
  

 
 

Abstract— Respiratory sounds yield pertinent information 
about respiratory function in both health and disease. Normal 
lung sound intensity is a characteristic that correlates well with 
airflow and it can therefore be used to quantify the airflow 
changes and limitations imposed by respiratory diseases. The 
dual aims of this study are firstly to establish whether previously 
reported asymmetries in normal lung sound intensity are 
affected by varying the inspiratory threshold load or the airflow 
of respiration, and secondly to investigate whether fixed sample 
entropy can be used as a valid measure of lung sound intensity. 
Respiratory sounds were acquired from twelve healthy 
individuals using four contact microphones on the posterior skin 
surface during an inspiratory threshold loading protocol and a 
varying airflow protocol. The spatial distribution of the normal 
lung sounds intensity was examined. During the protocols 
explored here the normal lung sound intensity in the left and 
right lungs in healthy populations was found to be similar, with 
asymmetries of less than 3 dB. This agrees with values reported 
in other studies. The fixed sample entropy of the respiratory 
sound signal was also calculated and compared with the gold 
standard root mean square representation of lung sound 
intensity showing good agreement. 
 

Clinical Relevance— This study provides information on the 
spatial distribution of normal lung sound intensity in a healthy 
population during two separate protocols and presents a novel 
representation of lung sound intensity. The results obtained here 
in a healthy population may be used for comparison with 
respiratory sounds recorded in a patient population using 
similar protocols. 

I. INTRODUCTION 

Respiratory sounds (RS) provide important information 
about respiratory function in healthy and patient populations, 
and in the detection, assessment and monitoring of respiratory 
disease. In current clinical practice, RS are predominantly 
assessed using a stethoscope. This is subjective and limited by 
the expertise and hearing ability of the health professional 
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involved. Despite the recent advances in sensors and signal 
processing techniques, the application of RS analysis in 
clinical practice is not widespread. Therefore, the 
computational analysis of RS, including the development of a 
standard analysis methodology, is an important area of 
research, which holds the potential to be readily translated to a 
clinical environment. This study aims to extend the knowledge 
of RS in healthy populations and suggest a new method by 
which to assess normal lung sound intensity (LSI). 

Respiratory sounds are mechanical vibrations caused by 
turbulent airflow through airways during breathing [1]. In 
general, inspiratory sounds are approximately 10 dB louder 
than expiratory sounds at the chest surface [2]. Accordingly, 
most studies focus only on the inspiratory sound when 
analyzing the distribution of the RS amplitude. Significant 
differences in the spatial distribution of RS have been reported 
in the literature in patient populations [3], [4], [5]. In a healthy 
population, an asymmetry of ±3 dB between the left and right 
lung sounds has been shown to be a normal range, with the LSI 
of the left side generally higher than that of the right [6], [7]. 
The reasons for this asymmetry are not fully understood but 
are thought to be related to anatomical differences and 
differences in regional flow turbulence and sound generation 
[8]. Dominance on the left side during only the louder 
inspiratory phase has also been suggested [9]. 

Knowledge of normal LSI at different locations in the 
lungs can provide useful information about local changes in 
airflow limitation that occur in respiratory disease [4]. LSI is 
generally calculated using the root mean square (RMS) 
method which tracks the envelope of the sound signal. 
However, this quantity is affected by any impulsive noise 
contaminating the signal. Sources of impulsive noise in RS 
signals include cardiac activity and microphone clicks as well 
as other external sounds.  Sample entropy [10] is a measure of 
complexity of a signal with a lower entropy associated with a 
signal with a higher regularity. Sample entropy is calculated at 
once for the entire signal, whereas fixed sample entropy 
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(fSampEn) is calculated within a moving window using fixed 
parameters for each window. Fixed sample entropy has been 
shown to be less sensitive than the RMS to the effects of 
cardiac activity in electromyographical signals [11], [12].  

This study examines the effect of varying the inspiratory 
threshold load and the airflow of respiration in healthy 
individuals on the spatial distribution of normal LSI. The 
protocols used permit the exploration of a range of variations 
in breathing such as those physiologically employed in 
response to external stressors. In addition, the novel 
representation of the LSI by the fSampEn of the RS signal was 
explored and compared with the current gold standard RMS 
estimator of LSI. 

II. METHODS 

A. Study Population 
Respiratory sound and airflow were recorded from twelve 

healthy subjects (6 female), age 33 (30-38) years, BMI 22.2 
(20.6 – 24.2) kg/m2, FEV1 98.0 (94.8-105.5) % of predicted 
and FVC 105.0 (91.5-110.2) % of predicted. All values are 
median with the interquartile range shown in parentheses. 
Subjects had no history of cardiorespiratory disease and were 
familiar with physiological studies. The study was conducted 
in accordance with the Declaration of Helsinki with approval 
obtained from the NHS Health Research Authority (NRES 
Committee London – Dulwich 05/Q0703). Fully informed 
written consent was given by all participants prior to inclusion. 
All data were acquired at the King’s College Hospital, 
London, United Kingdom. 

