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Background: The COVID-19 pandemic has continued for more than two years since its outbreak. Due to the clinical auscultation
needs of doctors when wearing airtight protective clothing, a cylindrical tube stethoscope was proposed to address this problem.
However, the idea has been questioned by some experts.

Methods: To address these questions, we performed three-part experiments using cylindrical tube stethoscopes. First, we performed
laboratory tests to detect the sound intensity from a cylindrical tube stethoscope. Second, we improved the cylindrical tube stethoscope
to achieve better results. Third, we revealed the difference in the auscultation effects of the cylindrical tube stethoscope and
a conventional professional 3 M stethoscope.

Results: From these experiments, we found that a narrow cylindrical tube with a diameter of 4.2 cm and a length of 20 cm equipped
with a silicone gasket better auscultation of heart sounds. A cylindrical tube stethoscope and a 3 M stethoscope were used to perform
stethoscope tests on 10 volunteers. The alveolar lung sounds were 44.478 decibels vs 49.529 decibels, the heart sounds were 46.631
decibels vs 41.109 decibels, and the intestinal sounds were 40.132 decibels vs 43.787 decibels, respectively.

Conclusion: This improved cylindrical tube stethoscope can meet the auscultation requirements for cardiorespiratory and abdominal
diagnosis during infectious disease pandemics.
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Introduction
Coronavirus disease 2019 (COVID-19) poses a serious threat to global public health, resulting in extensive challenges to
the management of patients.'* In COVID-19 pandemic areas, it is highly recommended that all medical staff, whether in
the outpatient clinic or the ward, wear protective clothing to avoid SARS-CoV-2 infection. However, this protective
clothing interferes with auscultation, one of the most common physical examinations for the heart, lungs, and abdomen
of patients. The reason is that the stethoscope could not be inserted completely into the ears when wearing protective
clothing.

To solve these problems, we used a potato chip canister and A4 paper to make a simple stethoscope that was
convenient and practical.® After the experience of using simple stethoscope paper was published, it received widespread
attention from the mass media. On the academic side, the majority of peer experts supported our views on the simple
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stethoscope, including cost savings for COVID-19 patients, solving actual problems, sharing our anti-epidemic experi-
ence without reservation, avoiding contact with ultrasound doctors, saving anti-epidemic materials, etc. However, the
idea has also been questioned by some experts. These experts questioned whether this method was suited to performing
auscultation. They questioned whether sound could be heard through the cylindrical tube stethoscope. Additionally, they
stated that the stethoscope we made was a random tool created from a snack container, not a scientific diagnostic tool
from a medical manufacturer.

To address these issues, we performed three-part experiments with cylindrical tube stethoscopes. First, we performed
laboratory tests to detect the intensity of the sound from the cylindrical tube stethoscope. The effectiveness of hearing or
collecting sounds from the lungs, heart, and intestines by using a cylindrical tube stethoscope while wearing protective
clothing was investigated. Second, we showed the specific usage and practical effect of the cylindrical tube stethoscope
in the management of COVID-19 patients. Moreover, we improved the stethoscope to obtain a better effect. Third, we
explained the difference between the auscultation effects of the improved cylindrical tube stethoscope and a conventional
professional 3M stethoscope.

Method
Composition of the Cylindrical Tube Stethoscope

The cylindrical tube stethoscope made by our team was based on the following principles: a vertical tube, a monaural
nature, and a smooth inner wall. The stethoscope was constructed of a potato chip canister and A4 paper attached to the
surface of the packaging barrel (diameter: 6.5 cm, length: 20 cm, thickness: 0.2 cm). In addition, each cylindrical tube
stethoscope was equipped with a silicone gasket matched with the barrel (Figure 1). The silicone gasket ensured that
there was no distance between the cylindrical tube stethoscope and the chest wall. This also addressed the problem of
airtightness in the case of thin patients. To distinguish it from other cylindrical stethoscopes, we named this potato chip
tube stethoscope the cylindrical tube stethoscope.

