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Abstract: Though lung sounds auscultation is important for the diagnosis and monitoring of lung
diseases, the spectral characteristics of lung sounds have not been fully understood. This study
compared the spectral characteristics of lung sounds between the right and left lungs and between
healthy male and female subjects using a dual-channel auscultation system. Forty-two subjects aged
18-22 years without smoking habits and any known pulmonary diseases participated in this study:.
The lung sounds were recorded from seven pairs of auscultation sites on the chest wall simultaneously.
We found that in four out of seven auscultation pairs, the lung sounds from the left lung had a higher
total power (P1) than those from the right lung. The Pt of male subjects was higher than that of
female ones in most auscultation pairs. The ratio of inspiration power to expiration power (Ry/g) of
lung sounds from the right lung was greater than that from the left lung at auscultation pairs on the
anterior chest wall, while this phenomenon was reversed at auscultation pairs on the posterior chest
wall in combined subjects, and similarly in both male and female subjects. Though the frequency
corresponding to maximum power density of lung sounds (Fypp) from the left and right lungs was
not significantly different, the frequency that equally divided the power spectrum of lung sounds
(Fsp) from the left lung was significantly smaller than that from the right lung at auscultation site
on the anterior and lateral chest walls, while it was significantly larger than that of from the right
lung at auscultation site on the posterior chest walls. In conclusion, significant differences in the Pr,
Fumpp, Fso, and Ry g between the left and right lungs at some auscultation pairs were observed by
using a dual-channel auscultation system in this study. Structural differences between the left and the
right lungs, between the female and male subjects, and between anterior and posterior lungs might
account for the observed differences in the spectral characteristics of lung sounds. The dual-channel
auscultation system might be useful for future development of digital stethoscopes and power
spectral analysis of lung sounds in patients with various kinds of cardiopulmonary diseases.
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1. Introduction

Respiration rate is one of the vital signs used daily in clinical settings including anesthesiology
and critical care medicine, in addition to body temperature, pulse rate, and blood pressure. Not only
respiration rate but also the pattern of respiration and the pitches and loudness of lung sounds heard
during respiration are important for the diagnosis and monitoring of cardiopulmonary diseases.
Thus, the auscultation of lung sounds is one of the clinical practices of physicians in the diagnosis and
treatment of asthma, chronic bronchitis, chronic obstructive pulmonary disease (COPD), bronchiectasis,
pulmonary edema, acute respiratory distress syndrome (ARDS), etc. The rhonchi, rale, wheezing, and
stridor heard during auscultation are important clues for the diagnosis of secretion accumulation in
the lung, pulmonary edema, asthma, upper airway obstruction, etc.

The stethoscope has been one of the most frequently used medical diagnostic tools in clinical
settings. Its low price, simple structure, portability, safety, noninvasiveness, and quick diagnosis have
enabled it to survive for more than a century as a medical device. Moreover, it has become an icon
of physicians. Electronic stethoscopes with higher sensitivity have been introduced as technology
advances [1]. With the ability to store and manipulate every bit of data, digital technology can bring
more impact to auscultation. By using digital stethoscopes, not only the processing of acquired signals
but also the way of auscultation has become versatile.

The lung sounds are caused by the turbulence of airflow in the respiratory tracts. Spectrum of
lung sounds is mainly distributed from 60 to 600 Hz [2]. Lung sounds recorded from the chest wall
include muscular and alveolar sounds [3]. The amplitude of lung sounds can be different from one
location to another. The frequency distribution of lung sound signals changes with the age of the
subject [4]. By using linear regression analysis to analyze the relation between age and the ratio (Q)
of the powers of two frequency bands, from 330 to 600 Hz and from 60 to 330 Hz, it was found that
there was a significant correlation between the age and the Q [5]. Lung sounds and tracheal sound are
important parameters in clinical diagnosis of diseases. Experiments have shown that the temporal
variability of tracheal sounds is bigger than that of lung sounds and that the spectral pattern of tracheal
and lung sounds are stable with low intra-subject variability [6]. Further, the body height can make a
difference in the length of trachea and hence a difference in tracheal sound [7].

