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ABSTRACT: The association between lung sound alterations and airways obstruction
has long been recognized in clinical practice, but the precise pathophysiological
mechanisms of this relationship have not been determined.

Therefore, we examined the changes in lung sounds at well-defined levels of
methacholine-induced airway narrowing in eight normal and nine asthmatic subjects
with normal baseline lung function. All subjects underwent phonopneumography
at baseline condition and at >20% fall in forced expiratory volume in one second
(FEV,), and in asthmatic subjects also at >40% fall in FEV,. Lung sounds were
recorded at three locations on the chest wall during standardized quiet breathing,
and during maximal forced breathing. Airflow-dependent power spectra were
computed using fast Fourier transform. For each spectrum, we determined the
intensity and frequency content of lung sounds, together with the extent of wheezing.
The results were analysed using analysis of variance (ANOVA).

During acute airway narrowing, the intensity and frequency content of the recorded
sounds, as well as the extent of wheezing, were higher than at baseline in both
groups of subjects. At similar levels of obstruction, both the pitch and the change
in sound intensity with airflow were higher in asthmatics than in normal subjects.
Wheezing, being nondiscriminative between the subject groups at baseline, was more
prominent in asthmatics than in normal subjects at 20% fall in FEV,.

We conclude that, at given levels of acute airway narrowing, lung sounds differ
between asthmatics and normal subjects. This suggests that airflow-standardized
phonopneumography is a sensitive method for detecting abnormalities in airway
dynamics in asthma. Our results favour the use of quiet, well-controlled breathing
during auscultation.
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Lung sounds are generally considered to provide clinic-
ally relevant information in asthma, even though this
has not been substantiated by quantitative analysis of
objective measurements. Asthma is a chronic disease
with variable airways obstruction, in which the airways
are characterized by inflammatory changes resulting in
mucosal swelling of the airway wall, thickening of the
basement membrane, smooth muscle hypertrophy or
hyperplasia, and excessive mucus production [1]. These
inflammatory changes are present even in clinically stable
asthmatics without any current symptoms and with lung
function within the normal range [2]. Using computer-
ized phonopneumography, we have previously observed
that lung sound intensity is lower and pitch is higher in
symptom-free, mildly asthmatic subjects with lung func-
tion within the normal range as compared with healthy
controls [3]. This suggests that the generation and/or
transmission of lung sounds is altered as a result of the
morphological changes of the airways in asthma, even
when there are no discernable symptoms or spirometric
changes.

Lung sounds can be divided into normal and adven-
titious sounds, e.g. wheezes. The characteristics of normal
lung sounds as well as wheezes are influenced by air-
flow velocity and local properties of the airways [4, 5].
Normal lung sounds appear to be primarily generated by
the complex turbulence within the large and medium
sized airways [4, 6]. The differences in intensity and
pitch of lung sounds at baseline between asthmatic and
normal subjects could be due to swelling of the airway
wall in patients with asthma [3], which may lead to
localized reduction of the airway lumen. Any resulting
increase in local airflow velocity (m-s') at given flows
at the mouth (/-s') will enhance turbulence, thus increasing
the intensity and frequency content of the sounds gene-
rated [4]. On the other hand, it is likely that the transmis-
sion of lung sounds to the chest is reduced in asthma by
increased mismatches of the acoustical impedance across
thickened airway walls [7].

One way of distinguishing the effects of the gene-
ration and transmission of lung sounds in asthma
might be the induction of acute airway narrowing by a
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bronchoconstrictive stimulus. Smooth muscle contrac-
tion will increase the generation of normal lung sounds
due to increased local airflow velocity. However, during
smooth muscle contraction there will be an increase in
airway wall thickness [8, 9], possibly combined with a
decrease in parenchymal density [10, 11]. Therefore, the
possibility that acute airway narrowing reduces sound
transmission to the chest wall to some extent cannot be
excluded [7].

