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A B S T R A C T   

Objectives: To characterize the frequencies of breathing sounds signals (BS) in COVID-19 patients at peak disease and pre-discharge from hospitalization using a Smart 
stethoscope. 
Methods: Prospective cohort study conducted during the first COVID-19 wave (April-August 2020) in Israel. COVID-19 patients (n = 19) were validated by SARS-Cov- 
2 PCR test. The healthy control group was composed of 153 volunteers who stated that they were healthy. Power of BS was calculated in the frequency ranges of 
0–20, 0–200, and 0–2000 Hz. 
Results: The power calculated over frequency ranges 0–20, 20–200, and 200–2000 Hz contributed approximately 45%, 45%, and 10% to the total power calculated 
over the range 0–2000 Hz, respectively. Total power calculated from the right side of the back showed an increase of 45–80% during peak disease compared with the 
healthy controls (p < 0.05). The power calculated over the back, in the infrasound range, 0–20 Hz, and not in the 20–2000 Hz range, was greater for the healthy 
controls than for patients. Using all 3 ranges of frequencies for distinguishing peak disease from healthy controls resulted in sensitivity and specificity of 84% and 
91%, respectively. Omitting the 0–20 Hz range resulted in sensitivity and specificity of 74% and 67%, respectively. 
Discussion: The BS power acquired from COVID-19 patients at peak disease was significantly greater than that at pre-discharge from the hospital. The infrasound 
range had a significant contribution to the total power. Although the source of the infrasound is not presently clear, it may serve as an automated diagnostic tool 
when more clinical experience is gained with this method.   

1. Introduction 

1.1. Background 

The SARS-Cov-2 pandemic, more than 2 years after its onset, is still 
causing local outbreaks, and the respiratory system is the principle 
system afflicted by the virus. SARS-Cov-2 causes cough and dyspnea, 
which may deteriorate to acute respiratory failure requiring mechanical 
ventilation [1–3]. 

Assessing a patient’s clinical status involves lung auscultation. 
However, in the setting of COVID-19 quarantine wards at the hospital, 
auscultating breathing sounds (BS) is limited by: (1) the personal pro
tective equipment physicians use, which covers their ears [4], (2) the 
occasional shortage of physicians who are well-trained in lung auscul
tation, (3) the diverse characteristics of BS in cases of COVID-19 [4], (4) 
the “silent” nature of COVID-19 pneumonia [5], and (5) the BS sought 

may contain low frequencies (i.e. infrasound) which are below the fre
quency range the human ear can detect [6]. 

Imaging modalities (e.g. chest CT) are objective and considered the 
gold standard for detecting COVID-19 related pneumonia; however, 
radiation exposure, availability and cost precludes its utilization as a 
screening and follow-up tool for every COVID-19 patient. 

In effort to overcome human subjective audio interpretation of BS 
(normal and adventitious) and standardize BS analysis, much research 
and progress took place using a variety of sensors and methods of ana
lyses. Pramono et al 2017 and Reichert et al 2008 summarized the state 
of the art on this topic [7,8]. In COVID-19 pneumonia BS may be 
auscultated as normal or if adventitious sounds are detected they are 
usually of the coarse crackle or rhonchi type, both characterized by 
frequencies of the lower range (<300 Hz) [7,8]. Lapteva et al. conducted 
a large study using the Lungpass, an automated lung sound analysis 
platform including a wireless digital stethoscope paired with a mobile 

* Corresponding author at: Department of Internal Medicine E and Corona, HaEmek Medical Center, Afula, Israel. 
E-mail address: guydo@clalit.org.il (G. Dori).  