The researches on the lung sounds have lasted for decades. Nairn and Turner-Warwick [8] used
radioactive rays to scan the lung and found that the airflow inside the lung had a highly positive
correlation with lung sound amplitude. Leblanc [9] and Polysongsang [10,11] also used radioactive rays
to scan the lung, and found that the volume inhaled inside the lungs has a highly positive correlation
with the lung sound amplitude. Kompis et al. [12] recorded the lung sounds simultaneously with
16 microphones distributed over the thoracic surface, and found that inspiratory sounds were 10-11 dB
louder than expiratory sounds at comparable flow rates, and that for the front part of the thorax, the
lung sounds were louder on the right side, and opposite for the back part. The same result was also
shown in [13].

Though lung sound characteristics are important for the diagnosis and monitoring of lung
diseases, the factors affecting the lung sound characteristics have not been fully understood. This study
compared the spectral characteristics of lung sounds between paired auscultation sites on the left and
right chest walls in healthy young adults by using a dual-channel auscultation system.

2. Methods

2.1. Lung Sounds Recording

Figure 1 shows the hardware of the dual-channel auscultation system used to record the lung
sounds according to the breathing phase. The lung sounds were recorded in pairs with two condenser
microphones embedded in a chest piece taken from a conventional stethoscope, as shown in Figure 2.
The output signals of the microphones were amplified by the amplification circuits; both of which had
a low cutoff frequency of 140 Hz, a high cutoff frequency of 1700 Hz, and a gain of 200. As shown
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in Figure 3, the two circuits had almost identical frequency responses. The differences in the two
frequency responses were corrected computationally before the statistical analysis of lung sound
characteristics. The paired amplified signals entered an MP3 player/recorder through the left and right
channels at the microphone inputs of a personal computer and were sampled at 8 kHz and digitized
into two sequences of 16-bit binary numbers, which were then stored in a flash memory as a data file.

Thermistor

/ Respiratory Phase
——> MP3 Player 1
Measurement

Microphone

Amplification Circuit l
MP3 Player 2
Microphone I

Amplification Circuit

Figure 1. The hardware used to measure and record lung sounds and respiratory phase.

f
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Figure 2. Each of the stethoscope head was made by encaving a condenser microphone into the bell
taken from a conventional stethoscope.
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Figure 3. The normalized frequency response of the microphone amplification circuit. Solid line:
left channel; dashed line: right channel.

2.2. Respiratory Phase Measurement

The respiratory phase detecting circuit shown in Figure 1 measured the state of inspiration and
expiration. It contained a thermistor, which was placed near the nostril orifice, where the temperature
was somewhere between body temperature and room temperature. The impedance of the thermistor
had a negative temperature coefficient. When the air was exhaled through the nostrils, the temperature
around the thermistor rose so that the resistance of the thermistor decreased. Conversely, when the air
was inhaled through the nostrils, the temperature around the thermistor fell so that the resistance of
the thermistor increased.



Sensors 2017, 17,1323 40f12

2.3. Subjects

Twenty-four male and eighteen female healthy young subjects recruited from the community
were included in this study. Table 1 lists the basic data of the study subjects. All of them were
nonsmokers, and none had any known cardiopulmonary diseases. For the purpose of statistical
analysis, three subject groups were used, namely, the combined group, the male group, and the female
group. The combined group included all male and female subjects recruited in this study.

Table 1. Basic data of the study subjects.

Male (n = 24) Female (n = 18)
Age (year) 20.8 +£ 0.9 20.6 £ 1.1
Weight (kg) 71.1 +10.5 51.8 +£5.3
Height (cm) 1735+ 74 159.1 +5.3
BMI (kg/m?) 23.6+3.7 204417

Data presented are mean + SD. BMI: body mass index.