Wheezing is induced by quick oscillations of intra-
luminal gas and collapsible airway walls when airflow
has reached critical velocity (Bernoulli effect) [4, 5]. The
occurrence of wheezing is dependent on airflow velo-
city and on mechanical and geometrical properties of the
airways at the site of the flow-limiting segment [5].
Flutter theory predicts that wheezing during expiratory
flow-limitation will occur at lower airflow velocities when
airway diameter is decreased [4, 5]. At baseline, the
airways are probably too wide to show differences in the
extent of wheezing between asthmatic and normal sub-
jects [3]. However, during bronchoconstriction intra-
luminal airflow velocity at given flows at the mouth will
be higher, so that critical velocity will be reached at
relatively low airflows. This will cause flow-limitation
and wheezing to occur at lower airflows at the mouth.
As the relative change in intraluminal airway diameter
during smooth muscle contraction will not be different
between asthmatics and normal subjects at a given change
in lung function, we anticipated a similar increase in the
extent of wheezing in both subject groups [5].

In the present study, we investigated the effect of acute,
smooth muscle-induced airway narrowing on lung sounds,
recorded by flow- and volume-standardized phonopneu-
mography in subjects with and without evidence of pre-
existing airways inflammation. To that end, we compared
lung sound intensity, frequency content, and extent of
wheezing before and after inhalation of methacholine
between normal and mildly asthmatic subjects.

Subjects and methods

Subjects

Nine atopic men with mild asthma (mean age 25 yrs;
range 19-28 yrs) and eight healthy male controls (mean
age 22 yrs; range 19-24 yrs), of whom baseline charac-
teristics have been reported previously [3], volunteered
to participate in this study (table 1). All subjects were
lifelong nonsmokers, and there was no history of respira-
tory tract infection within 4 weeks before the study. The
asthmatics had a history of episodic chest tightness and
wheezing, but they were clinically stable for at least 4
weeks prior to the study. They were treated by on-
demand usage of inhaled short-acting [3,-adrenergic bron-
chodilators alone, that were withheld for at least 12 h
before each study visit. Corticosteroids, theophylline,
antihistamines, cromolyn sodium, or nedocromil sodium
had not been used for at least 6 months prior to the study.
All asthmatics had positive skin-prick tests (wheal >3
mm) to one or more airborne allergens. Forced expira-

tory volume in one second (FEV ) without bronchodilator
was within the normal range (mean 94% of predicted;
range 77-119% pred) [12]. The asthmatics showed air-
way hyperresponsiveness to inhaled methacholine, as
indicated by a lowered provocative concentration requir-
ed to cause a 20% decrease in FEV, (PC20 <4.0 mg-ml')
[13], together with a maximal-response on the dose-
response curve to methacholine greater than 40% fall in
FEV..

The healthy controls had a negative history of lung
disease, a normal physical examination, and did not use
any relevant medication within 3 months before the study.
FEV, was within the normal range (mean FEV, 109%
pred; range 88-126% pred) [12], and they had nor-
mal airway responsiveness to methacholine (PC20 >25.0
mgml') [13]. The maximal-response on the dose-response
curve to methacholine was greater than 20% fall in FEV .
The study was approved by the Hospital Ethics Commit-
tee, and informed consent was obtained from all subjects.

Design

The study consisted of a screening day, and two study
days with an interval of 2-3 days. On the screening day,
the selection criteria were checked, and the subjects were
familiarized with the recording procedures. On both
study days, the subjects underwent identical procedures
for determination of the repeatability. On each day,
measurements of baseline FEV, were followed by baseline
phonopneumography (PPGBL). Subsequently, doubling
doses of methacholine were inhaled until a 20% fall from
baseline in FEV, had been reached, followed by phono-
pneumography (PPG20%). In the asthmatic subjects, the
inhalation challenge was continued until a fall in FEV,
of 40% had been reached, followed by a third phono-
pneumographic recording (PPG40%). They then inhaled
200 pg salbutamol from a metered-dose inhaler to provide
acute bronchodilation. The PPG recordings and the dose-
response curves to methacholine were recorded on both
study days at the same time of day +30 min for each
subject, and baseline FEV, had to be within 5% between
the days in each subject.

Measurements

Methacholine-inhalation tests were performed accord-
ing to a standardized procedure [13]. Dose-response
curves were obtained by having the subject inhale doub-
ling concentrations from 0.12 to 512 mg-ml-' of methacho-
line (acetyl-B-methacholine chloride, Sigma Chemical
Co., St. Louis, MO, USA) dissolved in normal saline.
Methacholine solutions were stored at 4°C and nebuli-
zed at room temperature. The aerosols were generated
using a DeVilbiss 646 nebulizer (DeVilbiss, Somerset,
Pa, USA) operated by oxygen (output 0.13 ml-min'), and
were inhaled by tidal breathing for 2 min at 10 min
intervals with the nose clipped. FEV, at baseline was
obtained from the highest value of two recordings, using
the calibrated pneumotachograph (Morgan Plethysmo-
graph, Rainham, Gillingham, UK) [12]. During the
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methacholine challenge, single measurements of FEV,
were made at 90 and 120 s after each dose. The tests
were discontinued if FEV, decreased by more than 20%
from baseline in normals, and by more than 40% in
asthmatics, or when a concentration of 512 mg-ml-! had
been administered.

