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Introduction

Frorn ancient times limited observa-
tions on lung sounds had been made by
listening at a distance from patients to
such phenomena as wheezing or stridor.
Direct application of the ear to the chest
increased the number of types of sounds
that could be related to diseases. The
science of auscultation, however, began
with the invention of the stethoscope by
Laénnec. This instrument allowed him
to describe the major categories of lung
sounds that form the basis of the mod-
ern classification. His systematic and
thorough clinicopathologic correlation
of these sounds was a remarkable
achievement. It has been argued that he
revolutionized the practice of mediciné
by “altering both the physician’s percep-
tion of disease and his relation to the pa-
tient. In particular, the stethoscope
drew the physician into the private
world in which signs were directly com-
municated to him from the patient’s
body” (1). At the beginning of the 19th
century, diagnoses were made principal-
ly on the patient’s verbal account of his
illness and observations with the unaid-
ed senses. The stethoscope reoriented
physicians to methods for more objec-
tive diagnoses, and it paradoxically fell

SUMMARY A resurgence of interest in clinical auscultation is in progress. Recent technical ad-
vances permit more objective observations than were previously possible. Quantified lung sounds
are being correlated with clinical, physiologic, and roentgenologic information. The purpose of
this article is to summarize current knowledge on the production, transmission, and clinical sig-
nificance of lung sounds. The complex sonic signals arising in the lung during respiration reflect
its mechanical state. More precise understanding of pulmonary sounds and their clinical correla-
tions could lead to poweriul diagnostic tools, which have particular appeal because of their nonin-

vasive nature.
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into disrepute for precisely this reason.
The clear superiority of the chest roent-
genogram in diagnosing early pulmo-
nary tuberculosis and lung cancer led to
views by prominent chest physicians
such as: :

The stethoscope is largely a decorative in-
strument insofar as its value in diagnosis of
pulmonary diseases is concerned. Neverthe-
less, it occupies an important place in the art
of medicine. Apprehensive patients with
functional complaints are often relieved as
soon as they feel the chest piece on their pec-
toral muscles (2).

Reviews of the literature on lung
sounds (3, 4) reveal few fundamental ad-
vances in stethoscopes since Laénnec’s

‘invention. Nevertheless, clinicians regu-

larly listen to lung sounds, with the rec-
ognition that auscultation is subject to
a variety of limitations. These include

nomenclatural difficulties, observer
variability, inadequate understanding
of the basic mechanisms of production
of the sounds, and the lack of adequate
studies of clinical and physiologic corre-
lations of the sounds themselves. We
shall review these in sequence, and show
that recent technical advances and re-
search efforts provide the means where-
by these limitations may be circumvent- -
ed. This should help not only in the
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development of new diagnostic and
monitoring devices, but also in permit-
ting more precise use of the stethoscope
for lung auscultation.

The current status of lung sound
nomenclature is best viewed in terms of
its history. Laénnec noted that the sounds
heard with his “cylinder” were easier to
distinguish than to describe (5). He chose
familiar sounds to clarify the distinguish-
ing characteristics of lung sounds. For
example, his “rile humide ou crepitation”
was similar, he said, to the crepitation
of salts in a heated dish or the noise emit-
ted by healthy lung when compressed in
the hand. His rhonchus or “rile sec so-
nore ou ronflement” was a snoring noise
like the bass note of a musical instrument
or the cooing of a wood pigeon. Laén-
nec’s careful classification was modified
by later writers. He had used the word
rhonchus as the equivalent of rile to
avoid saying the word “rdle” in the pres-
ence of patients, as it might be interpret-
ed as “death rattle.” In an English trans-
lation of Laénnec’s work, the words rhon-
chus and rile were used differently,
introducing confusion that has persist-
ed for more than 150 yr. Examination of
current medical literature reveals that
different terms are used for the same lung
sounds, and the same name is applied to
different sounds. An entertaining critique
of the sorry state of lung sound termi-
nology was provided by Robertson (6).
Bunin and Loudon (7) tabulated terms
used to describe lung sounds in published
case reports. They reviewed a total of 663
case reports in 7 English language jour-
nals. The word “crepitations” in British
journals seemed to be virtually equiva-

