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Abstract    To characterize lung sounds objectively, we 
examined, by means of time-amplitude plots, selected tape 
recordings of auscultatory phenomena considered by six 
observers to be typical of those in a standard 
classification. Normal lung sounds could not consistently 
be visually distinguished from adventitious sounds at 
conventional chart recorder speeds of 100mm per second 
or less, but the differentiation was easily achieved when 
the time scale of the plots was raised to 800 mm per 
second. When discontinuous 
 

THE clinical usefulness of lung sounds has been 
limited by difficulties in verbal description: “It almost 
seems as if every physician has his own classi-
fication.”1 Visual displays by frequency spectral-
analysis techniques and amplitude-versus-time plots2-

11 have not resulted in a clear, objective separation of 
these sounds. We observed that plotting sound 
amplitude versus time at scales above 400 mm per 
second showed details of the sound wave form 
obscured at the slower chart speeds in previous 
reports. Accordingly, we studied the reliability of this 
“time-expanded” method for characterization of chest 
sounds. 
 

MATERIAL AND METHODS 
 
Recording Technique   
 

We recorded lung sounds by placing a Kent 
Cambridge Leatham-type stethoscope microphone on the 
chest at sites where examples of normal and abnormal sounds 
had been found, as previously described.12,13 The subjects 
were asked to breathe deeply through their mouths as in 
clinical practice. Sounds were preamplified and monitored 
during recording on a Tandberg Model 3000X tape recorder 
at tape speeds at or above 95.75 mm per second. 
 
Selection of Typical Sounds  
 

From a data base of over 1000 such recordings, 
examples of common auscultatory phenomena were selected 
by one of us (R.L.H.M.). Sounds considered to be typical 
examples of each of the categories in a standard 
classification1 were reviewed by six ob-servers. Including 
only those on which there was unanimous agreement in 
classification provided over 100 examples of discontinuous 
sounds, or rales, and 50 examples of continuous sounds, or 
rhonchi. For comparison, we examined several typical pleural 
friction rubs, normal tracheal and vesicular sounds, and some 
common artifactual sounds. We also analyzed commercial 
teaching tapes and tapes provided to us by other 
investigators.* When necessary, we used the standard scheme 
to reclassify the sounds. 
 
Time-Base Expansion  
 

We made time-expanded amplitude plots using a 
computer sys- tem by sampling the amplitude of the sound at 
regular intervals, storing the values in a memory and 
replaying the signal at a slower 
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sounds (rales, crackles or crepitations) were heard 
clinically, the time-expanded wave forms showed 
intermittent “discontinuous” deflections usually less than 
10 msec in duration. When continuous sounds (rhonchi or 
wheezes) were heard, the deflections were usually more 
than 250 msec. Time-expanded wave-form analysis 
provides reproducible visual displays that allow 
documentation of the differentiating features of lung 
sounds and enhances the diagnostic utility of the sounds. 
(N Engl J Med 296:968-971, 1977) 
 
rate. Adequate sampling rates and anti-aliasing and 
reconstruction filters were used to ensure the fidelity of the 
replayed wave forms. The sound reproduced by the computer 
could be plotted on a chart recorder sensitive to frequencies 
only up to 100 Hz with a paper speed of 25 mm per second. 
For example, sampling the amplitude of the chest sound 
10,000 times per second and then replaying it at a rate of 156 
samples per second was the equivalent of having plotted the 
original signal on a chart recorder with a much higher paper 
speed of 1600 mm per second and frequency sensitivity up to 
4500Hz, the limit imposed by the aliasing filter. We then 
examined the time-expanded wave forms of these typical or 
classic sounds visually. 
 

 
 

RESULTS 
 

The time-expanded wave forms of the 
typical sounds showed patterns that allowed the 
various categories of sound to be visually 
distinguished from one another. Such differentiation 
could not be reliably made from wave forms plotted at 
conventional chart recorder speeds (Fig. 1). In every 
case in which rales were heard clinically, the resulting 
wave forms showed intermittent “discontinuous” 
deflections usually less than 10 msec in duration. 
When rhonchi had been heard, the deflections were of 
much longer duration, usually more than 250 msec. 
Rales had waveforms appearing as more rapid or 
higher-frequency oscillations intermittently 
superimposed on the nor-mal breath sound pattern. 
Rhonchi replaced this nor-mal pattern, as shown in 
Figure 1. “Rale” and “rhonchi” patterns were distinct 
from those of the normal vesicular and tracheal sounds 
shown in parts (a) and (e) of Figure 1 as well as from 
those of artifacts (Fig. 2). 