Phonopneumography was carried out at baseline (PPGBL),
and 5 min after the methacholine dose at which 20% or
40% fall in FEV, from baseline (PPG20% and PPG40%,
respectively) had been reached. Phonopneumography
included simultaneous registrations of lung sounds in a
soundproof room, and measurements of airflow and lung
volume changes at the mouth by spirometry (Spiroflow;
Morgan, Rainham, Gillingham, UK) according to a pre-
viously validated method [3]. The lung sound recordings
were made during flow- and lung volume-standardized
quiet breathing with flow rates up to 1.5 /'s’!, and lung
volumes between TLC -0.4 x VC +/- 1 [ for 30 s (TLC:
total lung capacity, VC: vital capacity), and during maxi-
mum forced flow-volume manoeuvres for 15 s. The
subjects were seated in an upright position with their
nose clipped. Soda lime was used to eliminate CO,
accumulation in the spirometer, and 300 ml-min! O, was
supplied to compensate for the O, uptake.

The standardized quiet breathing manoeuvre started
with a maximum inspiration towards TLC, used as a
reference volume. The subjects then performed the quiet
manoeuvres by tracking a prescribed loop on an oscillo-
scope screen (Hewlett-Packard HP1741A, Santa Clara,
CA, USA) in front of the subject, displaying changes in
airflow and lung volume [3]. The actual registration
started 45 s after the initial maximum inhalation to en-
able the airways to recover from any deep breath effect
on airway tone [14]. Recordings were accepted when
the target flow and volume were not exceeded by more
than 0.5 /-s'! and 0.25 I, respectively.

The registrations of the maximum forced respirations
were made directly after the quiet manoeuvres. The
occurrence of flow limitation during the quiet breathing
manoeuvres was excluded by the comparison of flow-
volume curves obtained from these manoeuvres with the
flow-volume curves from the maximum forced mano-
euvres for coincidence or overlapping. Inspection of the
superimposed flow-volume curves of each individual
subject showed a strong similarity between these curves.
Exceptions to this were the transitions between expira-
tion and inspiration in both manoeuvres, and segments
with maximum airflow in the forced manoeuvres. To
avoid deviations in the flow-volume curves from the
target curves to influence the results of this study, we
excluded spectra at airflows <0.3 [-s! during quiet breath-
ing, <0.6 ['s! during forced manoeuvres, and >3.6 and
>6.0 /'s! in forced inspiration and expiration, respectively,
from statistical analysis.

Lung sounds were recorded using microphones on the
right chest wall over the 2nd (Mic1) and 5th (Mic2)
intercostal spaces at the mid-clavicular line, and over the
9th intercostal space at the mid-scapular line (Mic3) [3].
The microphones (air-coupled piezoelectric microphones,
Sony ECM-150T, Japan; volume of air-coupling 2 ml)
were mounted in metal housings that were attached to

the chest wall using double-sided adhesive tape rings.
When fixed to the chest wall, the microphones had a
measured frequency response from 150 to 3 kHz (£3
dB). Microphone signals were amplified and filtered
(4th-order Bessel filters: high-pass cut-off at 100 Hz and
low-pass cut-off at 1.5 kHz). Lung volume, flow rate
and lung sounds were digitized at 5 kHz (analog-to-digital
convertor: Metrabyte Corp. DASH-16F, USA) and stored
on the hard disk of the MS-DOS computer (Mitac AT-
386DX, Japan).

Signal analysis

For each recording, lung sound samples were selected
for which the corresponding airflow was a multiple inte-
ger of 0.1 ['s! for quiet breathing manoeuvres, and 0.3
l-s! for forced manoeuvres. These samples were used
as centre points for 100 ms intervals, from which flow-
dependent power spectra were computed by fast Fourier
transform using a Hanning window [3]. The spectra
were averaged between all respirations of one registra-
tion for each distinct airflow value, and separately for
the ascending and descending flow-limbs [3] (fig. 1).

