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The present study introduces a detailed methodology which can be applied for objective evalu-

ation and comparison of the acoustic parameters of medical stethoscopes using auscultation

sounds as test signals. The described approach allows taking into account the acoustic coupling

between the body of an auscultated patient and the chest piece of a stethoscope. Information

obtained from additional, synchronized electrocardiography measurements is used to extract

short, specific fragments of recordings, defined as acoustic events. Analysis of the spectral

characteristics of many acoustic events allows us to compare the acoustic properties of various

stethoscopes and to estimate the measurement uncertainty. The exemplary results of the com-

parative evaluation of acoustic properties of bell and diaphragm-type chest pieces of a single

stethoscope are presented. The results show that the frequency characteristics of the signals

obtained using both examined chest pieces under the conditions of the performed examinations

are very similar. VC 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4978524]

[JFL] Pages: 1940–1946

I. INTRODUCTION

The basic assumptions concerning the construction and

theory of operation of the modern acoustic stethoscopes

were formulated by an American cardiologist and researcher,

David Littmann in the 1960s and 1970s.1–5 His theses were

in many points based on the ideas and results presented ear-

lier by other investigators (see, for instance, Refs. 6–10).

Littmann postulated, among other things, that the head of a

stethoscope should include a smaller, open chest piece

(referred to as the “bell”) and a larger one, closed with a dia-

phragm. Both elements should have minimum possible inter-

nal volume, in order to minimize the acoustic damping. He

concluded that the open chest piece should better transmit

lower frequencies, due to the lower natural resonances. He

also stated that the stiff or stretched membrane will attenuate

lower-pitched sounds and thus better transmit higher fre-

quencies.1 These statements are commonly repeated in the

literature ever since.

The acoustic stethoscopes are still the most commonly

used diagnostic equipment in the medical practice, thanks to

their low cost, high mobility, ease of use, and maintenance-

free operation. And even though the giant leap in diagnostic

technology since the 1960s and availability of various types

of electronic stethoscopes, nothing indicates that the current

state of affairs was subject to change in the nearest future.

Various modifications were proposed and implemented since

the days of Littmann,11–13 but none of them were compara-

bly revolutionary. In many models of the modern acoustic

stethoscopes the head is no longer divided into two separate

parts, leaving only a single chest piece with a diaphragm.

Such an approach is consistent with results presented by

Welsby et al.,14 which undermine the use of the bell chest

piece in auscultation. Different manufacturers are using vari-

ous kinds of diaphragms and different means for attaching

them to the chest pieces. Information about the advances of

the specific solutions can be found in the advertising materi-

als; however, due to the fact that no objective supporting

data are presented, it is unclear how reliable they are.

Many different studies on sound quality provided by vari-

ous models of acoustic stethoscopes are available in the litera-

ture. However, none of the experimental schemes presented

so far allows obtaining objective and quantitative data that

could be used to evaluate the actual role and function of the

different solutions on the parameters of acoustic signal during

auscultation of a patient. The described studies are based

either on subjective evaluation of acoustic properties of the

stethoscopes or on laboratory measurements of the acoustic

transfer function. The chest piece in such measurements is

coupled with an artificial sound source (speaker) via an air- or

water-filled coupling chamber, and the data are obtained with

microphones placed in the earpieces.14–16 The former case

does not provide any objective information regarding the

stethoscope, while the results of the latter cannot be in fact

extrapolated to the case of the actual patient auscultation. The

mechanical behavior (and, consequently, acoustic properties)

of a chest piece placed in a coupling chamber with a loud-

speaker do not have anything in common with the behavior of

the same chest piece acoustically coupled to a body of a

patient. Some of the data available in the literature, based on

the measurements of the transfer function of a stethoscope

with the chest piece placed over a speaker and a microphonea)Electronic mail: lnowak@ippt.pan.pl
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placed in the earpiece, indicate that the diaphragm introduces