lent to the American “riles” both by the
relative frequency of use and the relative
proportion of riles and crepitations de-
scribed by the qualifying adjectives fine,
medium, or coarse. Similar adjectives,
such as “wet,” “dry” and “crackling,” were
noted to be applied to both terms, fur-
ther supporting the idea that they are
equivalent. Apparently authors use a va-
riety of qualifying adjectives for lung
sounds, despite the lack of precise defi-
nitions of the terms or clear understand-
ing of their clinical meaning. They con-
cluded that terminology should be stan-
dardized to improve communication, A
Committee of the International Lung
Sounds Association met in 1976 to at-
tempt to reduce the confusion in terms.
Acoustic analysis of sound from tape
recordings made by a variety of investi-
gators led to the preliminary formulation
presented in table 1 and figure 1, adopt-
ed by the American Thoracic Society in
1977 (8). The separation of adventitious
sounds into “continuous” and “discon-
tinuous” is used, with further differenti-
ation of these 2 major classes of sounds.
The word “crackle” was recommended in
place of “rile” because of the multiple
and often disparate meanings attached
to the latter term. The work of Holford
(9) provided an objective basis for using
the qualitative adjectives “fine” and
“coarse” for discontinuous sounds, as
those so distinguished by ear showed sig-
nificantly different measurements made
on time-expanded waveforms of in-
dividual crackles (table 1). This was sub-
sequently confirmed by Matsuzaki and
coworkers (10). Many observers use the
word “medium” to qualify crackles, but

TABLE 1
CLASSIFICATION OF COMMON LUNG SOUNDS

American
Acoustic Thoracic Society Common Laénnec's
Characteristics* Nomenclature Synonyms Original Terms
Discontinuous, interrupted explosive Coarse crackle Coarse réle Rale muquex ou
sounds gargouillement
Loud, low in pitch; Average values:
IDW = 1.25, 2CD = 9.32
Discontinuous, interrupted explosive Fine crackle Fine rale, Réle humide ou
sounds ’ crepitation crepitation
Less loud than above and of shorter
duration; higher in pitch than coarse
crackles or rales; average values,
IDW = 0.92, 2CD = 6.02
Continuous sounds longer than 250 ms, Wheeze Sibilant Réle sibilant sec ou
high pitched; dominant frequency of rhonchus sifflement
400 Hz or more, a hissing sound .
Continuous sounds longer than 250 ms,  Rhonchus Sonorous Rale sec sonore ou
low pitched; dominant frequency rhonchus ronflement

about 200 Hz or less, a snoring sound

Definition of abbreviations: IDW = initial deflection width; 2CD = two cycle duration.

* See figure 1 for waveforms.
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Fig. 1. The IDW or initial deflection width is the
time in ms of the first deflection of an identifiable
crackle above or below the baseline. The 2CD is the
time in ms for 2 S-shaped waves or cycles to occur.

a clear demonstration of the objective
features of discontinuous sounds that
would allow differentiation of such
sounds from “fine” and “coarse” has yet
to be reported. The discontinuous sounds
associated with secretions in the airways
need to be more precisely defined so that
they can be separated (if possible) from
the other sounds in table 1. Most such -
sounds can be classified as coarse crack-
les, but they are also commonly admixed
with low-pitched continuous sounds. It
may be that the classification will require
not only the description of the quality
of the individual crackle but also the tim-
ing of its occurrence in the respiratory
cycle, the number of crackles per breath,
the location on the thorax, and other fea-
tures yet to be described. Correlations
with pathophysiologic events will have
only limited clinical usefulness until this
is done.

Observer Variability

Observer variability has been studied in
terms of the ability of different observ-
ers to agree on specific diagnoses or spe-
cific physical findings. There are also
some studies that record lung sounds
objectively and compare them with oth-
er parameters, -but these will be dis-
cussed separately.