Application Process in Clinical Work
The cylindrical tube stethoscope was placed in front of the inpatient bed and in the clinic room. It was sprayed with
500 mg/L chlorine dioxide or other chlorine-containing disinfectants every day. During auscultation, the doctor or nurse

Figure | A cylindrical tube stethoscope made of a hollow potato chip packaging barrel (diameter: 6.5 cm, length: 20 cm) covered by a piece of A4 paper sprayed with
500 mg/L chlorine dioxide. A silicone gasket matched with the barrel was installed on the auscultation side to avoid sound leakage from the stethoscope.
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turned their back to the patients to choose the left or right ear listening. The bottom of the cylindrical tube stethoscope
tightly covered the skin of the patient’s auscultation area. Patients with thin bodies needed silicone gaskets. The end of
the cylindrical tube stethoscope was covered over the outer ear, and the protective clothing over the outer ear was
maintained in a state of tension.

Acoustic Tests and Analyses

The auscultations were performed for 10 volunteers using a cylindrical stethoscope with a regular tube (diameter: 6.5 cm,
length: 20 cm), a stethoscope with narrow tube for cardiac auscultation (diameter: 4.2 cm, length: 20 cm), and an acoustic
stethoscope (3 M Littmann Lightweight S.E. Stethoscope, 3 M Health Care, MN, USA). The signals were measured by
a sound level metre (type-2250, Briiel & Kjer, Nerum, Denmark) with a microphone preamplifier (ZC-0032) and
a prepolarized microphone (type-4189) that was omnidirectional and had a flat frequency response in the entire
considered frequency range. The acquired signals were saved as wave files and then processed by BK Connect 2019
software (Briiel & Kjar, Neerum, Denmark). An A-weighting filter was applied to simulate the sensitivity of the human
ear to different frequency bands of sound, and a standardized constant percentage bandwidth filter was used to convert
the time data to a 1/3 octave spectrum.

In the measurement, each of the ten volunteers was tested twice in succession at each auscultation site, including the
apex area of the heart, the triangle of auscultation of the lungs and McBurney’s point of the intestines. The corresponding
frequency range of interest for each auscultation site is 20—115 Hz for heart sounds and 20-1000 Hz for lung sounds and
intestinal sounds.*> With the stethoscope mentioned above pressed to the surface of the body, each auscultation lasted for
one minute. Subsequently, the mean sound-pressure level spectrum for each stethoscope was obtained by taking the
average of the twenty measurements at each auscultation site. Given that medical staff need to keep their ears close to the
cylindrical tube stethoscope to acquire clear sound signals and to prevent sound leaks and ambient noise interference,
sponge rubber sheaths were utilized for sound insulation in the experimental environment. Furthermore, to reflect the
situation of auscultation in which medical workers wear protective clothing, a small piece of material cut off from a suit
of protective clothing was employed to completely wrap the front end of the microphone, whose body was inserted into
the sponge rubber sheath. When auscultations were carried out using the 3 M stethoscope, the corresponding signals were
recorded by the prepolarized microphone capsule placed in one of the earpieces, with the other earpiece completely
sealed. All the measurements were conducted using identical settings and hardware setups.

Results
The Effectiveness and Theoretical Understanding of the Cylindrical Tube Stethoscope

The mean frequency spectra of the measured acoustic signals of all ten volunteers at the auscultation sites of the lungs,
hearts, and intestines are shown in Figure 2. The sound pressure levels measured at the auscultation sites of lungs
(Figure 2A), hearts (Figure 2B), and intestines (Figure 2C) were 44.478 dB, 46.631 dB, and 40.132 dB, respectively.
These tested sound pressure levels were 20.898 dB, 27.840 dB, and 16.553 dB higher than the ambient noise,
respectively. According to the fundamentals of the quantitative measures of sound and the threshold of audibility for
people without acute hearing loss,®® the sound pressure levels obtained through the cylindrical tube stethoscope, which
ranged from approximately 40 dB to 47 dB, could be heard by medical practitioners with normal hearing and applied for
pulmonary, cardiac and intestinal auscultation in the corresponding frequency range of interest.