damping of over 30 dB to the low frequency signal compo-

nents (of frequencies below 100 Hz) compared to the bell-

type chest piece.17 Even despite the fact that such a conclu-

sion stands in clear contradiction to the everyday clinical

observations, it is widely repeated in the literature ever since,

without any proper experimental validation.18,19

The aim of the present study is to introduce a method

for objective evaluation and comparison of the acoustic

properties of various types of stethoscopes and chest pieces

under the conditions of the actual patient examination, i.e.,

acoustically coupled to a body of a patient. The method uses

auscultation sounds as test signals. Such an approach is

much more complex than using a loudspeaker driven with

sine sweep signal as a sound source for investigating the

transfer function. This is due to the fact that the human body

produces a wide range of different sounds, variable in nature

and occurring in different time intervals, often overlapping

each other. The introduced method describes both hardware

setup and signal processing algorithms for recording and

extracting specific sets of auscultation signals. Those sets are

then analyzed and compared for their frequency content and

statistical parameters. The described method is illustrated

herein on the example of an experimental investigation on

the actual differences in acoustic parameters between the

bell- and diaphragm-type chest pieces. The results of the

measurements are presented and discussed. The same meth-

odology can be applied to investigate any other stethoscope

and chest piece types and their acoustic properties.

II. METHODS

The auscultation examination of a patient requires the

chest piece of a stethoscope to be pressed against the body

of a patient, forming an acoustically coupled system. The

sounds from the inside of the body are transmitted through

the chest piece and hollow tubes to the earpieces. The main

reason for investigating acoustic properties of a stethoscope

under such conditions is the fact that the patient examination

is the only practical application of the stethoscopes in medi-

cal diagnostics, and thus only the results directly related to

the auscultation procedure may have any practical meaning.

The auscultation sounds are generated by tissue vibrations

and turbulent flow of fluids and gases inside the body of a

patient. The transmission paths from the sound source to the

surface of the body are very complex and introduce high

damping. Thus, in order to be able to receive signals related

to specific phenomena, the chest piece of a stethoscope

should be pressed to the surface of the body at a point closest

to the sound source. There are detailed diagnostic guidelines

for physicians describing the recommended ways to conduct

the auscultation examinations in specific cases. The received

signals are in most cases very quiet, with an evident predom-

inance of low-frequency components.

Heart auscultation sounds were chosen as the test sig-

nals in the described method of objective evaluation of the

acoustic properties of stethoscopes. There are several impor-

tant reasons explaining this choice. The heart sounds are rel-

atively loud compared to other bioacoustic signals. The heart

action is regular and not consciously controlled. Thus, the

parameters of the recorded signals reveal relatively high

repeatability. Every single heart beat is triggered by an elec-

tric signal generated by the electrical conduction system of

the heart. Those electric signals can be also received using

electrodes attached to the surface of the body in a process

called electrocardiography (ECG). The ECG signals can be

recorded together with the auscultation sounds and used for

precise synchronization and identification of the subsequent

heart beats. Acoustic diagnosis of heart diseases is also one

of the most important fields of applications of the ausculta-

tion examinations. Thus, the conclusions drawn from results

of the analysis of the considered sounds can be easily inter-

preted also from the practical clinical point of view.

An “acoustic event” concept is introduced in the present

study and defined as a single, short time sequence of a bioa-

coustic signal, related to a specific physiological phenomenon

responsible for the sound generation. In the considered case,

the acoustic events are assumed to be heart auscultation sig-

nals—intervals covering a single heartbeat. A number of those

signals form the basis for acoustic and statistical analysis. Due

to the noisy and variable nature of the bioacoustic signals, it is

not possible to select a short, representative fragment of a

recording of the auscultation sounds for the comparative eval-

uation purposes. On the other hand, averaging acoustic fea-

tures over a longer fragment of such a recording may also be

misleading, as the signal would probably be corrupted with

numerous unwanted bioacoustic sounds overlapping the

desired ones. It would possibly also contain some occasional

abnormal events and random noise events resulting from inci-

dental chest piece movements and generated by external sour-

ces. Thus, it is concluded that an appropriate acoustic event

selection algorithm has to be implemented in order to select a

representative data set for further analysis. The described pro-

cedure also makes the obtained results independent from the

heart rate fluctuations during the measurements.

