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Stethoscopes are used to transmit body sounds related to various physiological processes to ears of

a physician, providing basic or supportive information for eventual diagnosis. Unfavorably, the

dominant frequency components of most of the auscultation signals are localized close to the lower

frequency limits of the human auditory system, restricting the achievable selectivity and specificity.

The present study introduces an approach that aims at overcoming the existing limitations. A signal

processing scheme utilizing knock rejection, dynamic compressor, and pseudo-stereo synthesizer

blocks is described, along with hardware implementation and results of the initial subjective evalua-

tion. VC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5126226

[JFL] Pages: 1769–1773

I. INTRODUCTION

Medical diagnostic devices and technologies are charac-

terized by rapid development and early adoption of research

outcomes. However, for some reasons this statement does not

apply to the most widespread and most commonly used diag-

nostic tool—a stethoscope. Invented over two centuries ago, it

evolved from a wooden funnel to a binaural device with rubber

tubing and a chestpiece with a diaphragm. The main assump-

tions that characterize modern acoustic stethoscopes were for-

mulated as long ago as the first half of the 19th century,1

together with a description and construction details of elec-

tronic stethoscopes. Thus, a question arises: was the stetho-

scope back then already so perfect an acoustic device that only

minor improvements could be introduced over the following

decades?

The answer to this question is relatively simple, as the eval-

uation criteria are in this case quite strict. One should notice that

the only purpose of a stethoscope is to transmit sounds from the

inside of a body to the ears of a physician in such a manner that

an accurate diagnosis could be derived. And, as many studies

show (see, for instance, Refs. 2–4), the stethoscope is far from

perfect in fulfilling this task. Consequently, questions regarding

possible means of improvement are justified.

The most significant advantages of stethoscopes are

their cost effectivity, simplicity, and reliability. Long-lasting

traditions and the status of the symbol of medical professio-

nals are also not without significance. One should notice that

the development and availability of different diagnostic

methods—such as, for instance, ultrasonography—have

reduced the need and motivation to improve the efficiency of

auscultation tools. Nevertheless, it seems to be a reasonable

assumption that increasing the achievable sensitivity and

specificity of auscultation—as a part of a physical examina-

tion and thus one of the most commonly performed medical

procedures—would still be beneficial.

For most people, the stethoscope appears to be a very

simple, mechanical device. However, an acoustician would

be much more careful in formulating such judgments. The

mechanisms and phenomena underlying stethoscope opera-

tion are very complex due to the effects of mechanical cou-

pling between the chestpiece and a body.5,6 Nevertheless,

both acoustic and electronic stethoscopes reveal sufficient

performance in capturing sounds on a skin surface. Or, at least

what happens at the other end of the tubing seems to be much

more problematic.

There is a saying among physicians that the most impor-

tant part of a stethoscope is situated between the earpieces. It

is hard to argue with, taking into account all the known psy-

choacoustic phenomena involved in sound perception.

However, the human auditory system, well adapted to speech

and typical ambient sounds, is not well suited to process aus-

cultation sounds. Most of the frequency content of typical

bioacoustic signals is located close to the lower auditory limit,

below 200 Hz.6,7 This makes them barely audible, easy to be

masked with higher frequency components, and distorts the

dynamic perception. In this regard, only limited improve-

ments are possible in the mechanical components of the tradi-

tional stethoscope.

The first electronic stethoscopes were introduced as

early as the beginning of the 20th century.7 Since then differ-

ent electrocaoustic transducers and electronic components

were implemented in their construction, however, leaving

the main idea unchanged: the modern electronic stetho-

scopes are still designed to mimic the supposed characteris-

tics of acoustic stethoscopes by means of filtering, providing

only additional sound amplification.8 Such an approach can-

not constitute the solution to the problem of mismatch

between parameters of auscultation sounds and human hear-

ing characteristics.

The present study introduces a different concept. The

described approach is referred to as perceptual audio proc-

essing stethoscope, as it utilizes various signal processing

schemes to exploit selected psychoacoustic phenomena.a)Electronic mail: lnowak@ippt.pan.pl
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Detailed description of the algorithms is presented, together

with an example of hardware implementation. Results of ini-

tial subjective investigations on ten physicians with different

backgrounds and experience are discussed.