In Figure 2A, considering the frequency range of interest for pulmonary sounds, it is essential to explain the cause of
the apparent concave shape of the original tube curve at approximately 500 Hz. According to the fundamental theory of
acoustic waveguides with a constant cross section,” the cut-off frequency of the plane wave in the cylindrical tube
stethoscope is

_ 1.84lc  1.841 x 340
 md 1 x65x%x 1072

fe = 3065.3Hz )

where c is the speed of sound in air and d is the diameter of the circular cross section of the cylindrical tube stethoscope.
Note that the frequencies of the physiologically important pulmonary sounds (20 Hz-1000 Hz) are obviously less than the
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Figure 2 Frequency spectra of sound pressure levels measured using the original stethoscope. (A) Measured at the triangle of auscultation of the lungs. (B) measured at the
apex area of the heart. (C) measured at McBurney’s point of the intestines.

cut-off frequency f. in Eq. (1), the sounds used for lung auscultations will propagate in plane-wave mode given a virtual
source plane. The sound pressure in the cylindrical waveguide is theoretically expressed as

P(x) = Poexp(ikx) 2)

where k is the wavenumber, P is the sound pressure of the sound source, and x is the distance between the sound source
and the sound receiver. The mean pulmonary sound pressure level of all the volunteers, directly measured at each
volunteer’s triangle of auscultation by using the type-2250 sound level metre, was 33.917 dB, and therefore P
=9.93x10"* Pa was taken into calculation.

According to Eq. (2), the pulmonary sound pressure level measured and calculated at the position of the microphone
head (16 cm) of the cylindrical tube stethoscope are compared in Figure 3. Figure 3 shows that the trend of the theoretical
value is basically consistent with the experimental measurement from 250 Hz to 1000 Hz, especially at approximately
500 Hz, where both curves reach the rock bottom. Similarly, for intestinal sounds in Figure 2(C), the concavity of the
frequency spectra in the range of 250 Hz to 1000 Hz can be explained in the same way. Theoretically, the location of the
valley point is determined by the distance between the sound source and the receiver, and the concavity moves towards
a higher frequency by reducing the tube length.

=== calculation at 16 cm position
= original tube
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Figure 3 The measured and calculated pulmonary sound pressure levels of the cylindrical tube stethoscope.
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In the low-frequency range of 20 Hz to 63 Hz in Figure 3, the frequency spectrum of the average pulmonary sound-
pressure level almost increases linearly. The corresponding wavelength for the low-frequency range (20 Hz—63 Hz) is
from 5.46 m to 17.2 m, which is much greater than the radius of the original tube stethoscope. Therefore, the low-
frequency approximation is suitable in the present research. Additionally, in view of the natural curvature of the human
body surface, along with the elasticity of muscles and skin, a slightly curved skin surface will form within the chestpiece
of the tube when the cylindrical stethoscope is pressed onto the surface of the patient’s body. According to the
fundamentals of sound radiation from radially oscillating spheres,'® the sound pressure is in direct proportion to sound
frequency in the low-frequency approximation mentioned above. A virtual spherical source oscillating radially gives
a trend line similar to the thin black solid line at low frequency in Figure 3, where the magnitude information of the trend
line should be dismissed since the vibration velocity of the spherical source is unknown. The spherical source assumption
can be employed to account for the quasi-linear growth of the pulmonary sound-pressure level in the low-frequency
range of 20 Hz to 63 Hz. The measured pulmonary, cardiac and intestinal sound plots do not level off at low frequency,
which is very likely to result from the sound source that is not an ideal plane source. Taking lung auscultation as an
example, the lung sounds transmitted through intercostal spaces may be deemed as a small spherical source with a size to
a certain extent smaller than the bore of the tube.

The Narrow Tube Stethoscope Compared with the Cylindrical Tube Stethoscope

In real cardiac auscultations for cases with respiratory diseases, we repeatedly tested different cylindrical tube stethoscopes
and analysed the cut-off frequency, sound power transmission coefficient, and sound wave propagation in the uniform
lossless waveguide. Considering the individual physical differences and murmurs in the abdominal cavity, the heart sounds
were chosen for the diameter selection analysis because the heart sounds are not only relatively loud compared to other
bioacoustic signals but also regular and not consciously controlled.!’ Theoretically, our previous investigation'? suggested
that the narrow tube stethoscope, with a diameter of 3.3—4.4 cm, possesses moderately better audio performance than the
cylindrical tube stethoscope. This is related to the following factors that influence sensing sounds and vibration, including
the sound power transmission coefficient and the curvature of the surface of the human body.'? Thus, a representative value
of diameter (4.2 cm), which was approximately equal to the dimensions of the chestpiece of the 3 M Littmann lightweight
stethoscope we used, was selected in laboratory testing for a better comparison.

