18 100€14 94€8 97€8
Mean blood pressure
(mmHg)

90€11 68€4* 66€4 67€6 76€6 78€9 90€12**

Mean PA pressure
(mmHg)a

21€2 36€4* 32€4 31€4 32€2 32€3 32€3

PAOP (mmHg)a 11€2 11€1 12€1 14€1 16€2 11€2 11€3
Core temperature (C�)a 35.8€0.4 35.5€0.6* 35.6€0.6 35.5€0.6 35.5€0.6 35.5€0.6 35.6€0.6
Cardiac output (l/min) 3.96€0.45 3.97€0.58 3.67€0.57 3.23€0.50 2.96€0.44 4.12€0.57 4.21€0.82**
Hemoglobin (g/dl)a 10.3€1.0 11.3€1.8* 11.3€1.8 11.2€1.6 11.6€1.7 11.5€1.6 11.4€1.5
PaO2 (mmHg) 95€17 82€12 119€33 174€32 237€33 76€8 89€31**
PaCO2 (mmHg) 38€2 51€6** 47€4 45€4 44€5 50€6 50€6**
pHa 7.43€0.02 7.33€0.03* 7.35€0.04 7.37€0.03 7.37€0.04 7.34€0.03 7.34€0.04**
SaO2 (%) 94.1€4.1 91.2€3.8* 95.3€1.7 97.2€0.5 97.6€0.3 90.0€3.5 91.7€4.1**
SvO2 (%) 67.5€7.7 63.3€5.9 65.9€4.2 68.6€4.6 66.8€4.3 63.7€4.7 65.9€4.8**
Ventilator rate (cpm) 17€2 20€2* 20€2 20€2 20€2 21€2 21€2
Tidal volume (ml) 376€24 357€29* 370€15 370€15 365€21 365€23 365€26
Plateau pressure
(cmH2O)a

12€2 22€3* 25€2 27€2 31€1 21€3 21€3

FIO2 0.22€0.00 0.52€0.22* 0.52€0.22 0.52€0.20 0.53€0.21 0.62€0.26 0.62€0.26
Venous admixture (%) 16€14 57€13* 45€18 32€19 16€18 65€11 63€11**
Cst (ml/cmH2O) 31€6 16€3* 19€3 22€3 23€2 18€3 18€3**

*p<0.05 for lung injury-induced change (Wilcoxon’s signed-rank test), **p<0.05 for change induced by application and removal of PEEP
during lung injury (Friedman’s nonparametric analysis of variance)
a Variable not statistically tested for PEEP-induced change

Table 2 The effects of the application and withdrawal of PEEP on the average sound transfer function amplitude in six pigs with oleic
acid-induced of lung injury (ALI acute lung injury)

Sensor
location

Baseline,
average

ALI, no
PEEP

PEEP,
5 cmH2O

PEEP,
10 cmH2O

PEEP,
15 cmH2O

PEEP off,
15 min

PEEP off,
30 min

R anterior 0.02€0.00 0.04€0.01* 0.03€0.01 0.02€0.01 0.02€0.01 0.06€0.04 0.06€0.03**
L anterior 0.06€0.04 0.05€0.03 0.04€0.02 0.03€0.02 0.02€0.02 0.04€0.03 0.04€0.03**
R lateral 0.02€0.01 0.20€0.15* 0.08€0.07 0.02€0.02 0.02€0.01 0.18€0.13 0.24€0.18**
L lateral 0.02€0.01 0.09€0.03* 0.03€0.01 0.02€0.01 0.02€0.01 0.08€0.01 0.10€0.03**
R posterior 0.07€0.04 0.50€0.29* 0.22€0.13 0.06€0.03 0.03€0.02 0.37€0.34 0.52€0.47**
L posterior 0.03€0.02 0.19€0.10* 0.08€0.07 0.03€0.02 0.01€0.00 0.12€0.09 0.15€0.10**

*p<0.05 for lung injury-induced change (Wilcoxon’s signed-rank test), **p<0.05 for change induced by application and removal of PEEP
during lung injury (Friedman’s nonparametric analysis of variance)
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15 cmH2O; in fact the average transfer function amplitude
was statistically significantly lower during 15 cmH2O
PEEP than before lung injury (p<0.01). Withdrawal of
PEEP resulted in a rapid increase in sound transmission so
that 15 min after discontinuation of PEEP the amplitudes
were no longer statistically significantly different from
recordings made during lung injury without PEEP.