2.4. Sites of Auscultation

Figure 4 shows the paired auscultation sites in this study. There were seven auscultation pairs,
numbered from 1 to 7, representing the right and left auscultation sites at upper anterior, middle
anterior, lower anterior, lateral, upper posterior, middle posterior, and lower posterior, respectively.
Three pairs were on the anterior chest wall, one on the lateral wall, and the other three on the posterior
chest wall. Each auscultation pair consisted of a left auscultation site and a right auscultation site.
The lung sounds were recorded on the right and left sites of an auscultation pair simultaneously.

Figure 4. The auscultation sites over the chest walls. Auscultation pairs 1 to 3 were placed over the
anterior chest wall; auscultation pair 4 was placed over the lateral chest wall; and auscultation pairs 5
to 7 were placed over the posterior chest wall. Auscultation pair 1 was placed between the 1st and the
2nd ribs. Auscultation pair 2 was placed between the 4th and the 5th ribs. Auscultation pair 3 was
placed between the 6th and the 7th ribs. Auscultation pair 4 was placed between the 5th and the 6th
ribs. Auscultation pair 5 was placed between the 2nd and the 3rd ribs. Auscultation pair 6 was placed
between the 6th and the 7th ribs. Auscultation pair 7 was placed between the 8th and the 9th ribs.

2.5. Signal Processing and Analysis

The lung sound signals were analyzed by using the Matlab program (The MathWorks, Inc.,
Natick, MA, USA). Because the condenser microphone is very sensitive, noises due to movements of
the tubes, rubbing of the stethoscope against the skin, and frictions between the stethoscope and the
bandage were also recorded. These artifacts were removed by using a wavelet filter before spectral
and statistical analyses.
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2.6. Parameter Definitions

Fast Fourier Transform (FFT) was employed to analyze the stored lung sound signals in the
frequency domain. The following four parameters were defined to characterize the spectral properties
of the lung sounds:

Pr (total power): the integration of the power spectral density (PSD) over the entire frequency range;
R;/g (inspiratory /expiratory power ratio): the ratio of the total power of lung sounds during inspiration
to that during expiration;

F5p (50%-power frequency): the frequency at which the power accumulated from below is 50% of
the total power;

Fvpp (maximum-power-density frequency): the frequency at which the power spectral density of
lung sounds is the greatest.

2.7. Statistics

The quantile-quantile (Q-Q) plot was used to assess the distribution normality of Pt, R/g, Fs,
and Fypp in the combined group, the male group, and the female group. The result indicated that
they are not normally distributed. Hence, a nonparametric test, namely, the Wilcoxon signed rank
test (SigmaPlot13 for Windows, Systat Software, Inc., San Jose, CA, USA) was used to compare
the differences in the above-defined lung sound characteristics between the right and left lungs.
Similarly, the Kruskal-Wallis rank sum test was employed to compare the differences in the lung
sound characteristics between male and female subjects. Significance level was defined as p < 0.05.
Linear regression analysis was used to disclose the relationship between the Pt of lung sounds and the
body mass index (BMI) or the body height of the subjects.

3. Results

3.1. P7: Left vs. Right

A pair of typical power spectra of lung sounds recorded from one of the auscultation pairs
are shown in Figure 5. As shown in Figure 6, the Pt of lung sounds recorded on the left lung was
significantly higher than that on the right lung at Auscultation Pairs 2, 3, 5, and 7 in combined subjects,
and at Auscultation Pairs 2, 3, 5, 6, and 7 in male subjects, except at Auscultation Pair 5 on the upper
posterior chest wall where the Pt of lung sounds on the left lung was significantly smaller than that
on the right lung. There was no significant difference in the Pt of lung sounds between left and right
lungs at all auscultation pairs in female subjects, except at Auscultation Pair 5 where the Pt of lung
sounds on the left lung was significantly smaller than that on the right lung.