Contents lists available at ScienceDirect 

Biomedical Signal Processing and Control 

journal homepage: www.elsevier.com/locate/bspc 

https://doi.org/10.1016/j.bspc.2022.103920 
Received 16 November 2021; Received in revised form 14 June 2022; Accepted 18 June 2022   

mailto:guydo@clalit.org.il
www.sciencedirect.com/science/journal/17468094
https://www.elsevier.com/locate/bspc
https://doi.org/10.1016/j.bspc.2022.103920
https://doi.org/10.1016/j.bspc.2022.103920
https://doi.org/10.1016/j.bspc.2022.103920
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2022.103920&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biomedical Signal Processing and Control 78 (2022) 103920

2

phone application, to detect COVID-19 involvement of the lower respi
ratory tract, as the latter predicts severe clinical course and outcome. 
Crackles were the most common adventitious sounds detected by 
Lungpass. The system performed better than expert pulmonary physi
cians, identifying crackles over at least one auscultation site in 93.6% of 
the cases, whereas the physicians identified 74.5%. Lapteva et al. 
concluded that the sensitivity and specificity of the Lungpass system for 
detecting abnormal lung sounds in at least two auscultation sites as an 
indicator of lower respiratory tract COVID-19 disease were 94.0% and 
96.9%, respectively [9]. Glangetas at al. reported a study protocol, 
where deep learning methods (DeepBreath) will be applied to digitized 
lung sounds in order to diagnose and risk stratify COVID-19 patients 
[10]. 

The Smart stethoscope used in this study (VoqXTM, Sanolla Ltd.) to 
record BS acquired acoustic signals in the range of 6–2000 Hz, thus 
enabling analysis of the infrasound range (<20 Hz, not audible by 
human ears). This wide range of frequencies enabled distinguishing 
between the infrasound range (<20 Hz) and higher frequencies. In 
particular, we focused on the infrasound range, investigating whether 
COVID-19 patients expressed greater power in this frequency range. The 
acquired signals were recorded from patients hospitalized in COVID-19 
isolation department and transmitted wirelessly to a digital storage 
(cloud) for later spectral analysis. 

This study was conducted early in the pandemic in order to assess the 
applicability of using a digital stethoscope and to characterize the fre
quencies of BS in COVID-19 patients at peak disease and pre-discharge 
from hospitalization. The frequencies of patients’ BS were compared 
to those of healthy controls and were used to distinguish patients from 
controls using classification method. The results of this study may help 
exploring the route toward machine detection of COVID-19 pneumonia. 

2. Methods 

2.1. COVID-19 patients and healthy controls 

A cohort of 19 PCR tested and verified positive COVID-19 patients, 
were recruited in our Corona department (Corona A, HaEmek medical 
center, Afula, Israel) from 13.4.2020 to 5.8.2020. Informed consent was 
provided by each patient (Institutional review board protocol EMC- 
0160–19). Critically ill patients who could not sign the informed consent 
were not recruited. 

The healthy control (HC) group was composed of healthy volunteers 
escorting patients to emergency departments in 4 medical centers in 
Israel. These individuals submitted informed consent prior to partici
pating in the study. In each of the centers, institutional review boards 
authorized the study (Rambam medical center, Haifa, RMB-0007–17, 
RMB-0631–18; Assaf harofe medical center, Be’er-Yaacov, ASF- 
0136–20; Carmel medical center, Haifa, EMC-0075–16; HaEmek medi
cal center, Afula, EMC-0160–19). Recordings of BS from HC were per
formed prior to the COVID-19 pandemic. 

2.2. Study protocol 

BS were recorded from the COVID-19 cohort at peak disease (PD), 
which was defined as the first BS recording session during hospitaliza
tion or a latter recording if the patient was evaluated to be in a worse 
clinical condition. BS were also recorded at pre-discharge from hospital 
(D) when patients were evaluated to be independent and in good clinical 
condition. 

2.3. Breathing sounds acquisition 

BS were recorded using a Smart stethoscope, VoqXTM (Sanolla Inc., 
Nesher, Israel), from 14 standard anatomical locations over the thorax as 
depicted by Fig. 1. 