For each averaged spectrum the following parameters
were determined [3]: 1) lung sound intensity (LSI)
expressed as log-power of the area under the spectral
curve; 2) frequency content in quartile power points,
dividing the power spectra into four equal areas (Q25%,
Q50%, Q75%) [15]; and 3) the extent of wheezing, defined
as the percentage of subjects for which a wheeze can be
detected at a particular airflow (W). Peaks in the power
spectrum were considered wheezes when being above
150 Hz and at least three times greater in intensity than
the baseline sound signal [3, 16]. Finally, we determined
the fraction of spectra containing a wheeze to the total
number of spectra (W%) [3]. This was done separately
for inspiration and expiration, and for the ascending and
descending flow-limbs.

Statistical analysis

The repeatability of lung sound parameters LSI, Q25%—
Q75%, W and W% between study days 1 and 2 was
analysed using the intraclass correlation coefficient [17].

The effects of methacholine, subject group (asthma or
control), flow and flow-limb (ascending or descending)
on the lung sound parameters were examined using mix-
ed model ANOVA. As the amount of data had to be
reduced for computer memory reasons, we used the
averaged values of LSI, Q25%, Q50%, Q75%, W and W%
from Day 1 and Day 2 for further analysis. The ana-
lysis was performed separately for the three microphones,
for both breathing manoeuvres, for inspiration and ex-
piration, and for ascending and descending flow-limbs.
LSI, Q25%—Q75% and W were selected as dependent
variables, whilst airflow and level of induced obstruc-
tion (PPGBL, PPG20%, and PPG40%) were used as in-
dependent variables [3]. The effect of the methacholine
challenge was analysed in two ways: 1) in the total group
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Table 1. — Characteristics of the subjects

FEV, PPGBL AFEV, PPG20% AFEV, PPG40%
Subject Age Height PC20 % pred % pred % pred
No. yrIs cm mg-ml! Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
Normal
1 24 185 69.4 124 126 319 24.0 - -
2 19 180 46.4 120 114 234 214 - -
3 21 176 120.6 115 119 29.8 314 - -
4 21 191 84.5 110 112 22.8 21.4 - -
5 22 179 56.2 107 106 34.1 33.6 - -
6 23 180 459 105 105 20.7 26.4 - -
7 22 195 25.0 103 103 325 28.1 - -
8 23 195 112.7 88 89 26.4 252 - -
Mean 22 185 70.1 109 109 27.7 26.4 - -
SD 1.6 7.6 337 11.1 11.2 5.1 44 - -
Asthma
9 23 183 2.28 119 114 27.6 229 39.6 42.0
10 22 178 0.61 113 110 24.9 29.6 52.0 515
11 19 180 0.50 104 101 29.1 24.9 46.9 494
12 28 183 1.11 96 98 25.1 27.6 44.4 46.0
13 28 184 4.02 95 93 24.7 252 45.5 40.1
14 22 173 1.67 84 84 20.7 239 394 49.9
15 28 179 0.14 81 81 222 304 48.8 442
16 28 170 0.35 81 80 26.2 21.3 43.7 40.7
17 23 186 0.50 77 78 214 21.8 45.5 434
Mean 25 180 1.24 94.5 93 24.7 253 45.1 452
SD 35 53 1.25 14.9 13.5 2.8 33 4.0 4.2
p-value# 0.06 0.10 0.00 0.04 0.02 0.14 0.55 - -

FEV,: forced expiratory volume in one second; PC20: provocative concentration of methacholine producing a 20% fall in FEV ;
PPGsL: baseline phonopneumographic measurement; PPG20% and PPG40%: phonopneumographic measurements following a 20%
and 40% fall in FEV, (AFEV)), respectively; #: p-value between normal and asthmatic subjects.

P /*v 0
g
//’ 150
Frequency (Hz)
—~
9630-36-303679
Flow /s
Fig. 1. — Representative pseudo-three-dimensional plot of power

spectra after averaging between eight breaths. Wheezes can be
distinguished as narrow peaks, in particular at the left side of the figure
(expiration, decreasing flow-limb).

of subjects, the dependent variables were compared be-
tween two levels of obstruction (PPGsBL and PPG20%),
with group (asthma or normal) as independent variable;
and 2) in asthmatic subjects only, the dependent vari-
ables were compared between three levels of obstruction
(PPGBL, PPG20% and PPG40%). W% was analysed

similarly, but without taking the effect of airflow into
account.

