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Automated Lung Sound Analysis in Patients With Pneumonia

Raymond LH Murphy MD, Andrey Vyshedskiy PhD, Verna-Ann Power-Charnitsky MSc,
Dhirendra S Bana MD, Patricia M Marinelli RN, Anna Wong-Tse RN, and Rozanne Paciej

OBJECTIVE: To determine whether objectively detected lung sounds were significantly different
in patients with pneumonia than those in asymptomatic subjects, and to quantify the pneumonia
findings for teaching purposes. METHODS: At a community teaching hospital we used a multi-
channel lung sound analyzer to examine a learning sample of 50 patients diagnosed with pneumonia
and 50 control subjects. Automated quantification and characterization of the lung sounds com-
monly recognized to be associated with pneumonia were used to generate an ‘“‘acoustic pneumonia
score.” These were examined in the learning sample and then prospectively tested in 50 patients and
50 controls. RESULTS: The acoustic pneumonia score averaged 13 in the learning sample and 11
in the test sample of pneumonia patients. The scores were 2 and 3 in the controls. The positive
predictive value of a score higher than 6 was 0.94 in the learning sample and 0.87 in the test sample.
The sensitivities in the 2 groups were 0.90 and 0.78, and the specificities were 0.94 and 0.88,
respectively. Adventitious sounds were more common in pneumonia patients (inspiratory crackles
81% vs 28%, expiratory crackles 65% vs 9%, rhonchi 19% vs 0%). CONCLUSION: Our lung
sound analyzer found significant differences between lung sounds in patients with pneumonia and
in asymptomatic controls. Computerized lung sound analysis can provide objective evidence sup-
porting the diagnosis of pneumonia. We believe that the lung-sound data produced by our device
will help to teach physical diagnosis. Key words: lung sounds, physical examination, ausculta-

tion, pneumonia. [Respir Care 2004;49(12):1490-1497. © 2004 Daedalus Enterprises]

Introduction

The diagnostic accuracy of the physical findings used
to diagnose pneumonia is generally considered to be
low. In one study, for example, 3 examiners’ clinical
diagnosis of pneumonia had a sensitivity of 47-69%
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and a specificity of 58—75%. The authors concluded
that, “the traditional chest examination is not sufficiently
accurate on its own to confirm or exclude the diagnosis
of pneumonia.”! Another study showed, “a striking dis-
crepancy between the stethoscope and [radiograph find-
ings] in acute pneumonias.”? The chest examination,
however, often shows signs that have been recognized,
since the invention of the stethoscope by Laénnec, as
consistent with pneumonia. There are, however, a variety
of problems with clinical auscultation that make it difficult

SEE THE RELATED EDITORIAL ON PAGE 1488

to reliably acquire the acoustic information that is associ-
ated with pneumonia. One major problem is substantial
observer variability.!3 There has been a great deal of
interest in using computer-based technology to circum-
vent the shortcomings of auscultation.* Computer-based
technology has been developed that allows objective
measurement, quantification, and display of ausculta-
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Fig. 1. Left: Placement of the microphones in the foam pad. Right: Placement of the pad against the subject’s back.

tion findings.>~7 We used a computerized multi-channel
lung sound analyzer to determine whether objectively
measured lung sounds differed significantly in patients
with pneumonia versus asymptomatic subjects. We also
were interested in quantifying the pneumonia sounds of
patients for educational purposes.

Methods

All procedures were conducted in accordance with the
ethical standards of the World Medical Association Dec-
laration of Helsinki, and the study was approved by our
institutional review board.

In our community teaching hospital we studied a con-
venience sample of 100 patients who were diagnosed by
their physicians as having pneumonia. All the pneumonia
patients had radiographic evidence consistent with the pneu-
monia diagnosis. The radiographs were interpreted by in-
dependent observers who were unaware of the bedside
findings. Their charts were reviewed to confirm that they
had findings consistent with symptoms of acute illness and
the commonly reported criteria for pneumonia.>8° Fifty-
eight percent were female.