Hudson and coworkers (11) found
that the qualitative descriptors “fine,”
“medium,” “coarse,” “moist,” and “dry”
in examinations of 100 consecutive pa-
tients admitted to a medical service in
the United States were not useful in dis-
tinguishing between disease categories,
such as congestive heart failure, chronic
lung disease, and pneumonia. No doubt
some of the difficulties of observer
variability reflect nomenclature prob-
lems. Observers in the study of Hudson
and coworkers agreed on qualitative ad-
jectives to describe crackles in less than
half the patients. Most of the few other
studies of .observer variability in terms
of specific diagnosis have shown con-
siderable disagreement. For example, in
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1952, Fletcher (12) reported marked var-

ing to detect emphysema. Studies fo_cus—
ing on specific physical findings have al-
so shown considerable disagreement.
schilling and associates (13) reported
that 2 observers disagreed 24% of the
time about the presence of abnormal
sounds in 187 cotton workers. This
study was done by relatively inex-
perienced observers, but mean observer
error for adventitious sounds and other
physical signs was similar to that of the
more experienced physicians reported
by Fletcher (12), as was the interobserver
variability among 9 observers in assess-
ing rles and rhonchi in 20 patients
reported by Smyllie and coworkers (14).
The mean variability in the study of
Schneider and Anderson (15) was 29%
for the presence of decreased breath
sounds. Such variability appears unac-
ceptable for diagnostic and therapeutic
decisions, but it is about the same as
that found in clinical data collection in
general (16), including chest roentgeno-
graphic interpretation (17). Fortunately,
physicians rarely use single observations
such as these in clinical decision-
making.

Origin of Sounds

Precise localization of the sources of
lung sounds has been impaired by lack
of knowledge of the degree to which
they are veiled by unknown transmis-
sion effects. Although much specula-
tion exists, this review will focus on the
few investigations that have been done
to validate hypotheses concerning the
origin and transmission of normal
breath sounds and major categories of
adventitious sounds.

Normal Breath Sounds
Laénnec believed that normal breath
sounds were caused by friction of air
against the lining of the airways. Skoda
(18) agreed with Laénnec, attributing
vesicular sounds to the friction of air
against the walls of the finer bronchial
tubes and the air cells. On the other
hand, Beau (19) suggested that the
sounds were produced by movement of
air at the back of the mouth and trans-
mitted to the chest wall, being modified
by passage through the airways and
lungs. Bushnell (20), 90 yr after Beau,
suggested that the sounds were pro-
duced at the larynx; this opinion is still
expressed in several textbooks of physi-
cal diagnosis. (21, 22).. Some. observa-
tions made in unusual clinical situations

;ation and error by specialists attempt- .
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Fig. 2. Artificial thorax for studying lung sounds (Bullar 1884). A flexible stethoscope (A) allowed ausculta-
tion of sheep or calf fungs placed in a chamber (B). The lungs could be inflated or defiated by a bellows
(C) operated manually by handle (D). The chamber was made airtight using a sliding frame (E). When
the left lung was placed in the chamber and the attached right lung was outside, vesicular sounds were
heard over the ventilated left lung, while bronchial sounds were heard over the unventilated right lung.
With the trachea plugged the sounds in the right lung became vesicular (see text).

have provided evidence that the vesicu-
lar sound is at least in part produced lo-
cally. Sahli (23) observed vesicular
sounds over herniated lung as it inflated
with the glottis closed during a Valsalva
maneuver. Fahr (24) noted that vesicu-
lar sounds are present in laryngec-
tomized patients.

In 1884, Bullar (25) reported a se-
quence of experiments designed to de-
termine the origin of breath sounds. He
used an airtight, rigid box with a bellows
attached to ventilate fresh calf or sheep
lungs while listening with a stethoscope
to sounds produced. One of the pair of
lungs, both still attached to the trachea,
was placed inside the box and the other
lay on top (figure 2). A flexible stetho-
scope was used to auscultate either lung.
The lungs could be ventilated via the tra-
chea, or by the bellows, with the trachea
open or plugged. With the trachea open,
operation of the bellows ventilated the
lung in the box; the lung outside the box
lay still and collapsed. When the trachea
was plugged, air moved from one lung
to the other with no air movement in the
trachea. Variations in the loudness or na-
ture of sounds were noted, depending on
the method of ventilation. Bullar con-
cluded that sounds were produced at
those parts of the respiratory tract where
the air passes from a narrower to a wider
space, that during expiration sounds were
produced at the glottis only, but that dur-
ing inspiration additional sounds were
produced in the lung itself. The absence
of numerical expression-of results;-in-
evitable in the absence of quantifying in-