Our conclusions were confirmed on analysis 
of the tapes made by other workers. For example, 
plots of “crackles and wheezes” provided to us by 
Forgacs, who had advocated these names for 
adventitious lung 
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Figure 1. Amplitude-versus-Time Plots of Typical 
Lung Sounds, Showing that the Expanded Time Scales 
in the Right Column Reveal Visually Distinct Patterns 
Not Readily Seen in the Plots at Conventional Speeds 
on the Left.  
Time is on the horizontal axis, and amplitude on the 
vertical axis. The plots on the right, reproduced here at 
a scale of 400mm per second, are 0.1 sec long and are 
sections from the0.8-sec-long plots on the left shown 
here at 50 mm per second. 
 
 
sounds, demonstrated that crackles were 
“discontinuous” and wheezes were “continuous” and 
that they had patterns identical in character to those of 
the rales and rhonchi in Figure 1. 
 
Rhonchi  
 

In tracings of both sonorous and sibilant 
rhonchi, the normal pattern is replaced by a more 
regular waveform whose duration of 250 msec or 
more is much longer than the “rale” pattern. As shown 
in Figure 1,the wave form of a sibilant rhonchus from 
an asthmatic patient had a greater number of 
deflections per unit time than the wave form of a 
sonorous rhonchus from a patient with bronchitis. 
Spectral analysis of these typical examples confirmed 
that the sibilant rhonchi had peaks of energy content at 
higher frequencies than the sonorous rhonchi. The 
lowest peaks observed in rhonchi classified by us as 
sibilant were in the range of 200 to 400 Hz as 
compared to 80 to 200Hz for sonorous rhonchi. The 
frequency content of rhonchi was seen to vary during 
the respiratory cycle as reported by Wooten and 
Waring.6 
 
Rales  
 

Most audible rales appear as unexpected 
deflections of 10 msec or less having an amplitude 
greater than that of the underlying wave form. Their 
duration ranges from about 1 to 10 msec. Rale patterns 
show a great diversity; the words fine, medium, and  
 
 
 
 

coarse were inadequate to describe all the differences 
that we saw. Variations in the period of the deflections 
— that is, the length in time of the individual cycles 
— and in the total number of cycles seem to be the 
most noteworthy distinguishing features. The tracings 
of fine rales heard in patients with pulmonary fibrosis 
showed shorter periods and overall duration, and thus 
higher frequency content, than we saw in tracings of 
coarse rales from patients with pneumonia. 

Occasionally, rales were so numerous that 
they be-came almost “continuous.” This phenomenon 
occurred in less than 5 per cent of our typical 
examples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Artifactual Sounds. 
When plotted at 400 mm per second, the wave forms 
of artifactual sounds are seen to have different patterns 
from the lung sounds in Figure 1. (a) shows voiced 
sounds recorded with the microphone on the subjects 
chest, (b) first heart sound recorded on the left anterior 
part of the chest in the mid-clavicular line at the fifth 
intercostal space, (C) vesicular sound with 
superimposed noise of the microphone moving over 
chest hair, and (d) plot of sound resulting from sliding 
the stethoscope across the skin. 
 
 
 

 
 
In all these cases, characteristic intermittent 

rale patterns were observed in the same tracings. Even 
when confluent, the wave forms had the irregular rale 
pattern rather than the smooth, more uniform 
deflections of rhonchi. For our typical examples, then, 
the practical utility of categorizing sounds as 
“discontinuous” or “continuous” was demonstrated. It 
is not known whether this categorization would apply 
equally well if less than typical sounds had been 
selected. 
 