Right Lung

100 200 300 400 500 600 700 8OO 900 1000

Power

Left Lung

Power

100 200 300 400 500 600 700 8OO 900 1000
Frequency (Hz)

Figure 5. The power spectra of the right and left lungs of a female subject. Because the auscultation
site of the left lung was close to the heart, the power in the low frequency range would be higher than
that at the right lung.
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3.2. Pp: Male vs. Female

The characteristics of lung sounds were compared at the right and left auscultation sites between
male and female subjects. A “3” on the boxplots in Figure 6 signifies a significant difference between
the Pr’s of the male and female subjects. The Pt of lung sounds of male subjects was higher than that
of female subjects at Paired Auscultation Sites 1-5, except at the right lungs of Site 4.

Figure 6. The boxplots of Pt in the combined group, male group, and female group. #: Three of the
18 female subjects were excluded from the statistics because of excessive artifacts at this site. o: p < 0.05
between right and left lungs, : p <0.05 vs. its counterpart in the female subjects. Ant: anterior;
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Pos: posterior; Lat: lateral; Rt: right, Lt: left.

3.3. Pt vs. Body Height

It has been shown that body height can make a difference in the length of trachea, and hence a
difference in tracheal sound [7]. Thus, body height might have an effect on the lung sound characteristic.
We investigated the linear relation between body height and the Pt of lung sounds at various
auscultation sites on the chest wall. Only the Pt of lung sounds at the upper anterior site of the

right lung had significant linear relation with the body height of male subjects (Table 2).

Table 2. Linear regression analysis of the correlation between body height and Pt of lung sound at

each auscultation site for male (n = 24) and female (1 = 18) subjects.

p Value
Auscultation Pair
Left Lung of Male Right Lung of Male Left Lung of Female Right Lung of Female

1. Upper Anterior 0.118 0.044 * 0.843 0.363
2. Middle Anterior 0.686 0.864 0.570 0.305
3. Lower Anterior 0.584 0.975 0.702 0.803
4. Lateral 0.498 0.641 0.943 0.589
5. Upper Posterior 0.643 0.655 0.345 0.169
6. Middle Posterior 0.595 0.762 0.967 0.607
7. Lower Posterior (#) 0.782 0.810 0.935 0.900

#: Three of the 18 female subjects were excluded from the statistics because of excessive artifacts at this site. * p < 0.05.
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3.4. Py vs. BMI

Table 3 shows the results of linear regression analysis between the BMI and the Pt of lung
sounds at each auscultation site. The BMI of the male and female subjects were 23.6 4 3.7 kg/m? and
20.4 + 1.7 kg/m?, respectively. Significant correlation between the Pt of lung sounds and BMI was
found at the lower posterior site of the left lung in female subjects only.

Table 3. Linear regression analysis of the correlation between BMI and the Pt at each auscultation site
for male (n = 23) X and female (n = 18) subjects.

p-Value
Auscultation Pair
Left Lung of Male Right Lung of Male Left Lung of Female Right Lung of Female

1. Upper Anterior 0.549 0.180 0.815 0.613
2. Middle Anterior 0.627 0.185 0.904 0.820
3. Lower Anterior 0.427 0.291 0.300 0.320
4. Lateral 0.919 0.060 0.513 0.665
5. Upper Posterior 0.348 0.661 0.342 0.845
6. Middle Posterior 0.652 0.777 0.639 0.727
7. Lower Posterior (#) 0.482 0.977 0.228 0.031 *

X One of the 24 male subjects was excluded from the statistics due to excessively high BMI value, 39.6 kg/m?,
which was 4.35 times the standard deviation from the mean BMI value of male subjects, 23.6 kg/ m?2. # Three of the
18 female subjects were excluded from the statistics because of excessive artifacts at this site. * p < 0.05.