B. Experimental Protocol 
The experimental protocol consisted of two parts: an 

inspiratory threshold loading protocol and a varying flow 
protocol. The inspiratory threshold loading protocol simulates 
different levels of effort while breathing, whereas varying the 
airflow relates to changes in the speed and volume of 
breathing. Each subject was seated, with a noseclip in place, 
and breathed through a pneumotachograph (4830; Hans 
Rudolph Inc., KS, USA) via a mouthpiece throughout.  

An initial maximal static inspiratory pressure (PImax) 
maneuver was performed and repeated several times to ensure 
maximal volitional effort. The inspiratory threshold load levels 
for the subject were calculated as 0% (L0), 12% (L1), 24% 
(L2), 36% (L3), 48% (L4) and 60% (L5) of the PImax. The 
subject then performed 30 breath cycles at each prescribed 
level in ascending order, separated by rest periods in which all 
respiratory measurements returned to baseline. The inspiratory 
threshold loads were generated with an electronic inspiratory 
muscle trainer (POWERbreathe K5; POWERbreathe 
International Ltd, Southam, UK) which was attached to the 
distal end of the pneumotachograph. This loading protocol is 
outlined in detail in [12].   

For the varying flow protocol, a maximal inspiratory flow 
(MIF) maneuver was performed and repeated several times, 
again, to ensure maximal volitional effort. Four target levels of 
airflow were designed based on MIF with level 1 
corresponding to normal quiet breathing and 3 intermediary 
levels defined in between this and the MIF of the subject. 
During the data acquisition, the subject could see their airflow 
signal on a computer screen together with a guideline  

indicating the target flow level during each inspiration. The 
subject then performed several breath cycles at each of the four 
defined levels in ascending order, separated by rest periods in 
which all respiratory measurements returned to baseline. 

C. Data Acquisition 
Respiratory sounds were recorded using four piezoelectric 

contact microphones (TSD108, Biopac Systems, Inc.) placed 
on the posterior skin surface of the subject. The microphones 
were positioned bilaterally at the base and near the upper lobes 
of the lungs and attached with double-sided adhesive discs. 
Airflow was acquired with a pneumotachograph (4830; Hans 
Rudolph Inc., KS, USA) connected to a differential pressure 
transducer (DP45; Validyne Engineering, CA, USA) and 
amplifier (CD72; Validyne Engineering, CA, USA). 
Respiratory sound and airflow signals were sampled at 10 kHz 
and 100 Hz, respectively, using a 16-bit analogue-to-digital 
converter (PowerLab 16/35; ADInstruments Ltd, Oxford, 
UK). An example of the acquired raw signals is shown in Fig. 
1, where respiratory sounds are contaminated by impulsive 
noise. 

D. Data Analysis 
Respiratory sound data were resampled at 4000 Hz, and 

bandpass filtered between 70 and 2000 Hz with an 8th order, 
zero-phase Butterworth filter. A 50 Hz comb filter was applied 
to remove mains interference and associated harmonics.  

A zero-crossing detector was applied to the flow signal in 
order to identify the respiratory phases of each cycle. As 
inspiratory sounds are more clearly heard over the chest 
surface than expiratory sounds [2], only the inspiratory cycles 
were analyzed here. For each segmented inspiratory phase, the 
difference from the median value of the inspiratory time, 
volume of inspiration and peak flow of inspiration were 
calculated. These values were summed and used to rank the 
inspiratory phases, with the first cycle lying closest to the 
median value. The RS signals of the inspiratory cycles were 
then examined iteratively, and a cycle accepted for further 
processing if it contained no outliers (defined as > 3 std. dev. 
from the mean) in any of its 4 channels. Ten cycles were 
selected for each level of the inspiratory threshold load 
protocol and the varying flow protocol, resulting in 100 cycles 
for each subject. 

The LSI was estimated in two separate ways: by 
calculating the RMS amplitude and by calculating the 
fSampEn of the signal. The fSampEn was calculated over a 
moving window using a fixed tolerance r = 0.5*ref, and an 
embedding dimension m = 2. The ref is defined for each 
subject and protocol as the mean standard deviation of the 

 
 
Figure 1: Example of airflow and a single channel of lung sound 
recorded during the prescribed protocol. The airflow is shown in 
red and the lung sound is plotted in blue. The respiratory sound 
is contaminated by impulsive noise. 



  

segmented cycles from all four RS channels for all load or flow 
levels. 

Data analysis was performed offline using custom 
developed scripts (MATLAB 9.6, The MathWorks Inc., 
Natick, MA, USA, 2019). 

III. RESULTS 

The median difference in normal LSI between the upper 
and lower, left and right lungs was below ±3 dB during both 
the inspiratory threshold loading protocol and the varying flow 
protocol for all twelve subjects (Fig. 2). For each subject, the 
median is based on 60 measurements for the inspiratory 
loading threshold protocol and 40 measurements for the 
varying flow protocol. Two subjects had a median left to right 
ratio of < 0 dB for the upper portion of the lungs and one 
subject for the lower portion. For the remaining nine subjects, 
all other median left to right ratios were positive, indicating 
that in general, the LSI in the left lung is slightly higher than 
in the right. The LSI for Fig. 2 was calculated using the RMS. 