The acoustic events were collected during the heart

auscultation of two healthy volunteers—man and woman,

aged 32 and 31, respectively. The natural anatomical differ-

ences in structure of tissues surrounding the auscultation

points between the representatives of different genders should

impose slightly various boundary conditions in the measure-

ments. The reason for such a selection of the test subject was

to validate the consistency of the results obtained in both

cases. For the same causes, the examinations were carried out

at two different, standard auscultation points for each volun-

teer—at the aortic site and at the mitral site. All the examina-

tions were carried out by an experienced physician who was

instructed to reproduce the measurement conditions—includ-

ing the position of the auscultation point and the amount of

force applied to the chest piece—as exact as possible in each

case. The measurements included synchronous recording of

the auscultation sounds and the ECG signals. A single record-

ing included approximately 90 s interval. The auscultation was

carried out using the 3M (Maplewood, MN) Littmann Classic

II S.E. acoustic stethoscope. It is equipped with a dual chest

piece comprising a large, 44 mm diaphragm and a 33 mm bell.

Both chest pieces were used in the measurements. The signals

were recorded using the Panasonic (Panasonic Corp.,
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Kadoma, Japan) WM-61 A electret microphone capsule

placed in one of the earpieces, with the other earpiece sealed.

The microphone is omnidirectional and it has flat frequency

response in the whole considered frequency range. The micro-

phone was connected to the ZOOM (ZOOM Corp., Tokyo,

Japan) H4N audio recorder. The ECG signals were collected

using three medical electrodes attached to the skin of the vol-

unteers and a custom built ECG measurement system with

analog voltage output. The output of the ECG system was

connected to another input of the ZOOM H4N audio recorder.

The signals were synchronously recorded with 44.1 kHz sam-

pling rate and 16 bit resolution.

The recorded signals were saved as stereo wav files,

where the left channel contained the auscultation sounds, and

the right channel contained the ECG signal. The files were

then loaded, processed, and analyzed using MATLAB scripts.

First, the characteristic peaks were automatically identified

and tagged on the ECG signal. The tags were then used to

extract single acoustic events from the synchronous ausculta-

tion signal. A single acoustic event was defined as a 0.557 s

long sequence, starting at a time point specified by the nega-

tive peak of the corresponding ECG sequence. All the

extracted signals were then decimated by the factor of 12,

using an anti-aliasing finite impulse response filter. As a result,

all the acoustic events were 2048 samples long data sequences.

Next, the matrix of the similarity coefficients between all the

extracted acoustic events was computed. The similarity coeffi-

cient between signals number m and n was defined as

smn ¼

XN

i¼1

xi
mxi

n

 !2

XN

i¼1

xi
m

� �2

 ! XN

i¼1

xi
n

� �2

 ! ; (1)

where xi
m and xi

n denote the ith sample of signals m and n,

respectively, and N is the number of samples in each signal.

Then, for every acoustic event m a total similarity factor Sm,

describing the normalized measure of similarity of the signal

m to all the other signals from the recording, was computed.

The coefficient Sm was defined as

Sm ¼

XM

i¼1

smi

maxM
j¼1

XM

i¼1

sji

 ! ; (2)

where M denotes the total number of acoustic events extracted

from the recording. Only the signals with the total similarity

factor Sm values greater than the assumed threshold value were

selected for further analysis. In the experimental investigations

described herein, the threshold value was set to 0, 75.

The selected set of signals in each of the measurements

(i.e., for each volunteer and each auscultation site) was ana-

lyzed for its frequency content and statistical properties. A

2048 point fast Fourier transform was applied to every single

acoustic event, and the mean and standard deviation values

versus frequency were determined. All the selected acoustic

events were also analyzed using an octave filter bank. The

energy values of the signals at each output of the filter bank

were computed, and the obtained results were statistically

analyzed for every set of acoustic events referred to a spe-

cific measurement.

All the described measurements were carried out using

identical hardware setup and settings. Thus, all the obtained

results can be directly compared to each other. The objective

of the described exemplary application of the introduced

methodology for stethoscope evaluation was to determine if

the high- and low-pass filtering effects supposedly intro-

duced by the diaphragm- and bell-type chest pieces can be

actually observed in the patient auscultation. However, the

same method can be used for comparative evaluation of any

stethoscope models or features.

III. RESULTS AND DISCUSSION

The results of the conducted experimental investigations

are presented in Table I and Figs. 1–8. Volunteer 1 is a man,

aged 32, with a body mass index (BMI) equal 24,84.