3.5. Rye: Left vs. Right

The results of comparisons of the Ry g between the right and left lungs in the combined group,
the male group, and the female group, and between the male and female groups are shown in Figure 7.
The Ry g of lung sounds from the right lung was greater than that from the left lung at Auscultation
Pairs 2 and 3 on the anterior chest wall, while it was smaller than that from the left lung at Auscultation
Pair 6 on the posterior chest wall in the combined subjects. Similar results were found in the male and
female subjects.
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Figure 7. The boxplots of Rj/g in the combined group, male group, and female group. #: Three of the
18 female subjects were excluded from the statistics because of excessive artifacts at this site. «: p < 0.05
between right and left lungs, 3: p < 0.05 vs. its counterpart in the female subjects. Ant: anterior; Pos:
posterior; Lat: lateral; Rt: right, Lt: left.
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3.6. F50: Left vs. Right

The F5 of lung sounds was calculated and used as the representative frequency of that lung
sounds. As shown in Figure 8, the F5( of the right lung was significantly greater than that of the left
lung at Auscultation Pairs 1, 2, 3, and 4, while the Fs of the right lung was smaller than that at the left
lung at Auscultation Pairs 6 and 7 for the combined subjects. In male subjects, the F5q of the right lung
was significantly greater than that of the left lung at Auscultation Pairs 1, 2, 3, and 4, while vice versa
at Auscultation Pair 7. In female subjects, the Fs( of the right lung was significantly greater than that
of the left lung at Auscultation Pairs 1 and 3, while the Fs( of the right lung was significantly smaller
than that of the left lung at Auscultation Pairs 6 and 7.
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Figure 8. The boxplots of F5j in the combined group, male group, and female group. #: Three of the
18 female subjects were excluded from the statistics because of excessive artifacts at this site. «: p <0.05
between right and left lungs; 3: p < 0.05 vs. its counterpart in the female subjects. Ant: anterior; Pos:
posterior; Lat: lateral; Rt: right, Lt: left.

3.7. Fpmpp: Left vs. Right

The Fympp's of the right and left sides were compared and the results are shown in Figure 9.
No significant difference in Fypp was found in the combined group, the male group, or the female group.
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Figure 9. The boxplots of Fypp in the combined group, male group, and female group. #: Three of the
18 female subjects were excluded from the statistics because of excessive artifacts at this site. o: p < 0.05
between right and left lungs, : p < 0.05 vs. its counterpart in the female subjects. Ant: anterior;
Pos: posterior; Rt: right, Lt: left.

4. Discussion

This study compared the differences in the spectral characteristics of lung sounds from the left
and right lungs. We found that there is asymmetry in the spectral characteristics of lung sounds from
the left and right lungs. The Pt of lung sounds from the left lung was significantly larger than that
from the right lung at most auscultation pairs in combined subjects and in male subjects, but not in
female subjects. At the upper posterior auscultation pairs in combined subjects and in male subjects,
the situation is reversed in that the Pt of lung sounds from the left lung was significantly smaller
than that from the right lung. The Pt of lung sounds in male subjects was significantly higher than
that of female subjects at the three anterior auscultation pairs. The R/ of lung sounds from the right
lung was greater than that from the left lung at auscultation pairs on the anterior chest wall, while it
was smaller than that from the left lung at auscultation pairs on the posterior chest wall in combined
subjects, and similarly in both male and female subjects. Though the Fypp of lung sounds from the
left and right lungs was not significantly different, the F5q of lung sounds from the left lung was
significantly smaller than that from the right lung at the auscultation site on the anterior and lateral
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chest walls, while it was significantly larger than that from the right lung at the auscultation site on the
posterior chest walls.