An exponential function gave the best fit for the re-
lationship calculated over the phases of the study between
the transfer function amplitude and physiological indica-
tors of lung injury. In individual animals the coefficient of
determination (R2) values for the six sensors ranged from
0.33€0.23 to 0.73€0.20 for the regression between
transfer function amplitude and venous admixture, and
from 0.35€0.38 to 0.45€0.18 for transfer function am-
plitude and static respiratory system compliance. Transfer
function amplitudes averaged across both lungs at the
nine phases of the study followed an exponential function
in their association with venous admixture in the depen-
dent and lateral lung fields, but not in the anterior, non-
dependent areas (Fig. 5).

Postmortem examination of the lungs showed hemor-
rhagic pulmonary edema in the dependent one-third to
one-half of both lungs. The nondependent parts of the
lungs appeared well aerated. Between these two areas was
a region of transition characterized by patchy discol-
oration. Asymmetry in the acoustic findings between the
two lungs was always confirmed at postmortem exami-
nation as a corresponding difference in the extent of in-
jury between the lungs.

Discussion

Recruitment of collapsed lung and maintenance of alveoli
at an inflated state has evolved as one of the leading
principles of modern respiratory support during acute
lung injury. Unfortunately, the determination of when
recruitment is successful still relies on indirect assessment
based on global gas exchange and pulmonary mechanics.
Localizing information is available by computed tomo-
graphy [4], but since this requires transporting the patient
to an imaging suite, it cannot be used effectively to direct
respiratory therapy. Since an acoustic wavefront intro-
duced into the airway is known to penetrate the respira-
tory system [5, 6], and since the propagation of sound is
influenced by the composition of the medium in which it
moves [7], it is feasible that the pathological changes that
occur during lung injury might alter such a sound signal
sufficiently to allow monitoring of its progression and
regression. We have previously shown that analysis of an
external sound signal as it is transmitted through the
respiratory system can be used to detect and localize acute
lung injury in experimental animals [1]. The results of the
current study confirm these findings. They also indicate
that as the gas volume of the injured lung is reestablished
with positive airway pressure, that the sound transmission
abnormalities disappear, and that withdrawal of positive
airway pressure is quickly followed by their return.

We were careful to prevent any physical factors con-
founding our measurements during elevated airway
pressure. Both the loudspeaker that produced the sound
and the reference microphone that recorded the incident
signal were subjected to airway pressure fluctuations
during the mechanical breaths and during the application
of PEEP. Pressurization of the circuit also changed the

Fig. 3 Peak amplitude of the
lung sound transfer function
relative to baseline level over a
frequency band from 1200 to
3500 Hz, recorded with six
sensors overlying three lung
regions bilaterally, during de-
velopment of oleic acid induced
lung injury and subsequent ap-
plication and withdrawal of
PEEP. Data points are average
values for all six animals. BL
Baseline. For clarity, standard
deviation bars are only shown
for one region. Time-related
changes are statistically signifi-
cant for all regions
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density of gas in the circuit and in the airways. To
maintain the function of the loudspeaker during PEEP it
was mounted in the airtight chamber in such a way that no
pressure gradient developed across its cone when the
breathing circuit pressure was elevated above ambient.
Mahagnah et al. [8] have shown that the differences in
density between air and 80/20 helium/oxygen mixture do
not affect sound transmission in normal humans. Our own
measurements using a test lung and a breathing circuit
similar to the one used in the present study also show that
the transfer function amplitude remains unchanged at

circuit pressure levels from 0 to 20 cmH2O. Furthermore,
an increase in gas density should facilitate sound trans-
mission and thus does not explain attenuation of trans-
mission seen with PEEP during lung injury. The loud-
speaker enclosure was designed to prevent direct airborne
transmission of sound from the source to the chest sen-
sors. The fact that the frequency distribution of the
transfer function amplitude showed the peak and valley
pattern resulting from the effect of the endotracheal tube
on the original signal is further proof that the sound
recorded on the chest wall truly had passed through the

Fig. 4 End-expiratory chest
computed tomography images
of a pig with oleic acid-induced
lung injury ventilated with am-
bient airway pressure (a) and
10 cmH2O PEEP (b). The su-
perimposed graphs display the
frequency distributions of sound
transfer function amplitude
recorded from locations shown
by the closest arrow. An ab-
normally increased sound
transmission amplitude is
recorded at locations overlying
lung volume loss. These abnor-
malities disappear with PEEP-
induced lung expansion
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respiratory system. Finally, the lack of a major PEEP-
induced decrease in transfer function amplitude in normal
lungs, and the fact that the transfer function amplitude
increased only gradually after withdrawal of PEEP indi-
cate that the observed changes in sound transmission truly
resulted from the effects of PEEP on the lung and not on
the signal or from a mechanical load on the sensors.