2.4. Breathing sounds - signal analysis 

Sampling frequency was 16000 Hz. After digitizing BS signals, they 
were stored in a cloud for later analysis. BS signals underwent the 
following preprocessing: 1. The first and last second of each BS record 
(BSR) were trimmed to eliminate the noise generated by either placing 
or removing the stethoscope from the chest. 2. Background noise was 
eliminated by using a second microphone integrated in the VoqXTM for 
recording the ambient noise, thus enabling dynamic noise reduction. 3. 
Low-pass filter and decimation to sample frequency of 4000 Hz. Each 
BSR underwent discrete Fourier transform [6]. If the BSR length con
tained S samples, it was padded with zeros to S1, where S1 was the 
nearest power of 2 greater than S. 

The calculated power (in units of decibel full scale, dBfs) was 
normalized by the original length of the BSR. The normalized power is 
abbreviated here as Pn0-2000. Pn0-2000 however, does not indicate the 
contribution of a range of frequencies to the power of the full spectrum 
0–2000 Hz. Therefore, the power was calculated in 3 distinct frequency 
intervals: 0–20, 0–200, 0–2000 Hz. The following ratios of the powers 
(RP) were defined: RP0-20 = Pn0-20/Pn0-2000 and RP0-200 = Pn0- 
200/Pn0-2000. The latter provided the relative contribution of the 
range 0–20 Hz and 0–200 Hz to Pn0-2000, respectively. Had the BSR 
been derived from a “white noise” generator, the contribution of each 
frequency range to the total power, Pn0-2000, would be linearly pro
portional to the width of the frequency range relative to the whole range 
0–2000 Hz. For example, the contribution of the range 0–20 Hz, and 
0–200 Hz, would be expected to contribute 1% and 10% to Pn0-2000, 
respectively. 

2.5. Classification 

The classification was performed twice by using machine learning 
support vector machine (SVM) with a Gaussian kernel. Three features 
were used: RP0-20, RP0-200 and Pn0-2000, followed by using only 2 
features, omitting RP0-20. Classification was performed for: six 

Fig. 1. Standard anatomical thorax locations for breathing sounds recording BS were recorded for at least 4 s at each anatomical location.  
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anatomical locations on the front chest, six anatomical locations on the 
back, and 12 locations including the back and front chest points. The 
performance was evaluated by calculating the sensitivity, specificity and 
the area under curve (AUC). The comparison between the AUCs was 
performed using DeLong method [11]. Due to the small amount of data, 
the classification was performed as a 5-fold cross-validation to show the 
potential performance of such a classifier. 

2.6. Statistical analysis 

Variables randomly distributed in a symmetric manner were char
acterized by means and standard deviations. Student’s t-test was applied 
to assess whether means of samples were derived from different samples. 
P < 0.05 defined the level of significance. As some of the variables 
deviated from symmetric distribution, a non-parametric test (Mann- 
Whitney) was applied to assess the difference between the groups; 
however, results were similar to the results of the t-test. 

3. Results 

Nineteen COVID-19 patients, 47.4% females, age 54 ± 12.5 years, 
were recruited. 68.4% of the patients had co-morbidities such as dia
betes mellitus, hypertension, and hyperlipidemia. Table 1 summarizes 
the clinical and demographic characteristics of the study groups. The HC 
group was composed of 153 individuals of which 2/3 were males. The 
study group was older than the control group (p < 0.003). 

Clinically, patient group was heterogeneous with only a third of the 
patients having a severe disease. 

3.1. The power of BSR in the full range 0–2000 Hz 

The Pn0-2000 was calculated for the 3 groups: HC, PD, and D. BS 
were acquired at 4 anatomical points only (see Fig. 1, points 8,9,11,12) 
for a subgroup within the HC group (n = 46). We report the power of all 
153 HC, as excluding the above 46 subjects from the power calculation 
did not change the result. 

Fig. 2 shows the power in the whole frequency range 0–2000 Hz, 
Pn0-2000, for all 3 groups, as a function of the anatomical locations of 
BS recording. 