We also studied 100 subjects who had no clinical evi-
dence of pneumonia. Forty-eight percent were female. All
of these subjects were patients who presented themselves
to an internist for annual physical examination. The basis
of selection was solely that their age matched those of the
pneumonia group. After obtaining informed consent the
patients and control subjects were examined with a multi-
channel lung sound analyzer (model STG-1602, Stetho-
graphics, Westborough, Massachusetts), as previously de-
scribed.!® Figure 1 shows the device, in which 14
microphones are incorporated into a soft foam pad. The
microphone pad is covered with a custom-made, single-
use, disposable interface that prevents transmission of
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pathogens to the pad. One microphone was used to record
tracheal sounds.

With nonhospitalized subjects the microphone pad was
positioned on a stretcher or a plastic reclining chair and the
subject was supine on the pad. Hospitalized patients were
examined in their beds. All participants were asked to
breathe more deeply than normal, with their mouths open.
Two 20-s measurements were taken.

The STG system software was custom-developed to col-
lect data and provide automated identification of wheezes,
rhonchi, fine crackles, coarse crackles, and squawks, in ac-
cordance with published definitions, except as noted below.!!

The computer performs the lung-sound analyses in sev-
eral seconds. The validation of the device as a crackle
counter has been reported.° Its validation as a wheeze and
rhonchus detector appears in the Food and Drug Admin-
istration’s approval document.” In the present study a
crackle was defined according to published criteria,'! ex-
cept that patients with = 2 crackles per breath were con-
sidered normal. A rhonchus (ie, a low-frequency continu-
ous adventitious lung sound) was defined acoustically as
an abnormal sound, present in at least 4% of the respira-
tory cycle, with a sinusoidal waveform and a frequency
of = 180 Hz. A wheeze was defined as an abnormal
inspiratory or expiratory sound, present in at least 4% of
the respiratory cycle, with a sinusoidal waveform and a
frequency of > 180 Hz. The computer rapidly performed
time-expanded waveform analysis of each channel, and
the waveform analysis was used to verify the automated
analysis.> The quantified adventitious sounds were used to
generate an “acoustic pneumonia score.” To derive the
acoustic pneumonia score we studied reported findings in
textbooks and journal articles and reviewed the findings of
a previous investigation by us.'? It was clear from that
review that crackles and rhonchi were commonly reported
findings and that higher rates of crackles and rhonchi per

1491



AUTOMATED LUNG SOUND ANALYSIS IN PATIENTS WITH PNEUMONIA

Table 1.  Summary of the Automated Acoustical Data Analysis
Pneumonia (n = 100) Controls (n = 100) p
Age 69 = 18 69 =7 0.87
Average Rhonchi Rate
§| Patients With Rhonchi (%) 1 < 0.0001
.§ Rate (%) (range) 30 £ 20 (5-79) 5 N/A
g Frequency (Hz) 138 = 46 101 N/A
~| Patients With Rhonchi (%) 0 < 0.0001
'§ Rate (%) (range) 35 = 25 (4-80) - NA
E Frequency (Hz) 127 = 30 - NA
g
Mean Number of Crackles per Breath
g
'% Patients With Crackles (%) 28 < 0.0001
E Mean * SD crackles/breath (range) 8 +5(2-19) 4 +2(2-13) < 0.0001
E Frequency (Hz) 309 = 63 387 =91 0.57
§| Patients With Crackles (%) 9 < 0.0001
§ Mean = SD crackles/breath (range) 6 £5(2-17) 4 £3(2-13) 0.26
;% Frequency (Hz) 278 =70 402 = 104 < 0.0001

breath are associated with a higher likelihood of pneumo-
nia. An acoustic pneumonia score was calculated for each
subject by adding each of the individual scores. These
scores were defined as follows. The rhonchus rate was
defined as the proportion of the breath cycle occupied by
rhonchi. The rhonchus score was calculated as follows: a
rhonchus rate of 4-5% received a score of 3; a rate of
6-10% received a score of 5; and a rate of 11-100%
received a score of 6.

The crackle score was calculated separately for inspira-
tion and expiration and was defined as the number of
crackles per respiratory phase, except that the maximum
crackle score was 10 for inspiration and 10 for expiration.
The minimum and maximum possible acoustic pneumonia
scores were zero and 26, respectively. We examined the
performance of this score in the first 50 subjects in each
group (learning sample). We then examined the perfor-
mance of the score in the remaining 50 patients in each
category.

Statistical Analysis

The results are presented as mean * SD, unless other-
wise stated. Paired 7 tests were used to compare the vari-
ables between the groups for the variables on a continuous
scale. The McNemar test was used to compare categorical
data. Differences were considered statistically significant
when p < 0.05.