II. PERCEPTUAL AUDIO PROCESSING
STETHOSCOPE

The presented concept is one of the outcomes of a

research project “New methods and technologies of acoustic

medical diagnostics,” aimed at a better understanding of

mechanisms and phenomena underlying auscultation. Based

on the feedback gathered from physicians with different back-

ground and experience, it has been assumed that all the acous-

tic features in the processed signal must be recognizable in

exactly the same manner they are now, using standard acous-

tic or electronic stethoscopes. Or, to put it yet another way, a

physician trained in auscultation diagnosis should be able to

use the new stethoscope without any additional training.

The imposed requirement excludes the use of any fre-

quency modulations or artificial signal synthesis algorithms

such as, for instance, different types of vocoders, which

were initially considered. On the one hand, this seems under-

standable. Improving auscultation must take into account

multiple aspects of the considered problem, including long-

established examination and teaching schemes, habits, and

accumulated knowledge and experience. On the other, at first

glance it also seems to lead to a paradox. Would the only

permissible operations on signal be amplification and digital

filtering, just as in the modern electronic stethoscopes? As

will be shown, not necessarily.

The basic concept of the perceptual audio processing

stethoscope approach is presented in the block diagram in

Fig. 1. On the highest level of generalization, the developed

signal processing scheme consists of seven sequentially con-

nected blocks. The construction and function of each of

them will be briefly introduced. It all starts with a contact

microphone [Fig. 1(1)], which picks up body sounds at the

skin surface. The described approach does not impose any

special requirements on this part. There are plenty of differ-

ent solutions encountered in various models of modern elec-

tronic stethoscopes—including condenser microphones or

piezoelectric contact transducers inside chestpieces. Each of

them has its own specific properties, which will affect the

parameters of a stethoscope in different ways (in terms of,

for instance, immunity to ambient air- and structure-borne

sounds); however, the detailed analysis of these issues falls

beyond the scope of the present study.

A signal conditioning circuit with a preamplifier [Fig.

1(2)] provides electric impedance matching between the

contact microphone [Fig. 1(1)] and the subsequent blocks of

the system. It also provides volume control through adjust-

able gain. It should be designed for the specific type of the

chosen electroacoustic transducer.

A very important part of the system, developed specifi-

cally for the described application, is the knock rejection

block [Fig. 1(3)]. Ability to amplify sounds is one of the

greatest advantages of the electronic stethoscopes over the

acoustic stethoscopes. However, physicians often avoid

using high gain settings due to the very unpleasant and

annoying auditory sensations of incidental knocks and noise

pulses. The designed knock rejection system detects such

unwanted sounds based on their dominant high-frequency

content (above 1 kHz), and attenuates them before they reach

the output. In the absence of unpleasant knocks it does not

affect auscultation sounds, introducing only a small delay on

the order of milliseconds. The schematic design of this block

is presented in Fig. 2. The signal from the input of the block

[Fig. 2(1)] is fed to a delay line [Fig. 2(2)] and high-pass fil-

ter [Fig. 2(5)]. After high-pass filtering the temporal absolute

value is determined [Fig. 2(6)] and compared [Fig. 2(8)] to a

threshold level [Fig. 2(7)]. If the absolute value of the fil-

tered signal is above the set threshold value, then logic zero

value is triggered at the output of a timer [Fig. 2(9)], and sus-

tained for specific amount of time (on the order of millisec-

onds). The output of the timer [Fig. 2(9)] is converted by a

binary lookup table [Fig. 2(10)], which sets the gain of the

amplifier [Fig. 2(3)]. If no noise is detected, the gain is set to

one, and the signal passes through the knock rejection block

unattenuated, and delayed by a time on the order of millisec-

onds. Otherwise, when an extensive noise pulse is detected

at the input, the gain of the amplifier [Fig. 2(3)] is signifi-

cantly decreased. The delay line [Fig. 2(2)] compensates for

signal processing time in the gain-adjustment path, while the

timer [Fig. 2(9)] ensures smooth transition and prevents fre-

quent, rapid corrections.

The knock rejection block [Fig. 2(3)] in the diagram

presented in Fig. 1 is followed by a low-pass filter [Fig.