ANOVA was performed between 0.3 and 1.5 /-s! for
quiet breathing manoeuvres, between 0.6 and 3.6 /-s! for
forced inspirations, and between 0.6 and 6.0 [-s' for
forced expirations. FEV, % predicted at baseline was
applied as a covariate to take into account any differences
in FEV, between subjects. Values of p less than 0.05
were considered significant.

Results

Lung function characteristics

The difference in baseline FEV, between the study
days was <5% of the predicted value in each subject.
Mean FEV, at any of phonopneumographic recordings
was not significantly different between the study days
(p=0.30). The mean FEV, at baseline in asthmatic sub-
jects was lower than in healthy controls (p=0.04) (table
1). The fall from baseline in FEV, at PPG20%, however,
was not different between the groups (p=0.14).
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Fig. 2. — Lung sound intensity (LSI) versus airflow recorded by Mic2 during: a) standardized quiet breathing; and b) maximum forced breathing.

Inspiration is displayed to the left, expiration to the right. Note that the vertical axis are cut off from zero. At baseline (PPGBL) LSI was lower in
asthmatic than in normal subjects during expiration. LSI was louder at PPG20% and PPG40% than at baseline during quiet respiration and forced expiration.
——e——: normal, PPGBL; ----@----- : normal, PPG20%; —o&——: asthma, PPGBL; ----®-----: asthma, PPG20%; A~ : asthma, PPG40%. Mic2:
microphone on the right chest wall over the Sth intercostal space at the mid-clavicular line; PPGBL: baseline phonopneumographic measurement;
PPG20% and PPG40%: phonopneumographic measurement following a 20% and 40% fall in FEV , respectively.
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Fig. 3. — Median frequency (Q50%) versus airflow recorded by Mic2 during: a) standardized quiet breathing; and b) maximum forced breathing.

Inspiration is displayed to the left, expiration to the right. Note that the vertical axes are cut off from zero. At baseline (PPGBL) Q50% was higher
in asthmatic than normal subjects for quiet expirations. At PPG20% and PPG40% Q50% was higher than at baseline during quiet expiration. Durmg
forced expirations Q50% was higher at PPGBL and PPG20% in asthmatic subjects than in healthy controls. —@—— : normal, PPGBL; ----@----- :

normal, PPG20%; —o——: asthma, PPGBL; ----©-----: asthma, PPG20%; —-A---: asthma, PPG40%. For abbreviations see legend to figure 2.
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Fig. 4. — Extent of wheezing (W) versus airflow recorded by Mic2 during: a) standardized quiet breathing; and b) maximum forced breathing.

Inspiration is displayed to the left, expiration to the right. At baseline (PPGBL) W was not different between normal and asthmatic subjects. At
PPG20% and PPG40% W was higher than at PPGBL during quiet respiration and during forced expiration. During quiet respiration wheezing was
more prominent in asthmatics than in normal subjects. —@——: normal, PPGBL; ----- ®----- : normal, PPG20%;—-o——: asthma, PPGBL; ----- o BEEN :
asthma, PPG20%; A asthma, PPG40%. For abbreviations see legend to figure 2.
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Lung sound parameters

Results of lung sound parameters at baseline have been
extensively reported elsewhere [3].

LSI. After inhalation of methacholine (PPG20%) lung
sounds were louder than at baseline in both subject groups
during quiet respiration (p=0.013) and during forced
expiration (p<0.034) (fig. 2). Moreover, during quiet
breathing at PPG20% the change in sound intensity with
airflow was greater than at baseline (p=0.012) (fig. 2).
Similarly, the increase in intensity with airflow was greater
in patients with asthma than in normal subjects during
forced expiration (p<0.001).

During severe airway narrowing (PPG40%) lung sounds
were louder than at PPGBL and at PPG20% during quiet
breathing (p=0.029) and during forced expiration (p=0.002)
(fig. 2). Furthermore, the change in intensity with air-
flow was greater during expiration at PPG40% than at
lower levels of obstruction (p=0.012) (fig. 2).