The characteristics of the injury in this study were
comparable to results previously published by us and
others [1, 9, 10]. Postmortem examination also confirmed
a gravity-dependent inhomogeneity of the injury with
severe volume loss in the dependent parts of the lungs and
nearly normal-appearing lung in the nondependent areas.
We have previously documented that the abnormalities of
gas exchange and lung mechanics appear to be caused
primarily by alveolar collapse, rather than fluid extrava-
sation, because the lungs are fully expandable after re-
moval and their wet-to-dry weight ratio increases rela-
tively little [1]. This was evident in the present series as
well because the abnormalities in gas exchange, pulmo-
nary mechanics and sound transmission were highly
sensitive and promptly responsive to PEEP. The lung
injury was consistently associated with a large increase in
the sound transfer function amplitude in the dependent
and midlung regions. The magnitude of this change, five-
to sevenfold compared to baseline in the dependent lung
regions, was similar to that observed in our previous ex-
periments [1].

The predominance of the injury in the right lung in
several subjects was a finding that we had not previously
observed. That this was a real phenomenon and not a
result of gain imbalance between right and left sensors
was demonstrated clearly by our observations at post-
mortem examination, which verified the asymmetry
whenever the acoustic measurements suggested it. Data

collected during this study do not allow us to speculate on
the cause of this phenomenon with any certainty. Most
importantly, a statistically significant increase in transfer
function amplitude was seen in all sensors except the one
overlying the left anterior lung field and all sensors that
showed the injury pattern responded similarly to the
changes in expiratory airway pressure.

The transfer function amplitude responded to stepwise
application of PEEP with a stepwise decrease. On average
the baseline transmission level was reached at PEEP of
10 cmH2O; a further increase in airway pressure tended to
reduce sound transmission even below baseline. Notably,
venous admixture and respiratory system compliance
were still markedly abnormal at a PEEP of 10 cmH2O, the
latter remained reduced even at a PEEP of 15 cmH2O.
These results indicate that there is a certain degree or type
of pathological change in the lung parenchyma that pro-
duces an increase in sound transfer function amplitude.
Hence an amplitude equivalent to that of an uninjured
lung does not mean that the lung parenchyma is normal,
but merely that the mechanisms that cause higher sound
transmission were removed or suppressed. The exponen-
tial relationship between venous admixture and compli-
ance, on one hand, and transfer function amplitude, on the
other (Fig. 5), also supports this finding; the application of
mechanical ventilation and PEEP may reinflate the lung
enough to decrease sound transmission to a near-baseline
level without effecting an improvement of similar mag-
nitude in gas exchange and lung mechanics. The com-
puted tomography images that we obtained from one
subject (Fig. 4) clearly show that there was loss of lung
volume in areas underlying the sound sensors with in-
creased transmission, and that the return of sound trans-
mission to normal was associated with reinflation of the
lung. However, the true nature of the pathology that in-

Fig. 5 Association between ve-
nous admixture and average
peak sound transmission am-
plitude of the anterior (dia-
monds), lateral (squares), and
posterior (dots) lung fields
(solid dots) during development
of oleic acid-induced lung in-
jury and during lung inflation
with PEEP. Data points are av-
erages of all six animals at nine
phases of the study
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creased sound transmission in this study cannot be de-
termined without further study.

A small decrease in transfer function amplitude below
baseline was seen both when PEEP was applied to unin-
jured lungs, and when 15 cmH2O of PEEP was applied to
injured lungs. This finding can be explained in two ways:
Firstly, it is possible, even likely, that the lungs in an
anesthetized, mechanically ventilated animal always have
an element of volume loss which, when corrected with
PEEP, results in decreased sound transmission. Secondly,
a reduction in lung density below normal with hyperin-
flation may induce a decrease in transfer function am-
plitude below that measured when the lung is at its normal
volume. It is probable that in any given subject, both of
these factors played a role depending on the location of
the sensor.

Clinical studies over the past several decades have
established the importance of maintaining alveolar re-
cruitment without hyperinflation in ventilated patients
with acute lung injury [2, 4, 11, 12, 13]. We have shown
that as the application of PEEP improves the gas ex-
change and mechanics of an injured lung, the abnormal
sound filtering characteristics induced by the injury return
to their preinjury state. We do not yet know the range of
abnormality within the spectrum of lung injury to which
sound transmission is sensitive. However, since sound
transmission can be measured safely, rapidly, and re-
peatedly at the bedside, further study of its utility in ad-
justing respiratory therapy in patients with acute lung
injury is warranted.