2(4)]. The role of the filter is to attenuate higher-frequency

components, which are not present in the auscultation sounds

but originate from ambient or electronic noise. The filter

FIG. 1. (Color online) The block diagram of the signal processing scheme

for perceptual audio processing stethoscope: (1) contact microphone, (2) sig-

nal conditioning circuit with a preamplifier, (3) knock rejection system, (4)

low-pass filter, (5) dynamic compressor, (6) pseudo-stereo synthesizer, (7)

headphone amplifier.

FIG. 2. (Color online) The block diagram of the knock rejection system: (1)

signal input, (2) delay line, (3) adjustable gain amplifier, (4) signal output,

(5) high-pass filter, (6) temporal absolute value, (7) threshold value, (8)

comparator, (9) timer, (10) lookup table.

1770 J. Acoust. Soc. Am. 146 (3), September 2019 Lukasz J. Nowak and Karolina M. Nowak



itself cannot sufficiently handle incidental, unpleasant knocks

and noise—as often observed in traditional electronic stetho-

scopes, and thus the presence of block [Fig. 2(3)] is essential

to allow operation at high volume levels. On the other hand,

the knock rejection system is designed in such a way (by suf-

ficiently high threshold and filter cutoff frequency values) that

it will not react to the background noise, and so further low-

pass filtering is also crucial. Commercially available elec-

tronic stethoscopes usually offer three or more selectable filter

settings, with cut-off frequencies of approximately 200 Hz,

500 Hz, and 1000–2000 Hz; however, the values might differ

significantly depending on the brand and model.8 Due to the

differences in subjective preferences and lack of standards in

the field, it is not possible to definitely determine the optimal

values that should be adopted. The quoted frequencies might

be considered as a point of reference and something that users

might be used to.

After low-pass filtering, the signal is fed to a dynamic

compressor [Fig. 2(5)]. The dynamic compression allows to

compensate for the steep dynamic perception characteristics

of the human auditory system in the low-frequency region,

and significantly increase the mean volume level without

overdriving the components of the signal path. This block is

also crucial due to the very high dynamic range of the aus-

cultation sounds. Accurate diagnosis often requires precise

detection of very faint sounds on the background of much

louder ones. Variable compression rates can be applied to

implement the noise gate and limiter for the lowest and high-

est signal levels, respectively. The compression ratio of

approximately 3:1, applied to mid-level signals, was found

to be optimal during subjective evaluation. Reducing gain to

zero for the weakest signals creates noise gate and allows to

get rid of the faint, annoying hum, which is audible when the

chestpiece is not in contact with a body surface. On the other

hand, increasing the compression ratio to 5:1 or higher for

the signal levels close to full scale range allows prevention

of overdrive. Using smooth compression curves (“soft

knee”) improves the quality of the perceived sound. It should

also be noted that dynamic compression introduces harmonic

distortion to the processed signal, and thus too high compres-

sion ratios should be avoided.

The modern acoustic and electronic stethoscopes are bin-

aural devices. However, the sound delivered to both ears is

exactly the same. This is achieved in most cases just by

mechanically splitting the acoustic waveguide (tubing), or—

in some types of electronic stethoscopes—by duplicating

audio channels. Engaging both ears in auscultation is certainly

beneficial compared to monaural listening, as it improves

sound perception and noise immunity. Nonetheless, simply

duplicating sound delivered to both ears does not allow to

take advantage of any of the known psychoacoustic effects

related to binaural listening, corresponding to localization and

distinguishing various sound components.9 The presented

approach of perceptual audio processing stethoscope utilizes

the pseudo-stereo synthesizer block [Fig. 2(6)] to split the

monaural signal acquired by the chestpiece [Fig. 2(1)] into

two separate channels with slightly different acoustic charac-

teristics. The schematic diagram of this block is presented in

Fig. 3. A delayed [Fig. 3(2)] copy of the signal from the input

[Fig. 3(1)] is added to Fig. 3(3) and subtracted from Fig. 3(4),

its original version. The signal after summation [Fig. 3(6)] is fed

directly to the output of the left audio channel, while the signal

after subtraction [Fig. 3(4)] is passed through another delay line

[Fig. 3(5)] and fed to the right audio output [Fig. 3(7)].