 
DISCUSSION 

 
 

Since Laennec’s invention of the stethoscope, many 
studies have attempted to analyze and visually display 
lung sounds. They have focused both on the amplitude 
of the sound over time, or temporal proper-  
 
 
 
 
 



ties, and on analysis of the sound by component 
frequencies, or spectral properties.2-4,6-15 Cabot and 
Dodge were able to show, in 1925, that coarse and fine 
rales were associated with conspicuous low-frequency 
and high-frequency components respectively.10 
Similarly, in 1955 McKusick et al. demonstrated that 
the spectrograms of “moist” and “dry crackling” rales 
were different, the dry rales containing more high 
frequencies.2 Calibrated amplitude plots by Weiss and 
Carlson3 allowed visual perception of the overall 
amplitude of sounds, including pauses and duration 
differences as well as study of the relation of the 
amplitudes of inspiration and expiration. Adventitious 
sounds were not clearly distinguished by this method 
or by the integrating envelope detector de-scribed by 
Wooten and Waring.6  

Forgacs, in 1967,16 pointed out that the 
study of crackling was difficult because the sounds 
follow one another so rapidly that neither the 
individual crackles nor the rhythmical pattern made by 
their sequence can be identified with the unaided ear. 
He observed that when these sounds were recorded on 
fast-moving magnetic tape and were played back 
slowly, the repetitive rhythm of a series of crackles 
could be seen in successive respiratory cycles. Two 
years later, he commented that the recording of 
wheezes in visual form had none of the advantages of 
phonocardiography because pen recordings are too 
slow to show the rapid oscillations of a wheeze clearly 
enough to distinguish them from the pattern of other 
lungsounds.17 He noted that the oscilloscope showed 
the regular wave forms of a wheeze but only at time-
base speeds at which one saw such a small section of 
sound that it was very difficult to judge the timing of 
the wheezes in relation to the respiratory cycle.  

Nath and Capel18,19 confirmed the repetitive 
nature of rales in some patients, but their published 
tracings, as well as those of Forgacs, had time scales 
below 100 mm per second and did not clearly reveal 
the wave form characteristics of the adventitious 
sounds. The amplitude deflections produced by rales, 
for example, are similar to deflections found in 
tracings in which no rales are described since the 
specific waveforms of the rales are obscured at this 
speed. In our experience, the time base of the 
amplitude-versus-time plot must be approximately 400 
mm per second or more to allow visual separation of 
lung sounds. Measurements on the tracings are more 
easily made when the time base is above 1500 mm per 
second. For example, individual rales are most 
conveniently examined on plots with time scales of 
about 6000 mm per second. Although we have used a 
computer to produce the plots presented in this report, 
simpler techniques could be used, such as direct 
plotting on fast chart recorders or time-base expansion 
by frequency-modulation tape recorders, but they lack 
the flexibility of the computer method.  

Rales are sensitive to microphone 
characteristics,  

 
 
 
 
 
 
 
 
 
 

and the shapes of the rale complexes in tracings 
maybe affected by the type of microphone used. 
Standardization of chest-microphone characteristics 
and development of clinically practical techniques for 
attachment to the chest wall are needed.  

We have observed that as flow at the mouth 
varies, the appearance of rales on the time-expanded 
plots remains that of a short, transient oscillation. 
Others have shown that the time of occurrence of 
inspiratory rates is not closely related to flow at the 
mouth.18 Sibilant rhonchi (wheezes) change in 
character withflow,16 but both sibilant and sonorous 
rhonchi appear as continuous oscillations on the time-
expanded plots despite such alterations in flow.  

The generality of our results may be limited 
by our selection of classic or typical sounds rather 
than all sounds from a known disease or from a 
random sample of a general population, with the 
consequent systematic exclusion of sounds not easily 
classified. This procedure facilitated testing the 
question of most concern to us — namely, whether the 
time expansion could separate sounds readily 
recognized by ear. Although we conclude that it can, 
we recognize the need for more comprehensive 
investigations of specific diseases as well as 
population-based studies so that all types of lung 
sounds will be included. We are confident, however, 
that we have studied the common phenomena likely to 
be encountered in routine practice. 

Although we have not explored the clinical 
utility in depth, we have been able to document rales 
objectively in patients with congestive heart failure in 
the intensive-care setting, as well as the disappearance 
of the characteristic wave-form complexes after 
diuretic therapy. This factor could potentially facilitate 
such observations by paramedical personnel. We have 
also been using the technique in industrial surveys of 
asbestos workers to document the characteristic rales 
and to count them. We are encouraged in this regard 
be-cause our method avoids the problems of intra-ob-
server variability inherent in chest auscultation, as we 
have discussed in detail previously.12,13 It is likely that 
time expansion could aid in observer-variability 
studies as well as in more accurate characterization of 
sound transmission and generation, but this possibility 
also awaits future study. In any case, we believe that 
time-expanded wave-form analysis provides a 
scientific method for differentiating the various lung 
sounds that will facilitate further objective 
investigation of their diagnostic utility. 
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