025%—Q75%. Quartile power point frequencies Q25%
—Q75% were higher at PPG20% than at PPGBL during
quiet expiration in both groups (p=0.002). This was even
more evident for PPG40% in asthmatics (p=0.001) (fig.
3). Furthermore, the change with airflow of Q25%—Q75%
was greater at PPG20% than at baseline for quiet expira-
tion (p=0.047) (fig. 3). At PPGBL and PPG20% both
Q25% and Q50% were higher in asthmatic subjects than
in healthy controls for Mic2 and Mic3 during quiet
expirations (p=0.028), being also more strongly depend-
ent on airflow (p=0.036). During forced expirations the
increase in Q25%—Q75% with airflow was greater in
asthmatic subjects than in healthy controls for Mic1 and
Mic3 (p<0.032).

W and W%. During forced expiration the extent of
wheezing (W) increased progressively from baseline to
PPG20% in both subject groups (p=0.028), and to PPG40%
in asthmatics (p<0.001) (fig. 4). During quiet breathing,
the extent of wheezing also increased in the decreasing
flow-limb from PPGBL to PPG20% in both groups (p<0.010),
and to PPG40% in the asthmatics (p<0.001). W was
greater in asthmatics than in normal subjects (p<0.024)
(fig. 4), whilst the fraction of spectra containing a wheeze
to the total number of spectra (W%) was not different
between the subject groups (p=0.09), or between PPGBL
and PPG20% (p=0.07).

Effects of airflow on lung sound parameters

LSI and Q25% to Q75% were strongly dependent on
airflow in both types of respiratory manoeuvres during
inspiration as well as expiration, and before and after
methacholine (p<0.001) (figs 2 and 3). W, however, was
not dependent on airflow (p=0.084), except during forced
expiration (p<0.001) (fig. 4).

Repeatability

The intraclass correlation coefficient for LSI, Q25% to
Q75%, and wheeze parameters (W and W%) decreased
with increasing levels of obstruction (PPG20% and PPG40%)
as compared with baseline (PPGBL) (table 2). Wheez-
ing at baseline and PPG20% occurred to a considerable
extent during forced expiration only. As wheezing was
rare during quiet and forced inspiration and during quiet
expiration, calculation of the intraclass correlation coeffi-
cient for W and W% in these segments of the recordings

Table 2. — Intraclass correlation coefficients of the results of study days 1 and 2 for asthmatic and normal subjects

for PPGsL, PPG20% and PPG40%

Quiet expiration
Mici Mic2 Mic3 Mici Mic2

Quiet inspiration
Mic3 Mici Mic2 Mic3 Mici Mic2 Mic3

Forced expiration Forced inspiration

PPGeL LSI 0.71 0.78 0.67 0.82 0.90
Q25%  0.61 0.57 0.53 0.82 0.77
Qs0%  0.65 0.58 0.58 0.80 0.69
Q75%  0.67 0.57 0.58 0.79 0.65
w - - - - -
W% - - - - -

PPG20% LSI 0.69 0.57 0.70 0.74 0.61
Q25%  0.62 0.65 0.25 0.55 0.70
Qs0%  0.65 0.67 0.37 0.55 0.66
Q75%  0.68 0.59 0.47 0.65 0.60
w - - - - -
W% - - - - -

PPG40% LSI 0.39 0.38 0.53 0.66 0.40
Q25%  0.68 0.57 0.36 0.54 0.61
Qs0%  0.75 0.49 0.48 0.55 0.44
Q75%  0.76 0.46 0.47 0.62 0.44
\% 0.20 0.23 0.33 - -
W% 0.32 0.30 0.64 - -

0.78 0.82 0.80 0.70 0.80 0.81 0.69
0.70 0.63 0.65 0.46 0.74 0.63 0.68
0.75 0.68 0.62 0.28 0.67 0.57 0.69
0.75 0.75 0.64 0.32 0.72 0.57 0.65

- 0.65 0.44 0.42 - - -

- 0.84 0.59 0.55 - - -
0.65 0.74 0.65 0.67 0.74 0.59 0.73
0.46 0.56 0.57 0.51 0.44 0.35 0.41
0.44 0.60 0.50 0.57 0.50 0.57 0.49
0.48 0.57 0.34 0.57 0.53 0.62 0.44

- 0.43 0.40 0.32 - - -

- 0.71 0.58 0.46 - - -
0.60 0.66 0.43 0.75 0.58 0.50 0.74
0.43 0.67 0.41 0.40 0.47 0.54 0.65
0.50 0.60 0.40 0.46 0.64 0.60 0.67
0.55 0.66 0.26 0.52 0.69 0.44 0.71