struments, may seem to the modern read-
er to reflect a deficiency in Bullar’s ob-
servations, but his experimental findings
still have considerable relevance. He was
omne of the first to adopt an experimental
approach instead of relying on intuition
OI On previous pronouncements.

Another early experimental study of
interest was reported by Hannon and Ly-
man in 1929 (26). They wished to resolve
the controversy between those who felt
that breath sounds were tracheal in ori-
gin and those who believed that they were
produced more peripherally. Using a
graphic recording method involving a
microphone, filters, and a string oscillo-
scope, they measured the effect on tra-
cheal sounds of transmission through
sheep’s lung placed over the subject’s tra-
chea at varying degrees of inflation.
Sounds recorded directly from the sub-
ject’s chest wall had a definite but low
intensity signal passed by the 130-Hz low-
pass filter, whereas tracheal sounds trans-
mitted through the sheep’s lung had none.
They concluded that movement of air in
and out of the lung was necessary to ef-
fect the transmission of vibrations of low
frequency.

Technical advances in sound record-
ing and sound analysis have allowed
measurements and comparisons of sound
intensity and frequency content to be
made more accurately. Gavriely and as-
sociates (27) showed that the spectrum
of sound recorded over the trachea differs
from the spectrum of sound recorded at
the chest-wall-in-normal subjects. Power
declines exponentially with increasing
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sound frequency for vesicular sounds, but
sounds recorded over the trachea show
a different power spectrum, power re-
maining fairly constant up to a frequency
averaging 920 Hz, and then falling rap-
idly. Druzgalski and coworkers (28) com-
pared the sounds recorded simultaneous-
ly over the thorax, over the trachea, and
at the open mouth, and showed similari-
ties of frequency content. In neither case
did the observations exclude central
sound production at the larynx or tra-
chea. Higher peak frequencies have been
noted in sounds recorded over the lung
apex than over the base (29), but differ-
ent sound-filtration or different sound-
producing characteristics could explain
these observations equally well.
Gavriely (30) subsequently studied
sound generation and transmission by
measuring the transfer function and co-

herence between sound signals recorded -

at the trachea and at the lung surface in
an inflated, dried, dog lung model. His
observations suggest that during expira-
tion the surface sounds are derived from
tracheal sound, but that during inspira-
tion the surface sounds are generated
closer to the lung surface.

Sound waves recorded from 2 separate
sites on the chest wall a few centimeters
apart are likely to be relatively similar
if produced at a distant common source,
and less so if produced locally, near each
microphone, by separate sound sources.
This argument is used by Kraman (31),
who derived a “subtraction intensity in-
dex” or “cancellation index,” the ratio of
the subtraction signal amplitude to the
addition signal amplitude for 2 sound sig-
nals recorded from adjacent chest wall
sites. When the subject said “Ee” cancel-
lation was nearly 100%; in a patient with
a pleural friction rub it was less than 50%.
He concluded that the inspiratory phase
of vesicular sound is produced in the
lung, not in the upper airways, not in the
alveoli, but somewhere between, and that
the expiratory phase is produced more
centrally than the inspiratory phase. He
also found, in a group of 23 subjects with
varying degrees of air-flow obstruction,
that the site of generation of inspiratory
vesicular sounds seems to move towards
the chest wall with increasing degrees of
generalized air-flow obstruction.