Fig. 2 shows that Pn0-2000 is greater for BSR acquired at the upper 
(1, 4) versus lower (3, 6) locations on the front thorax. The values of 
Pn0-2000 acquired on the front thorax, for the 3 groups, did not differ in 
a statistically significant manner. 

On the back (right side, locations 7,8,9, and left side location 10), 
Pn0-2000 increased significantly from HC (level of dBfs 80000–100000) 
to PD (level > 130000). When patient recovered Pn0-2000 decreased 
towards HC levels. However, Pn0-2000 calculated for D was usually 
greater than Pn0-2000 of HC. Significant statistical difference (p < 0.05) 
was observed between PD and HC in anatomical locations: 7,8,9,10. 
Between PD and D a significant statistical difference was noted at 
location 9. Pn0-2000 calculated for anatomical locations 13, and 14 
(mid axillary lines left and right, respectively) resulted in non-significant 
differences. 

As stated above, Pn0-2000 represents the whole power of the BSR, 
lacking insight to the contributions of frequency ranges to the Pn0-2000. 
Therefore, RP0-20 and RP0-200 were calculated. 

3.2. The ratio of the power of BSR in the infrasound range to the full 
range 0–2000 Hz (RP0-20) 

Fig. 3 shows RP0-20 as a function of the anatomic locations of BS 
acquisition. It is shown that the contribution to Pn0-2000 of this narrow 
range, 0–20 Hz (also termed: infrasound) is between 40 and 50%. The 
latter is greater for HC compared with COVID-19 patients, when BS were 
recorded on the back. In addition to that, the front thorax anatomical 
locations did not provide significant information, as the difference in 
RP0-20 between the 3 groups was not statistically significant. Only at 
locations 10 and 11 (back, left side), RP0-20 calculated for HC signifi
cantly differed from that of patients during PD and D (p < 0.022). At 
location 8 (back, right side) the difference between RP0-20 of HC and D 
was also statistically significant (p = 0.036). 

3.3. The ratio of the power of BSR in the 0–200 Hz range to the full range 
0–2000 Hz (RP0-200) 

Fig. 4 shows RP0-200 as a function of the anatomic locations of BS 
acquisition. For the 3 study groups, the contribution of the frequency 
range 0–200 Hz to Pn0-2000 was 85–93%. Thus, the power in the fre
quency range 20–200 Hz contributed approximately 45% of Pn0-2000. 
The remaining frequency range 200–2000 Hz contributed 7 to 15% to 
Pn0-2000. Thus, the contributions of the frequency ranges 0–20 Hz and 
0–200 Hz were not proportional to their relative proportion over the 
whole frequency range 0–2000 Hz. The importance of RP0-200 is in 
understanding the contribution of this frequency range to Pn0-2000. 
The values of RP0-200 at the specific anatomical locations did not 
provide significant information. 

3.4. Classification results 

Table 2 summarizes the performance of the classifiers. It can be 
observed that when omitting the RP0-20 feature, the performance is 
significantly lower on the back and both front and back. The best per
formance for PD and D detection appears when using anatomical loca
tions on the back. 

Fig. 5 shows the receiver operating curves (ROC) for the 5-fold cross- 
validations of the different classifiers. These curves outline the contri
bution of the RP0-20 feature in distinguishing between any two states. 
Generally, the infrasound contribution was greater when BSR were ob
tained from the back of the patients. 

Table 1 
Demographic and clinical characteristics of the study groups.   

COVID-19 
patients (n =
19) 

Healthy 
controls (n =
153) 

Age (years ± s.d.) 54.9 ± 12.5 45 ± 14p =
0.003 

Female (%) 9 (47.4) 55 (35.9) p =
0.33 

Diabetes mellitus (%) 36.84  
Hypertension (%) 57.89  
COPD (%) 10.5  
Asthma (%) 5.25  
Smokers (%) 10.5  
Severity of COVID-19 disease   
Mild (%) 68.42  
Moderate-severe (%) 31.58  
Time interval between day 1 of 

hospitalization and day of acquiring 
breathing sounds at peak disease (days ± s. 
d.) 