Root mean square and fSampEn were both used to obtain 
estimates of normal LSI. The fSampEn of the signal was not 
influenced by impulsive noise which occurred in some of the 
RS cycles whereas the RMS, yielding the envelope of the 
signal, tracked these spikes (Fig. 3). Several fSampEn 
parameters were tested in the calculation of LSI with the 
chosen parameters distinguishing RS most clearly from 
background noise.  

The spatial distribution of normal LSI compared between 
the left and right, lower and upper lungs calculated using 
fSampEn was observed to be consistent with that calculated 
using the RMS method (Fig. 4 and Fig. 5). Data from both the 
inspiratory loading threshold protocol (red circles) and the 
varying flow protocol (black circles) for a single subject are 
included in Fig. 5, with each data point representing the mean 
value calculated over 10 breath cycles for a given load or flow. 

IV. DISCUSSION 

The main finding of this study is that the ratio of left to 
right, upper and lower, median values of normal LSI in a 

healthy population during an inspiratory threshold loading 
protocol and a varying flow protocol have a magnitude less 
than 3 dB. Although within the normal range, the results 
showed higher LSI in the left rather than right side for both the 
upper and lower lungs, and for most subjects. Similar values 
have previously been shown in healthy individuals [6], [13]. 
However, an inspiratory threshold loading protocol has not 
previously been applied to quantify RS, as it is a protocol 
normally employed to evaluate muscular function. The 
addition of inspiratory threshold loads during respiration 
simulates different levels of effort while breathing. 

As previous studies have reported, airflow has a direct 
relationship with LSI [14], [15]. In this study, the airflow and 
the LSI were observed to increase as the imposed load 
increased. It is interesting to note though, that individual 
subjects adapted to the applied loads in various ways, with 
some increasing their flow rate in a close to linear manner as 
the load increased, and others increasing their flow rate in a 
more logarithmic way.  

An additional result of this study was the demonstration of 
fSampEn as a robust estimator of LSI. Fixed sample entropy 
was originally proposed in [10] as a statistical method to 
analyze data from nonlinear dynamic systems and is a method 
well suited to the analysis of physiological data. The fSampEn 
method compares favorably with the gold standard RMS 

 
Figure 3.  Comparison of the RMS and the fixed sample entropy 
(fSampEn) as estimators of the lung sound intensity (LSI) in 
respiratory sound with and without impulsive noise. The RMS is 
shown in green and the fSampEn is shown in red, with the original 
sound signal plotted in blue. 
 

 
Figure 2.  Differences in spatial distribution of normal lung sound intensity (LSI) recorded in 12 healthy subjects during (a) an incremental inspiratory 
threshold loading protocol and (b) a varying flow protocol, calculated using the root mean square (RMS). Each subject is represented by two columns, 
the first corresponding to the ratio between the lower left and right lungs (blue), and the second corresponding to the ratio between the upper left and 
right lungs (green). The ±3 dB thresholds and 0 dB are indicated with black dashed lines. 

 



  

method, with the main advantage being that the fSampEn is 
not affected by impulsive noise in the signal. A similar spatial 
distribution of RS was found using both methods. The 
comparison of normal LSI estimated using fSampEn with 
those estimated using the RMS method focused on the shape 
of the curve as the units are different. Entropy is calculated in 
arbitrary units which does not allow direct comparison with 
other measurements in terms of absolute values and makes the 
true physical meaning difficult to interpret.  

This study has shown that varying the inspiratory threshold 
load and airflow during respiration does not affect the spatial 
distribution of RS in a healthy population. This result can be 
used as a basis upon which to assess the response of patient 
populations to similar protocols. In addition, it contributes to 
the current knowledge of RS in healthy populations. The 
favorable comparison of using fSampEn to estimate LSI with 
the RMS method suggests that this is a robust method that 
could be employed in future studies. It would be particularly 
useful in cases of high activity or high flow levels where the 
data contains impulsive noise. 
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Figure 5.  Spatial distribution of lung sound intensity (LSI) recorded in a 
healthy individual (subject 1) during both an incremental inspiratory 
threshold loading protocol (red circles) and a varying flow protocol 
(black circles). The relationship between the upper left and right lungs 
and the lower left and right lungs are both illustrated. The distribution is 
shown for LSI values calculated using the RMS on the left and using 
fixed sample entropy (fSampEn) on the right. The blue dashed line 
indicates a 1:1 ratio between the left and right sides. 

 
Figure 4.  Differences in spatial distribution of normal lung sound intensity (LSI) recorded in 12 healthy subjects during (a) an incremental 
inspiratory threshold loading protocol and (b) a varying flow protocol and calculated using fixed sample entropy (fSampEn). Each subject is 
represented by two columns, the first corresponding to the ratio between the lower left and right lungs (blue), and the second corresponding to the 
ratio between the upper left and right lungs (green). 
 