Results

Table 1 shows the results of the automated analysis of
the abnormal sounds in the 100 pneumonia patients and
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control subjects. As expected, abnormal sounds were more
common in the patients with pneumonia. Only 7% of pa-
tients with pneumonia were free of rhonchi and crackles,
compared to 69% of controls.

The inspiratory crackles in the pneumonia patients were
classified by the computer as coarse in 63% and both
coarse and fine in 99%. Fifty percent of the expiratory
crackles were classified as coarse; only one patient with
pneumonia had expiratory fine crackles; the remainder had
a mixture of fine and coarse crackles. The presence of
crackles in the control group was age-related. None of the
controls who had crackles were younger than 60 years old.
Wheezing was more common in the pneumonia patients: it
was present in 14% of patients during inspiration and in
21% during expiration. Three controls (3%) had inspira-
tory wheezing; 1 had expiratory wheezing. All pneumonia
patients in this study had chest radiograph opacifications
consistent with pneumonia. The opacifications were uni-
lateral and basilar in the majority of patients. Right-sided
pneumonia was more common than left-sided pneumonia.
Upper-lobe involvement in the absence of lower-lobe in-
volvement was uncommon.

Figure 2 shows examples of waveform plots, one from
a patient with pneumonia, the other from a normal control
subject. Figure 3 shows the crackle summary and the chest
radiograph of the same patient.

Acoustic Pneumonia Score
The acoustic pneumonia score averaged 13 = 6 in the
learning sample and 11 *= 5 in the test sample of pneu-

monia patients. It was 2 = 2 and 3 = 4 in the control
subjects (Fig. 4). The sensitivity and specificities in the
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A Pneumonia
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Fig. 2. Time/amplitude plots of a single breath, as they appear at multiple sites. The waveforms are presented in both the unexpanded mode
(upper wave in each of the 2-wave sets) and expanded mode (lower wave in each of the 2-wave sets). The unexpanded waveform shows
one full breath. The solid bars under the unexpanded waves mark the respiratory cycle. The thinner (light) part of the bar demarks the
inspiratory phase, and the thicker (dark) part marks the expiratory phase. The small arrows indicate the location of the expanded interval.
The duration of the expanded interval is 100 milliseconds. A: In this subject, who had left-lower-lobe pneumonia, crackles were heard over
the left lower lobe. The time/amplitude pattern shows crackles on channels 13, 14, and 15 (large arrow). Note the coarse crackle waveform
on the expanded time/amplitude plot. B: In this normal subject, there are no wheezes or crackles. The time/amplitude pattern is relatively
uniform from site to site across the chest. Note that the waveform recorded by the tracheal microphone is longer and louder than those from

over the chest wall.
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Fig. 3. Crackle summary and chest radiograph from the pneumonia patient in Figure 2. A: Crackle summary. The diameters of the circles
are proportional to the crackle rate. Note the large number of crackles at the left base (arrow). The bar graph shows the crackle rate in each
third of inspiration and expiration. The top 2 bar graphs summarize the data from the upper lung fields (channels 1 and 2 on the right and
channels 9 and 10 on the left). The 2 bottom bar graphs summarize information from the lung bases (microphones 3 through 7 on the right
and 11 through 15 on the left). Since tracheal crackles are uncommon, the device does not identify crackles at the trachea. The height of
the bar is proportional to the total crackle rate. The filled part of the bar represents the fine crackles. In this patient the crackles are mostly
coarse. This patient received an acoustic pneumonia score of 20 (10 for the inspiratory crackles plus 10 for the expiratory crackles).
B: Posteroanterior (left) and lateral (right) chest radiographs. Four of 6 board-certified observers (3 pulmonologists and 3 radiologists)
agreed that linear opacifications consistent with pneumonia were present in the left lower lobe (arrow).

learning sample were similar to that in the test sample. The
sensitivity was 0.90 in the learning sample and 0.78 in the
test sample. The specificities were 0.94 and 0.88, respec-
tively. The positive predictive powers were 0.94 and 0.87.

Acoustic Profile

Almost all (91%) of the patients had some adventitious
sounds. Crackles were the most common finding. They
were present in 89% (either inspiratory or expiratory).
Inspiratory crackles (> 2/breath) were found in 82% of the
patients. Expiratory crackles (> 2/breath) were found in
65%. Rhonchi (either inspiratory or expiratory) were
present in 34%. Wheezing (either inspiratory or expira-
tory) was present in 29%.