2.2 ± 2.42  

Time interval between day of acquiring 
breathing sounds at peak disease and pre- 
discharge (days ± s.d.) 

8.58 ± 8.67  

Pulmonary infiltrates on chest X-ray 
(unilateral) (%) 

21.05  

Pulmonary infiltrates on chest X-ray 
(bilateral) (%) 

5.26  

Pulmonary ultrasound (presence of B-lines) 
(%) 

31.58  

Pulmonary findings on chest CT (%) 100%  

CT – chest computerized tomography; s.d. – standard deviation. 
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4. Discussion 

4.1. Main findings 

In this study BS were recorded from COVID-19 patients at peak 
disease (PD) and pre-discharge from hospital (D). Acquiring BS from 
COVID-19 patients in a quarantine ward was easy to implement as 
previously reported [12,13] and BSR can be auscultated in real-time 
with the device and various analyses can be performed off-line. The 
VoqXTM device helps overcoming the standard auscultation limitations 
imposed by quarantine conditions. As frequency range of the device is 
not limited, the VoqXTM provides means to evaluate the infrasound 
component of the power. Also, the digital stethoscope circumvents the 
auscultator experience requirement as BSR can be analyzed objectively 
by a variety of measures [8]. 

Power analysis showed that the infrasound range, 0–20 Hz, 
contributed 45–50% of the total power (Pn0-2000). Previous studies, 
although technically different from ours, demonstrated similar results. 
Gavriely et al. were the first to report spectral analysis of chest wall 

breath sounds from healthy subjects [14]. Gross et al. conducted power 
spectrum analysis of BSR for healthy individuals and showed that most 
of the power was contributed by frequency range 0–200 Hz [6]. Tsai 
et al. reported that in healthy subjects the total power was greater on the 
left side of the back compared with the right side [15]. Our analysis 
showed similar power of both sides. In addition, power analysis of BSR 
acquired over the front thorax provides statistically non-significant in
formation. It is possible that body organs such as heart and liver muffle 
BS. 

The power in the frequency range 0–2000 Hz, at locations 7,8,9 (on 
the right side of the back) during PD increased by 45–80% compared to 
the power calculated for HC. Pre-discharge from the hospital the power 
decreased to values similar, but somewhat greater than those of HC. The 
difference in the power calculated for HC and D was not statistically 
significant. It is suggested that when BS are recorded from the right side 
of the back and power is calculated, an increase in power greater than 
45% may suggest the presence of COVID-19 pneumonia. 

Using the SVM to correctly classify the data into HC, PD and D 
groups, it was evident that the infrasound range had contributed 

Fig. 2. The power in the whole frequency range 0–2000 Hz for the 3 study groups as a function of the anatomical locations of breathing sounds recording * – p < 0.05 
power values at peak disease versus healthy controls; ◆– p < 0.05 power values at peak disease versus pre-discharge; D – patients pre-discharge from hospital; dBfs – 
dB full scale; PD – peak disease; Pn0-2000 – the power in the frequency range 0–2000 Hz. The anatomical locations of BSR are given on the abscissa, where locations: 
1,2,3,10,11,12,13 are on the left side of the thorax. The mean power is given on the ordinate. 