Laboratory testing also verified the above theory. Figure 4 shows a comparison of the frequency spectra of various
stethoscopes. Figure 4B shows that the sound-pressure level of the narrow tube stethoscope was approximately 2 dB higher
than that of the cylindrical tube stethoscope. This indicated that the narrow tube stethoscope had relatively better acoustic
performance in the auscultation of the apex area of the heart in the frequency range of interest from 20 Hz to 115 Hz.*?

The Cylindrical Tube Stethoscope Compared with the 3 M Stethoscope

Figure 4 presents a comparison of the frequency spectra of the 3 M Littmann lightweight stethoscope and the cylindrical
tube stethoscope in terms of quantitative sound-pressure levels. The sound-pressure levels of the 3 M acoustic
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Figure 4 Comparison of the frequency spectra of 3 M Littmann lightweight stethoscopes and cylindrical tube stethoscopes. (A) Pulmonary auscultation. (B) Cardiac
auscultation. (C) Intestinal auscultation.
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Figure 5 Spectrogram of heart sound signals of all ten volunteers measured using stethoscope (A) the cylindrical tube stethoscope. (B) the 3 M stethoscope.

stethoscope at the auscultation sites of the lungs (Figure 4A), hearts (Figure 4B), and intestines (Figure 4C) were 49.529
dB, 41.109 dB, and 43.787 dB, respectively, in the corresponding frequency ranges of interest. In the lung and intestine
auscultations, the sound-pressure levels of the 3 M acoustic stethoscope were 3 dB to 5 dB higher than those of the
cylindrical tube stethoscope. In cardiac auscultations, the sound-pressure levels of the 3 M acoustic stethoscope were 5.5
dB to 7.5 dB lower than those of the cylindrical tube stethoscope. In terms of the sound pressure levels, the cylindrical
tube stethoscope was better than the 3 M Littmann lightweight stethoscope for cardiac auscultations. The mean
spectrograms of the heart sound signals of all ten volunteers measured using the cylindrical tube stethoscope and the
3 M stethoscope are shown in Figure SA and B, respectively. The periodic heartbeat is more clearly visible along the
timeline for the cylindrical tube stethoscope. However, the 3 M Littmann lightweight stethoscope obtained a relatively
flat frequency response, which was consistent with stable audio performance.

Discussion

In 1816, Dr. Rene Laennec directly attached his ear to the patient’s chest to obtain information about the lung lesions,
which might be the first documentation of auscultation.'> Consequently, the idea of using a cylindrical tube stethoscope
seemed to solve these issues during the COVID-19 pandemic. In lung auscultation, one of the outstanding contributions
of the cylindrical tube stethoscope during the COVID-19 epidemic has been the recognition of loud rales crackles.
Compared with re-examining chest computerized tomography to understand the progress of pneumonia, the cylindrical
tube stethoscope has been faster, timelier and more economical. The other contribution of the cylindrical tube stethoscope
is that can pick up high-pitched rales and other lung sounds, especially under the breasts and in the infrascapular region.
In heart auscultation, the cylindrical tube stethoscope has been effective. There were no problems with collecting the
heart rate using the cylindrical tube stethoscope. It can be used to find premature beats and atrial fibrillation. For heart
murmurs, it was easy to identify whether a patient had murmurs with the cylindrical tube stethoscope. However, it has
been difficult to differentiate systolic murmurs or diastolic murmurs caused by valvular disease. In abdominal ausculta-
tion, 3 M Littmann lightweight stethoscopes have been mainly used to check bowel sounds and vascular murmurs. The
cylindrical tube stethoscope can also hear the purring of intestinal peristalsis. In addition, the cylindrical tube stethoscope
has played a role in listening to the sound of gas in the stomach impacting water during the COVID-19 pandemic, which
has provided a convenient way to determine whether a gastric tube has been successfully placed in critically ill patients.