Eighty-one of the 100 patients had abnormal sounds in
the same site as the radiographic findings. Forty-seven of
those 81 patients had abnormal sounds in other areas as
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well, and 2 of them had abnormal sounds in a smaller area
than the radiographic findings. Ten patients had abnormal
sounds consistent with pneumonia, but they were in dif-
ferent locations than the radiographic findings. Nine pa-
tients had no abnormal sounds detected but had positive
radiographic findings.

Discussion

The present study provides evidence that the ausculta-
tory abnormalities associated with pneumonia can be quan-
tified by computer. Using a score based on objectively
measured crackles and rhonchi, we found that the positive
predictive value of a score higher than 6 was 0.94 in the
learning sample and 0.87 in the test sample. The sensitiv-
ities in the 2 groups were 0.90 and 0.78, and the specific-
ities were 0.94 and 0.88, respectively. We believe that this
lung-sound measurement and analysis method can provide
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Fig. 4. Acoustic pneumonia score frequency distribution in control
subjects and in patients with pneumonia. A: The first 50 controls
and pneumonia patients. B: The second 50 controls and pneumo-
nia patients.

clinically important information to help diagnose patients
suspected to have pneumonia, who have no other substan-
tial cardiopulmonary disorder.

Pneumonia is the leading cause of infectious-disease-
related death and a leading cause of mortality in persons
= 60 years old in the United States.!3 Evidence has been
presented that the sooner pneumonia is treated, the better
the prognosis.>!# Unfortunately, the clinical presentation
is often atypical, particularly in the elderly.!>-'7 Accord-
ingly, we became interested in ways to improve the diag-
nosis. In previous research, utilizing computer-assisted
analysis, we demonstrated that adventious sounds can be
differentiated by their acoustic characteristics.>!8 In addi-
tion, the patterns of objectively measured sounds in a va-
riety of common illnesses are different.!>!8-2! Several of
those studies reported on the acoustic characteristics of the
sounds in pneumonia patients'>1°-2! As those studies in-
volved only a small number of patients, we were interested
in finding out if those preliminary observations would ap-
ply to a larger number of patients in a typical clinical
setting. We observed significant differences in the lung
sounds of pneumonia patients and subjects who were not
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acutely ill. The sensitivity and specificity of this lung-
sounds analysis method for distinguishing pneumonia from
other illnesses is not known and requires further study. In
addition, our choice of an acoustic pneumonia score of 6
as a threshold was somewhat arbitrary, although it was
based on an extensive literature review and our experi-
ence. A prospective study of that score is also indicated.

Accuracy

Sixteen patients with pneumonia had acoustic pneumo-
nia scores of = 6 and thus were false negatives. Fourteen
of those patients had a crackle rate that was lower than the
threshold. One had markedly decreased breath sounds in
the area where the pneumonia was present on chest radio-
graph. The other had diffuse wheezing that may have ob-
scured the presence of crackles. Three of the 9 false pos-
itives had a technically unsatisfactory recording. The
remaining 6 all had evidence of chronic pulmonary or
cardiac disease.

The crackle rate in the control group of our study was
much higher than the crackle rate in the normal subjects of
previous studies.?>23> However, those studies used much
younger subjects, they included only subjects without lung
disorders, and they did not involve measurements on as
many sites.

From a clinical point of view, it would not be a problem
to differentiate the false positives from the pneumonia
patients. All of our pneumonia patients were acutely ill
and had one or more of the usual clinical findings of
pneumonia. All of the false positives, on the other hand,
were undergoing routine annual physical examinations and
none were acutely ill. Automated lung-sound findings, like
other clinical evidence such as the chest radiograph, need
to be viewed in terms of the total clinical picture to avoid
over-diagnosis. With our lung-sounds-measurement sys-
tem the results are immediately available at the bedside,
the device is noninvasive and can be used even with crit-
ically ill patients, as we did in the present study, and the
foam pad that contains the microphones is easily placed
under the patient, even a patient on a ventilator.