Fig. 3. RP0-20 for the 3 study groups as a function of the anatomical locations of breathing sounds recording, * – p < 0.05 RP0-20 healthy controls values versus 
peak disease; ◆– p < 0.05 RP0-20 healthy controls values versus pre-discharge; D – pre-discharge; PD – peak disease; RP0-20 – ratio Pn0-20/Pn0-2000; 
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significantly. 
Vast amount of research aims to characterize and standardize BS in 

order to implement automatic, user-independent, diagnosis of pulmo
nary conditions [7]. This initiative is still in progress as adventitious BS 
may not be specific to a single lung disorder. In this perspective COVID- 
19 is not different. Clinicians report COVID-19 patients having normal 
BS as well as coarse crackles, rhonchi and less frequently wheezing [16]. 
Our study is preliminary in the sense that we explored the frequencies 
detected in COVID-19 pneumonia PD and before discharge. The finding 
that approximately half of the BS power resides in the infrasound range 
supports clinical findings of rhonchi and coarse crackles. In addition, 
these low frequency signals may be related to other mechanisms such as 
vibration of muscles producing the breathing motion or vibrations of the 
vascular tree [17]. However, this study was not designed to answer these 
questions, rather to delineate the frequency difference between PD and 
D. Moreover, this study was not designed to develop optimal classifi
cation features. However, using the infrasound range feature RP0-20 as 
an input for the SVM, we showed that the infrasound range is valuable. 
In general, it is difficult to compare results of one automatic BS analyses 
to another [18] as the data are acquired by various means and the 
classifiers use different features. 

4.2. Limitations 

This study was limited by the absence of control over the timing of 
hospitalization of patients; therefore, researchers determined PD ac
cording to their clinical evaluation. Critically ill patients were excluded 

from the study, and therefore conclusions may not be ascribed to such 
patients. BSR from healthy subjects (not related to the patient group) 
were used as control. We realize that this group was younger and 
healthy, and it is possible that the HC group does not accurately 
represent the COVID-19 patient group prior to contracting SARS-Cov-2. 
Also, in our COVID-19 group, 2 patients had COPD, whereas the HC 
group did not. Thus, the difference between the groups may also be due 
to COPD in addition to COVID-19. 

In order to accurately analyze BSR in the frequency domain, one 
should normalize results to subject’s height and velocity of air flow in 
the trachea [6]. This was impossible to implement with COVID-19 pa
tients, yet practiced previously [14]. It is also acknowledged that the 
patient group was small and correlating BS power with clinical char
acteristics, lab and imaging results is lacking. Finally, it is emphasized 
that our analysis pertains to the specific clinical setting reported here. 
The usefulness of the VoqXTM device and BS power analysis must be 
tested in other clinical settings, e.g. outpatient clinics, in order to draw 
wider conclusions. 

5. Conclusions 

It was easy to use a Smart stethoscope in a quarantine ward as it 
combines standard auscultation and means for computerized off-line 
analyses of BS. Specifically, power analysis of BS is relevant when BS 
were recorded from auscultation points on the back. The infrasound 
range improves classification ability. Further studies are required to 
correlate BS frequencies with clinical manifestations and imaging 

Fig. 4. RP0-200 for the 3 study groups as a function of the anatomical locations of breathing sounds recording, * – p < 0.05 RP0-20 healthy controls values versus 
peak disease; ◆– p < 0.05 RP0-20 healthy controls values versus pre-discharge; D – pre-discharge; PD – peak disease; RP0-200 – ratio Pn0-200/Pn0-2000; 

Table 2 
Sensitivity, specificity, and AUC for the 5-fold cross-validations of the different classifiers.    

With RP0-20 Without RP0-20    

Sensitivity Specificity AUC Sensitivity Specificity AUC P value 

HC vs PD Front 77 76  0.77 75 76  0.72  0.42 
Back 84 91  0.89 74 67  0.77  0.0037 
Front + Back 78 91  0.87 69 81  0.81  0.053 

HC vs D Front 45 76  0.58 54 76  0.59  0.63 
Back 80 71  0.8 61 71  0.69  0.041 
Front + Back 71 95  0.85 51 91  0.71  0.0063 

PD vs D Front 86 57  0.67 52 62  0.53  0.32 
Back 76 71  0.77 57 52  0.54  0.049 
Front + Back 71 81  0.79 62 57  0.55  0.041 

AUC – area under curve; D – patients discharged from the hospital; HC – healthy controls; PD – peak disease. 
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findings. 
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