Summation and subtraction of the signal with its delayed ver-

sion creates comb filters with oppositely located maxima and

minima. A delay value on the order of tens of milliseconds is

sufficient to affect the low-frequency bandwidth of interest. An

additional delay of a few milliseconds [Fig. 3(5)] is introduced

with intention to improve the virtual soundscape perception.

The last block in the schematic design presented in Fig.

1 is the headphone amplifier [Fig. 3(7)]. It allows to feed the

stereo signal from pseudo-stereo synthesizer to headphones.

III. IMPLEMENTATION AND TESTING

The described concept of the perceptual audio processing

stethoscope was implemented in the form of a prototype device

intended for initial subjective evaluation on a group of physi-

cians. The chestpiece was adopted from an acoustic stetho-

scope Littmann Select (3 M Littmann, Maplewood, MN). The

tubing was cut approximately 5 cm behind the chestpiece, and

an electret microphone was placed inside. An in-house elec-

tronic circuit containing the signal conditioner with preampli-

fier, power supply, and stereo headphone amplifier was

designed and constructed. The introduced signal processing

scheme was implemented on an ADAU1701 digital signal pro-

cessor (Analog Devices, Norwood, MA). The sampling fre-

quency was set to 48 kHz. Over-ear headphones were used for

listening (JVC HA-MR55X; JVC, Yokohama, Japan).

After initial testing and tuning, the device was made

available to ten physicians aged between 30 and 38 years for

evaluation. The physicians were asked to fill out question-

naires regarding their background, experience, potential hear-

ing loss, or musical training, and the use of different

stethoscopes. Then, they were asked to test the prototype

device and fill out the second part regarding their impressions.

There were no strict guidelines on how the participants should

test the stethoscope, allowing them to perform exploratory

data collections based on their specialization and training.

Two questions were asked: how would you evaluate the

sound quality? and how would you compare the perceived

sound quality to the one provided by the stethoscope you are

currently using? The questions were open-ended, and the par-

ticipants were encouraged to write down any observations.

The participants of the evaluation test represented dif-

ferent medical specializations: internal medicine [Fig. 3(3)],

FIG. 3. (Color online) The block diagram of the pseudo-stereo synthesizer:

(1) signal input, (2) delay line 1, (3) sum, (4) difference, (5) delay line 2, (6)

signal output—left channel, (7) signal output—right channel.
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cardiology [Fig. 3(2)], pediatrics, pulmonology, emergency

medicine, endocrinology, and radiation oncology. Thus, their

typical stethoscope use, procedures, and encountered cases

were also different. Four of them have undergone some kind

of musical training in the past, while two had slight hearing

loss diagnosed (they were not using hearing aids). All the

interviewed physicians were using traditional acoustic stetho-

scopes, and had no previous experience with electronic stetho-

scopes. As no preselection of test participants was performed,

the latter observation results most likely from very low popu-

larity of electronic stethoscopes among physicians, in general.

All of the participants positively evaluated the perceived

sound quality, stating that it is either “good” or “very good”

(however, due to lack of imposed scale or reference all such

statements must be considered just as positive without fur-

ther quantification). They have also found it better (stating,

that it is “better,” “significantly better,” or providing “louder

and more distinct sound”) than in the case of the stetho-

scopes they were using for their clinical work. Six out of ten

interviewed doctors also reported some additional issues and

comments. One of them described heart sounds to be a bit

“blurred,” evaluating at the same time lung sounds to be

“louder and more distinct.” On the contrary, other physicians

described heart sounds as “loud and distinct,” while also

finding lung sounds a “bit weird.” Other reported issues con-

cerned too many audible sound components or “artifacts.”

Still, the perceived sound quality was found satisfactory and

better than in traditional stethoscopes. The results are sum-

marized in Table I.

Objective measurements and evaluation of the described

signal processing scheme were also carried out. For this pur-

pose raw (i.e., without any processing) auscultation sounds

were recorded using the stethoscope chestpiece and ZOOM

H1N audio recorder (ZOOM Corp., Tokyo, Japan). Next, the

signals were passed through the digital signal processing

board of the described stethoscope and recorded again. The

recordings were then independently normalized and the loud-

ness profiles of each of them were calculated accordingly to

the ITU-R BS.1770-4 standard.10 The examples of the results

of such measurements are presented in Fig. 4. Waveforms of

raw [Fig. 4(left, top)] and processed [Fig. 4(left, bottom)]

lung auscultation sounds are presented together with their cor-

responding loudness profiles [Fig. 4(right)]. The raw signal

contains very loud, unpleasant knocks at the beginning and

end of the recording (indicated in Fig. 4), which are related to

touching and releasing the chestpiece to the body. These

knocks are mitigated in the processed sound; however, the

loudness of the useful part of the signal is almost 3 dB higher,

compared to the unprocessed version.