Advantages of Computerized Lung-Sound Analysis

A good deal of the information obtained by computer-
ized lung-sound measurement can be obtained by a skilled
clinician using a stethoscope. In applying for Food and
Drug Administration approval we presented the results of
observations by board-certified pulmonologists compared
to the automated measurements and analysis. There was
close agreement in the recognition of wheezes, rhonchi,
and crackles.” There was less agreement when lesser-trained
clinicians were similarly tested. When evaluating a report
of lung auscultation in a medical record, it is not always
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easy to know if a particular observer is competent or places
much value in auscultatory findings.

There is a great deal of information in lung sounds that
is not easily obtained by even the best of clinicians. For
example, at a single site the clinician can make at least 6
observations, such as the presence/absence, character, and
timing of crackles, wheezes, and rhonchi; decreases in
amplitude; and duration of the inspiratory and expiratory
phases. The meaning of those observations is discussed
elsewhere.?* If the clinician listens in 10 sites, there are at
least 60 possible sets of data. That is beyond the memory
capabilities of most people. Computers greatly improve
the efficiency of data collection and management. Two
minutes of 14-site automated lung-sound analysis gathers
as much data as 28 min of one-site-at-a-time listening by
a human. The automated data are archived and easily re-
trievable, even years later, thus avoiding memory prob-
lems, potential difficulties with transcribing the data, and
potential problems in deciphering handwriting.

Another reason for interest in lung sounds, as compared
to the radiograph, is that the sounds provide more regional
information. The chest radiograph is a summation shadow-
gram. Areas at the lung bases, particularly behind the heart,
are not well visualized. This is particularly true in the
intensive care setting, where only anteroposterior views
are obtained and the patient is often unable to cooperate
with instructions to take a deep breath. Computerized lung-
sounds analysis has the advantage of providing results
immediately at the bedside. It may be particularly appli-
cable with children or pregnant patients, with whom radi-
ography may have safety issues.

Although several studies (noted above) found objective
differences in the lung-sounds of patients with pneumonia
that allow them to be separated from those of other lung
disorders, further study is needed to more precisely deter-
mine how well that separation can be done. Nevertheless,
there are many clinical circumstances where those other
conditions are unlikely and the data from acoustic lung
sound analysis could potentially aid in diagnosis. Non-
smokers with no previous history of lung disease, for ex-
ample, are unlikely to have crackles, particularly if the
patient is < 60 years old. The case can be made stronger
if baseline data (analogous to a baseline electrocardio-
gram) are available and show that the patient had no ab-
normalities on a previous examination.

Limitations

In addition to the fact that we were comparing acutely
ill patients to persons who were not acutely ill, there are
some other limitations to the present study. We collected
data from only 14 chest sites. There were only 2 micro-
phones on the lateral chest and none on the anterior chest.
One of the false negatives had radiographic evidence of
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right-middle-lobe opacification. The microphone closest
to the right middle lobe was abnormal, but the acoustic
pneumonia score did not rise above our threshold for the
pneumonia diagnosis. It is possible to place microphones
on the anterior and lateral chest, but we did not do that in
the present study because we have found that those loca-
tions give more artifacts and poorer-quality recordings.
The fact that we had such a high sensitivity despite not
having anterior microphones or more lateral microphones
suggests that most of the information from pneumonia
sounds can be detected on the posterior chest. It may be
that in our elderly population the majority of the pneumo-
nias are due to aspiration and therefore more likely to be
posterior and inferior. Indeed, almost all of the radiograph
reports indicated that the lower lobes were involved.

An additional limitation is that we did not take the patho-
logic stage of pneumonia into consideration. Early pneu-
monia is known to be pathologically much different than
late pneumonia, which probably affected the sounds we
measured, as the stage of pneumonia present when we
made our measurements differed from patient to patient. It
would require a much larger study to address that question.

We studied a convenience sample rather than consecu-
tive patients. The patients with pneumonia were selected
from the admitting diagnosis list or by asking the hospital
nurses if any of their patients had a diagnosis of pneumo-
nia. This was done only on the days when a technician was
available. The charts and radiographs were subsequently
reviewed and only those patients meeting published crite-
ria were included. Ten patients were not included for that
reason.

Conclusion

This study provides evidence that the auscultatory find-
ings in patients with pneumonia can be readily quantified
by a computerized technique. The method is noninvasive
and provides useful diagnostic information at the bedside
to aid clinicians managing this common ailment.
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