Volunteer 2 is a woman, aged 31, with a BMI equal 24,34.

Table I presents the number of acoustic events extracted

from each of the recordings, the corresponding number of

the acoustic events selected from each set for further analysis

assuming the total similarity coefficient (2) threshold value

equal 0,75, and the ratio of selected to extracted acoustic

events. The discrepancies between the obtained ratio values

are very large, ranging from 6.3% up to 83.7%, for the same

selection criteria. However, one should notice that those pro-

portions are not important from the point of view of further

analysis, and they depend on many random and temporary

phenomena. For instance, increased digestive processes at

the time of the measurement may cause many relatively

loud, unwanted noise events occurring at random moments

and overlapping the heart beat signals, thus decreasing the

selection ratio. The main reason for presenting those results

herein is to illustrate the random, noisy, and variable nature

of the considered bioacoustic signals and to emphasize the

importance of the selection procedure as an inherent part of

the introduced stethoscope evaluation method.

Figure 1 presents an exemplary relation between the

selection threshold value and the corresponding number of

the acoustic events fulfilling the assumed criterion (volunteer

TABLE I. Numbers of the extracted and selected acoustic events in each

measurement.

No. of acoustic events

Extracted Selected Ratio

Volunteer 1 Aortic site Bell 97 32 33%

Diaphragm 96 39 40.6%

Mitral site Bell 93 56 50.2%

Diaphragm 92 77 83.7%

Volunteer 2 Aortic site Bell 132 21 6.3%

Diaphragm 108 14 13%

Mitral site Bell 96 21 21.9%

Diaphragm 105 27 25.7%

1942 J. Acoust. Soc. Am. 141 (3), March 2017 Lukasz J. Nowak and Karolina M. Nowak



1, aortic site, bell chest piece). Figure 2 illustrates the super-

posed waveforms of all the extracted acoustic events (upper

graph) and the selected ones (lower graph) for the same mea-

surement. As it can be seen, the imposed threshold value of

0,75 results in rejecting two-thirds of the considered signals.

As expected, the waveforms of the remaining acoustic events

are much more consistent and similar. This illustrates the

effectiveness of the described selection procedure.

The amplitude spectra of the acoustic events selected

from recordings of heart auscultation signals at aortic sites in

volunteers 1 and 2 using the bell- and diaphragm-type chest

pieces are presented in Figs. 3 and 4. Mean and standard

deviation values as functions of frequency are presented.

The low-frequency character of the considered bioacoustic

signals with a dominance of harmonic components in the

bandwidth below 100 Hz is clearly visible in all cases. The

differences of spectra obtained for both volunteers are easily

noticeable, and can be explained by the individual anatomi-

cal and physiological variations. On the other hand, the

results obtained using the bell- and diaphragm-type chest

pieces are very similar to each other in both test subjects. If

the bell would introduce a high-pass filtering effect, and the

diaphragm would act as a low-pass filter—as stated in the lit-

erature—a significant disproportion of the frequency content

in different bandwidths should be observed between spectra

obtained using the investigated chest pieces in both volun-

teers. However, such an effect is not observable in the pre-

sent study.

In order to further investigate the frequency characteris-

tics of the considered chest pieces of the stethoscope, an

octave analysis of the selected acoustic events was carried

out. Figures 5–8 present the results of the octave analysis

obtained for both volunteers, both auscultation sites and both

considered chest pieces. In all graphs, the lower and upper

edges of each box indicate the first and third quartile, while

the central line indicates the median value. The whiskers

indicate the data range, but their maximum length is limited

to 1.5 times the interquartile range. If any of the data points

falls outside this limit, it is marked with a “þ” sign on the

plot. The presented graphs allow us to directly compare the

results obtained using both chest pieces in all the performed

measurements. The findings are consistent in all the cases.

No significant disproportions of low- and high-frequency

contents are observed between results obtained using the bell

FIG. 1. (Color online) The relation

between the selection threshold value

and the corresponding number of the

acoustic events fulfilling the assumed

criterion (volunteer 1, aortic site, bell

chest piece).

FIG. 2. (Color online) The superposed

waveforms of all the extracted acoustic

events (upper graph) and the selected

ones (lower graph)—volunteer 1, aortic

site, bell chest piece.
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FIG. 4. (Color online) The amplitude

spectra of the acoustic events extracted

from the recording of heart ausculta-

tion sounds at aortic site in volunteer

2, using the bell- and diaphragm-type

chest pieces.