TABLE I. Results of the subjective evaluation of the described perceptual

audio processing stethoscope.

Evaluation criterium Answer

Number of

responses Ratio

Sound quality Very good 6 60%

Good 3 30%

More surround 1 10%

Sound quality compared to the

currently used stethoscope

Better 7 70%

More surround

and distinct

2 20%

Much better 1 10%

Reported issues and additional

comments

Too many audible

sound components

4 40%

Some sounds

blurred or weird

2 20%

FIG. 4. (Color online) Waveforms of raw (top, left) and processed (bottom, left) lung auscultation sounds, together with the corresponding loudness profiles

(right).
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IV. SUMMARY

The aim of the present study was to develop and imple-

ment a signal processing scheme that could potentially

improve the quality of auscultation diagnostics by better

matching the parameters of transmitted sounds to the proper-

ties of the human auditory system. This was achieved mainly

by three independent signal processing blocks, characteristic

for the presented approach:

(1) Knock rejection system providing protection from sud-

den, loud knocks and noise pulses. This, in turn, allows

working with high volume levels to improve perception

of auscultation sounds.

(2) Dynamic compressor with variable compression rate sig-

nificantly increasing mean sound volume, exposing

weaker acoustic components, and compensating for

steep dynamic characteristics of the auditory system in

the low-frequency region.

(3) Pseudo-stereo synthesizer converting the monaural sig-

nal from the chestpiece into a stereo signal.

Differentiating sound components between channels

should allow to exploit some of the complex phenomena

related to binaural perception and make perceived sound

components more distinct and easier to focus on.

Although dynamic compression and stereo synthesis are

presented here as something uncommon in terms of stetho-

scopes and auscultation, similar signal processing operations

are very common in editing almost all other kinds of audio

recordings. Thus, adoption of such algorithms should rather

appear as something natural.

An initial subjective evaluation test on a group of ten

physicians was performed. The results indicate that the

assumed concept and signal processing scheme might possi-

bly provide louder and more clear and distinct sound than

traditional stethoscopes. All the participants positively eval-

uated the perceived sound quality, stating that it is better

than the one provided by the stethoscopes they use in their

everyday clinical work. On the other hand, some of them

also added additional remarks indicating other issues that

might arise. The contrary statements regarding perception of

heart and lung sounds indicate that the unavoidable dissimi-

larity of the processed sound compared to the sound from an

acoustic stethoscope will always encounter various subjec-

tive assessments. Remarks regarding artifacts in the signal

indicate audibility of various faint sound components that

might have not been audible with traditional stethoscopes

can also be a problem. Hopefully, they could also be easier

to distinguish thanks to pseudo-stereo synthesis, but the

results of the described evaluation cannot unambiguously

answer whether this will be the case.

The ultimate goal that should guide any attempt of

stethoscope modification is to improve the sensitivity and

specificity of auscultation diagnosis. Due to the subjective

character of this examination and its high dependence on

physicians’ knowledge, experience, and hearing characteris-

tics, determining if such a goal was achieved or not is a very

difficult task. Also, every single patient constitutes a unique

challenge. Thus, a study that could deliver reliable evalua-

tion results should include hundreds or thousands of doctors

of different ages and backgrounds, and an even greater num-

ber of patients. It should also take into account additional

factors that might influence results, such as potential hearing

loss or unfavorable acoustic conditions during tests (as often

encountered in a clinical environment). Hopefully, such a

study will be someday conducted. Before this happens, one

should notice that the subjective evaluation of the described

perceptual audio processing stethoscope can also be per-

formed independently by any interested individual. The

introduced algorithms are relatively easy to implement

using, for instance, the described means. The results

obtained in such a way should be conclusive to the one per-

forming the evaluation.
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