Breath sound intensity at different
chest wall sites was related to lung vol-
ume, air-flow rates, and body position
in 8 normal subjects by LeBlanc and
coworkers (32) using a microphone and
phonocardiograph..The.regional inten-
sity of normal breath sounds varied in
ways characteristic of the variation in re-

gional distribution of ventilation. Ploy-
songsang and associates (33) measured
regional breath sound intensity in a simi-
lar way, but compensated the sound in-
tensity for regional differences in sound
transmission. They measured regional
ventilation with radioactive xenon in the
same 10 normal subjects at the same time.
By measuring the correlation within in-
dividual subjects, rather than demon-
strating a general similarity of pattern,
Ploysongsang and associates amended
the conclusion of LeBlanc and coworkers
and stated that breath sound intensity is
a good measure of regional ventilation
if the intensity is compensated for local
differences in sound transmission.

Correlation between regional breath
sounds and regional ventilation favors re-
gional production of vesicular breath
sounds; if the inspiratory vesicular breath
sounds were produced centrally, one
would have to postulate that sound trans-
mission to the periphery of the lung
correlates with gas transport to the pe-
riphery of the lung. It would seem more
likely that regional production of sound
rather than regional transmission of
sound would depend on regional venti-
lation.

Bronchial Sounds
The tracheal or bronchial breath sounds
heard by listening over the large airways
have a different character from vesicular
sounds. The sound has a hollow or
“tubular” character. Laénnec said that
the sound clearly showed that the air
was passing through a roomier channel
than the air cells. In the early part of this
century, investigators in Germany and
in the United States concerned them-
selves with objective methods for distin-
guishing the frequency content of bron-
chial and vesicular sounds because of
the importance of the bronchial sound
in indicating pulmonary consolidation.
Mueller graphically demonstrated that
the bronchial sound contained higher
frequency components than vesicular
sounds. Using models made with rubber
tubes as well as observations on hu-
mans, Martini and Mueller (34) provid-
ed evidence that the site of bronchial
breath sounds was in airways 4 mm or
larger in diameter. They concluded that
the presence of bronchial sounds in ab-
normal locations signified a continuous
infiltration of lung tissue from the pe-
riphery 3 to 5 cm inward toward the hi-
lumn, depending on body size and location
on the chest wall. Fahr (24) confirmed
these observations, and demonstrated
that the presence of the larynx was un-
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necessary for the generation of the
bronchial sound.

Bronchial breath sounds heard over
consolidated lung almost certainly rep-
resent improved transmission to the pe-
riphery of sound produced in the la:ge
airways. Consolidated lung acts like a
continuous acoustically conducting
medium that does not attenuate the
transmission of sound, as does inflated
lung. It may be presumed that the physi-
cal finding of bronchial breathing over
consolidated lung represents the replace-
mert of locally produced vesicularsound
(abolished by consolidation and conse-
quent absence of local ventilation) by
sound transmitted from a more central
sound generator. The sound over consoli-
dated lung may differ qualitatively from
that heard over the trachea, likely because
of the differences in the filtering charac-
teristics of the intervening tissues, but the
specific differences have not been
delineated.

Breath sounds intermediate in charac-
teristics between vesicular and bronchi-
al sounds are called bronchovesicular.
Presumably the mechanisms responsible
for their production represent a combi-
nation of the mechanisms discussed
above. In healthy persons, they likely rep-
resent a combination of sounds arriving
at the site of auscultation from different
sources. In disease, partial change in
filtration characteristics may result from
partial - consolidation also producing
sound with frequency characteristics in-
termediate between bronchial and vesic-
ular. The variations in the frequency
characteristics of the 2 conditions have
not been clarified.

Although it seems probable that bron-
chial and vesicular sounds each arise
from a range of airways rather than from
a point source, the extent to which these
ranges may overlap, or the generations
or dimension of airways involved, have
not been precisely defined. Unfortunate-
ly, at this time the terms “bronchial” and
“bronchovesicular” refer to tubular
sounds with a long, loud expiratory phase
independent of whether they arise in nor-
mal lung or are due to increased trans-
mission of centrally generated sound
through peripheral consolidation. Work
on the subject is now receiving more at-
tention after a half century of emphasis
on roentgenographic rather than auscul-
tatory diagnosis.

Continuous Adventitious Lung Sounds
“Adventitious” lung sounds are super-
imposed on the breath sounds in certain

