- 0.32 -0.02 0.16 - - -

- 0.45 -0.11 0.35 - - -

LSI: lung sound intensity; Q25%-Q75%: frequency content in quartile power points; W: percentage of subjects for which a wheeze
can be detected at a particular airflow; W%: fraction of spectra containing a wheeze to the total number of spectra; Mic1 and Mic2:
microphones on the right chest wall over the 2nd and 5th intercostal spaces, respectively, at the mid-clavicular line; Mic3: microphone
over the 9th intercostal space at the mid-scapular line. For further abbreviations see legend to table 1.
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was not meaningful. Due to the large variation of W
and W% between the study days at PPG40%, the accom-
panying intraclass correlation coefficient values were low
(table 2). Therefore, W and W% at PPG40% were ex-
cluded from further analysis.

Discussion

The present findings demonstrate that the intensity and
pitch of lung sounds, as well as the extent of wheezing,
all increase during acute airway narrowing in normal and
asthmatic subjects. At similar levels of induced obstruc-
tion, both the pitch and the rate of change in sound
intensity with airflow, appear to be higher in asthmatics
as compared with normal subjects. In addition, wheez-
ing, not being discriminative between these groups at
baseline conditions [3], is more prominent in asthmatic
than in normal subjects during methacholine challenge.
These findings suggest that the generation and/or trans-
mission of lung sounds during acute airway narrowing
are modified by morphological abnormalities of the air-
way wall in patients with asthma.

This is the first study in which lung sound character-
istics have been examined during acutely induced air-
ways obstruction using airflow- and volume-standardized
phonopneumography and flow-dependent lung sound
analysis. The results are in agreement with earlier stu-
dies in which intensity [18, 19], pitch [18-21], and wheez-
ing in children [22-24] and adults [20, 25, 26] were
increased during spontaneous or induced airways obstruc-
tion. In contrast, Bonapana and co-workers [27, 28]
found that lung sound intensity was reduced during bron-
choconstriction, probably due to a change in breathing
pattern. Based on the standardized breathing man-
oeuvres, this could be avoided in the present experiments.
Breathing pattern had not been fully standardized in any
of the previous studies, the analysis being based on
subjective auscultation [26, 27], or on computerized
analysis [18-25, 28], without discrimination of discrete
flow-values or ascending and descending flow. There-
fore, the results of the present study indicate that changes
in lung sounds during acute airway narrowing do not
only result from alterations in breathing pattern.

Lung sounds showed many similarities between nor-
mal and asthmatic subjects before and during acute airway
narrowing. Intensity, frequency content, and wheezing
were dependent on airflow, which is in agreement with
earlier studies [3, 6, 24, 29, 30]. The discrepancies in
the results of ascending and descending flow-limbs con-
firm our findings at baseline [3], and suggest that lung
sound generation and/or transmission vary during the
respiratory cycle. We speculate that this results from
differences in lung volume at similar airflows between
ascending and descending flow. It implies that lung
sound analysis may be obscured, when airflow or lung
volume are not taken into consideration.

The reproducibility of lung sound intensity and fre-
quency content between the study days decreased with
the level of obstruction, even though the changes in FEV,
were stable between the two days. This might have

resulted from the increase in the extent of wheezing
during obstruction. The reproducibility of wheezing has
been reported to be relatively unsatisfactory [3, 20], and
this will have influenced both the intensity and frequency
content of lung sounds. The variability of wheezing
during airway narrowing is certainly due to the variable
presence and changing sites of airflow limitation undetec-
ted by FEV, [5], and is, therefore, an inherent character-
istic of this parameter.

The present results may have been influenced by metho-
dological factors. Firstly, in contrast to normal subjects,
patients with asthma may produce airway secretions,
which create local conditions favouring the production
of wheezes. Although the high doses of methacholine
that were used in normal subjects to obtain the required
fall in FEV, at PPG20% would also enhance mucus
production [31], it cannot be excluded that these secre-
tions affected the results of this study.