FIG. 3. (Color online) The amplitude

spectra of the acoustic events extracted

from the recording of heart ausculta-

tion sounds at aortic site in volunteer

1, using the bell- and diaphragm-type

chest pieces.

FIG. 5. (Color online) Box plot pre-

senting results of the octave analysis of

the energy of signals selected from

recording of heart auscultation sounds

at aortic site in volunteer 1.
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FIG. 6. (Color online) Box plot pre-

senting results of the octave analysis of

the energy of signals selected from

recording of heart auscultation sounds

at mitral site in volunteer 1.

FIG. 7. (Color online) Box plot pre-

senting results of the octave analysis of

the energy of signals selected from

recording of heart auscultation sounds

at aortic site in volunteer 2.

FIG. 8. (Color online) Box plot pre-

senting results of the octave analysis of

the energy of signals selected from

recording of heart auscultation sounds

at mitral site in volunteer 2.
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and the diaphragm. In fact, the observed frequency charac-

teristics of both chest pieces are very similar, with levels of

specific components higher in the case of signals recorded

using the diaphragm. This may be explained by the fact that

the diaphragm used in the measurements has a larger diame-

ter than the bell (44 mm compared to 33 mm). The data scat-

ter becomes significantly larger in the high frequency range,

above about 250 Hz. This is due to the low-frequency char-

acter of the considered auscultation signals. Higher fre-

quency components have much lower amplitudes and thus

are much more susceptible to noise.

IV. CONCLUSIONS

The introduced method for comparative evaluation of

acoustic properties of different stethoscope models or fea-

tures using auscultation sounds as test signals allows us to

determine the acoustic characteristics of the diagnostic devi-

ces under the conditions of actual patient auscultation. Such

an approach allows taking into account the acoustic coupling

between the body of a patient and the chest piece of a stetho-

scope, which may significantly alter the considered proper-

ties. The use of auscultation sounds for evaluation is

hampered by the variable and noisy nature of those signals.

However, the implemented procedure of extracting short

fragments of recordings defined as the acoustic events using

synchronized ECG signals, and the selection procedure that

allows us to reject fragments containing sporadic, abnormal

acoustic events or signals contaminated by noise or other,

unwanted body sounds help to overcome this difficulty.

The results of the analysis of signals recorded using the

bell and diaphragm chest pieces revealed no significant dis-

proportions in the frequency characteristics. The results

obtained in different volunteers (man and woman) and at dif-

ferent auscultation sites were entirely consistent. Thus, the

findings of the present study deny the common opinions and

theses presented in the literature, claiming that the bell and

diaphragm chest pieces introduce significantly different fil-

tering effects to the heart auscultation signals. Such state-

ments result in most cases from neglecting the effects of

acoustic coupling between the chest piece of a stethoscope

and the body of a patient, which were taken into account in

the present study.

The conclusions drawn from the results presented herein

may have some important practical implications. First of all,

the legitimacy of using two different chest pieces in many

models of the modern acoustic stethoscopes is questioned.

Such a solution appears unjustified in light of the presented

findings, at least from the acoustical point of view. If a

mechanical acoustic filter with cutoff frequency in the con-

sidered range below 200 Hz would be implemented in a

chest piece of a stethoscope, it should exploit different phe-

nomena, taking into account the acoustic coupling with the

body of an auscultated patient. However, one should notice

that the same effect can be, and in fact it is, relatively easily

achieved in the electronic stethoscopes, using digital filters.

The method introduced in the present study can be

adopted to compare the acoustic parameters of any other

stethoscope models and features. Hopefully, it could in this

way help to improve those parameters. On the other hand, it

should be emphasized that translating the results of the

acoustical analysis to the actual clinical consequences in the

subjective diagnostic process may be difficult, and it would

certainly require a close collaboration between the acousti-

cians and the physicians. However, taking into account the

fact that the stethoscope is the most widespread medical

diagnostic device, and that even small improvements of the

sensitivity or specificity of diagnosis obtained during auscul-

tation may have significant, positive implications for

patients, it is an effort worth taking.
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