In some critical moments, clinicians need to make quick judgements to deal with emergencies. For instance, when
a critical COVID-19 patient with tracheal intubation was suddenly blocked by sputum, we could use the cylindrical tube
stethoscope to identify and quickly remove it. Additionally, when a severe COVID-19 patient experienced an acute
bronchial asthma attack, we could employ the cylindrical tube stethoscope to accurately determine and quickly relieve
the fatal condition of the severe COVID-19 patient. Ultrasound diagnosis, however, appeared to be comparatively
helpless in such an emergency.

We conducted extensive acoustic tests on cylindrical tube stethoscopes and 3 M Littmann lightweight stethoscopes. The
cylindrical tube stethoscope could sufficiently amplify sounds from the lungs, hearts, and intestines. The cylindrical tube
stethoscope, which can completely cover the ear, can meet the needs of auscultation during the COVID-19 pandemic. If the
inner wall of the tube was smooth and the tube had a silicone gasket matched with the barrel, we could obtain a better audio
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performance. Although there was little difference for different diameters of the cylindrical tube stethoscope, tube diameters
between 4.0 cm and 6.5 cm could meet our auscultation needs. If the diameter was too small, the tube could not cover the ear.
In contrast, if the diameter was too large, the sound could leak. A narrow tube stethoscope with a diameter of approximately
4.2 cm seemed to be more suitable for picking up heart sounds and contributing to sound transmission to the external
auditory canal of the medical practitioner. Combined with our first-line experience, a gap of several decibels in sound
pressure levels could be accepted and would not affect the clinical applications of the cylindrical tube stethoscope. From all
aspects, the cylindrical tube stethoscope was a valuable and viable alternative to traditional acoustic stethoscopes in the
dynamic diagnosis of conditions during the COVID-19 pandemic.

There was no doubt that many of the advantages of the 3 M Littmann lightweight stethoscope could not be achieved by
cylindrical tube stethoscopes. Although the sound pressure levels were similar, we could sense the reduction in the surrounding
sound interference, and the auscultation performance of the 3 M stethoscope was more stable than that of the cylindrical tube
stethoscope. The design of the earpieces of the 3 M Littmann lightweight stethoscope played an important role in the collection of
sound and resistance against interference during auscultation. The 3 M Littmann lightweight stethoscope could even obtain
different sounds of low frequency and high frequency through only a change in the pressure on the diaphragm. Cylindrical tube
stethoscopes seemed to have an advantage only for low-frequency sounds. Nevertheless, based on our first-line practice and
experimental tests, the effectiveness of the cylindrical tube stethoscope was confirmed both clinically and experimentally.
Additionally, note that cylindrical tube stethoscopes, which are easy to carry, could be employed not only in infectious isolation
wards but also in some special situations where medical staff must wear protective clothing, such as battlefield emergency rescue
in polluted environments. Additionally, some vital medical equipment, such as tourniquets and scarf bandages, can be stored in
cylindrical tube stethoscopes and easily removed in special emergency rescues. Therefore, this cylindrical tube stethoscope can
not only meet the demand for emergency auscultation but also become a practical container for first-aid supplies. Hopefully, the
acoustic performance of cylindrical tube stethoscopes can be further investigated and improved by optimizing the overall
geometric configuration and effectively reducing the frictional loss of sound at the inner surface of the device.

Additionally, some new auscultation devices need to be recognized. Ear-contactless electronic stethoscopes allow
real-time recording and playback of auscultation sounds. However, they are more expensive than cylindrical tube
stethoscopes.'* On the other hand, a Bluetooth stethoscope requires two cycles of acoustic and electrical changes, and
the sound in one’s ear is different from that of a conventional stethoscope. Its noise level is higher than that of the
conventional stethoscope.'” In this paper, we present the hope that scientists and engineers can develop stethoscopes that

can also be worn with airtight protective clothing and transmit auscultation sounds directly to the ear.

Conclusions

In conclusion, the cylindrical tube stethoscope, which is an effective and convenient substitute for the conventional
acoustic stethoscope, enables medical staff to perform auscultations of heart, lung, and intestine sounds during the
COVID-19 pandemic. Acoustic experiments and theoretical analyses were performed to understand the audio perfor-
mance of the cylindrical tube stethoscopes, and a narrow tube design of the stethoscope gave a better auscultation effect
for heart sounds. Applying and optimizing this simple device may allow the development of a better stethoscope that can
be used when wearing airtight protective clothing, enabling direct sound transmission to the ear.
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