Secondly, the wheeze detection algorithm may have
influenced the results of this study. Wheezes can be re-
cognized as sharp peaks in power spectra [32, 33]. During
severe airways obstruction polyphonic wheezing will
occur [33]. The resulting multitude of spectral peaks
was not always detectable due to partial confluence of
individual peaks, thus leading to underestimation of the
extent of wheezing. This might, in part, explain the
relatively low reproducibility of wheeze parameters at
PPG40%. However, careful listening enabled us to ex-
clude the presence of significant polyphonic wheezing
at PPGBL and PPG20%. As the analysis of wheeze
parameters at PPG40% was omitted, we considered the
currently applied method for wheeze detection adequate.

How can we explain the effects of methacholine on
lung sound characteristics? Methacholine induces narrow-
ing of the airway lumina by smooth muscle contraction
[31]. The resulting increase in local airflow velocity at
given flows at the mouth will enhance turbulence, thus,
generating more powerful sound pressure waves with a
higher frequency content [4]. A given fall in lung func-
tion in normal and asthmatic subjects is likely to be due
to a similar reduction of intraluminal airway diameters,
and is likely to result in similar increases in local air-
flow velocities and turbulence. However, as baseline
FEV, was lower in asthmatics than in controls, airflow
velocities will have been relatively higher in the asth-
matics, even after a similar fall in FEV, in both subject
groups. As the power of normal lung sounds is propor-
tional to the square of airflow velocity [6, 29], intensity
and frequency content in asthmatics will have increased
more rapidly with increasing airflow and increasing
obstruction [4]. This is in agreement with our findings
that the increase in intensity and pitch with airflow and
with the level of obstruction was higher in the asthmatic
than in the normal subjects.

It is unlikely that sound transmission from the airway
lumen to the chest wall was seriously changed during
methacholine challenge in our experiments. Sound
transmission primarily depends on parenchymal density
and stiffness, and the sound energy transmitted across
boundaries between tissue types [7]. Airway narrowing
increases airway wall thickness [8, 9], and possibly
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decreases parenchymal density [10, 11]. Both these
factors may reduce sound transmission [7]. However,
lung sound intensity increased with the level of obstruc-
tion, particularly in asthmatics in whom the airway wall
swelling is likely to be more prominent than in normal
subjects [8, 9]. This indicates that the transmission of
lung sounds is relatively unaffected during methacholine
challenge, and that increased sound production predo-
minates under these conditions.

The extent of wheezing increased with the level of
obstruction, the more so in asthmatics as compared with
normal subjects. This is likely to be due to flow-limitation
occurring at lower airflow velocities when airway dia-
meter is decreased [5]. The increase in local airflow
velocity during obstruction facilitates critical airflow
velocity to be reached, and thereby flow limitation and
wheezing to take place at relatively low airflows at the
mouth. Again, it is likely that the morphological changes
in asthma, such as increased airway wall thickness and
reduced intraluminal diameters, enhance flow limitation.
Therefore, our observations suggest that the swollen air-
way walls in asthmatics have increased the extent of
wheezing as compared with normal subjects, even though
the relative change in FEV, was similar in both groups
of subjects.

What are the clinical implications of this study? Firstly,
the most prominent differences in sound intensity and
frequency content between the asthmatics and normal
subjects were found during standardized quiet breath-
ing. This finding, together with the airflow-dependence
of the lung sound parameters, indicates the importance
of using quiet, well-controlled flow-volume manoeuvres
during auscultation. Secondly, the relatively high vari-
ability of wheezing during obstruction indicates that, even
during flow-volume standardized manoeuvres within one
individual subject, similar levels of obstruction do not
necessarily lead to similar lung sounds. Thus, wheez-
ing as a measure for airways obstruction should be used
with caution. And finally, it needs to be emphasized
that methacholine-induced obstruction is artificially caus-
ing smooth muscle contraction. Variable airways obstruc-
tion due to naturally occurring stimuli, such as allergens
or exercise, are likely to be mediated by inflammatory
mechanisms. The effect of such stimuli on lung sounds
might be different from those obtained by methacholine,
and require further investigation.

We conclude that the intensity and pitch of lung sounds,
as well as the extent of wheezing, increase during acute
airway narrowing both in normal and asthmatic subjects.
The changes in these lung sound characteristics at given
degrees of bronchoconstriction differ between these
groups of subjects, which is likely to result from morpholo-
gical abnormalities of the airways in asthma. Our results
indicate the importance of airflow- and lung volume-
standardized phonopneumography in lung sound research,
and strongly suggest the relevance of well-controlled
breathing manoeuvres during clinical auscultation.
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