The Pt of lung sounds from the left lung was found to be significantly larger than that from the
right lung in most auscultation pairs in combined subjects and in male subjects, but not in female
subjects. This finding implied that the lung sounds from the left lung is louder than that from the
right lung in male subjects, but not in female subjects. Since the left main bronchus makes a sharper
angle with the trachea at the carina than the right main bronchus does, a greater turbulence might
be created in the left lung when the air is breathed into the lungs. This might account in part for the
greater P of lung sounds from the left lung relative to that from the right lung. Contamination by the
heart sound at these auscultation pairs might not be the cause for this difference in Pt because this
phenomenon was not observed in female subjects. It can also be expected that, for positions near the
heart, the Pt of lung sounds will be higher in the left lungs. In addition, due to the location of the
heart in the left thorax, the two lungs are not the same size, which may have an influence in the Pr.
The smaller volume of the left lung might cause greater turbulence and therefore a greater Pt when
the air is breathed into the lungs. These might account for the greater Pt of lung sounds in the left lung
than that in the right lung. The anatomical differences between males and females may also explain
the non-significant difference in the analysis of the females’ Pr. In contrast, the Pt of lung sounds at
the left lung was significantly smaller than that at the right lung at the upper posterior auscultation
pairs in combined subjects and in male subjects. The cause of this reversal is not clear. Furthermore,
contrary to the male subjects, the Pt of lung sounds from the left and right lungs was not significantly
different at most auscultation sites, except the upper posterior pair in female subjects. The cause of this
finding is also not clear. The breasts of the female subjects may interfere with the transmission of the
lung sounds to the stethoscope and contribute to the insignificant difference in female’s PT analysis.

The Pt of lung sounds in female subjects was significantly smaller than that of male subjects at
three anterior auscultation pairs. One reason responsible for this difference might be the increased
subcutaneous adipose tissue and the presence of breast on the anterior chest wall in the females
because the subcutaneous adipose tissues and the breast might attenuate the lung sounds, leading to
decreased total powers of lung sounds at these auscultation sites in female subjects.

There was a slight negative correlation between the body height and the Pt of lung sounds at
the upper anterior site of the right lung in male subjects (Table 2). The Pt dropped off as the body
height increased. According to the Poiseuille’s Law, the resistance of airflow through a tube such as
the trachea depends on the length and the radius of the tube. Thus, the negative correlation between
the body height and the Pt of lung sounds may be explained as being due to the increased resistance
in a longer trachea. Because the right main bronchus is longer than the left one and because the upper
anterior site of the right lung is close to the trachea, this relation between the body height and the total
power of lung sounds was revealed at this auscultation site. There were no significant correlations
between body height and the total power of lung sounds at other auscultation sites.

The Ry /g of lung sounds from the right lung was greater than that from the left lung at Auscultation
Pairs 2 and 3 on the anterior chest wall, while it was smaller than that from the left lung at Auscultation
Pair 6 on the posterior chest wall in combined subjects, and similarly in both male and female subjects
(Figure 7). It seems that the lung sounds in the inspiratory phase is louder than that in the expiratory
phase when auscultated on the right anterior chest wall, while it is louder in the inspiratory phase than
in the expiratory phase when auscultated on the left posterior chest wall. The structural differences in
the left and right lungs might be the reason for this result. The geometry of airways is not the same in
both lungs, especially at the lower parts of the lungs. The right bronchus is longer and thinner, and the
tracheobronchial angles at the carina are different between the two lungs. The asymmetric structure in
the tracheobroncheal tree might account in part for the difference in the inspiratory/expiratory ratio of
Pt over the left posterior and right anterior lungs.

The F5p at the auscultation site on the anterior and lateral chest walls of the left lung was
significantly smaller than that of the right lung, whereas the F5( at the auscultation site on the posterior
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chest walls of the left lung was significantly larger than that of the right lung (Figure 8). The presence
of the heart in the lower aspect of the left thorax should have modified the volume and geometry of
the lung in the left lower thorax so that the Fs at the auscultation site on the posterior chest walls of
the left lung was significantly increased, as compared with that on the posterior chest walls of the
right lung.

Since the frequency of heart sounds are mostly below 110 Hz [3], it may be speculated that the
heart sounds might have some contributions to the calculation of F5y and Fyipp for the lung sound
signals recorded from the left lung. The indifference in the Fy;pp between the lung sound signals
recorded from the right and left chest wall (Figure 9) indicated that the contribution of heart sound to
the recorded lung sounds might not be the same as the cause of the significant difference in the Fs
of lung sounds between the right and left lungs (Figure 8). The difference in the F5y of lung sounds
between the right and left lungs might be caused by the difference in the volume and structure of
the lung.

5. Conclusions

Significant differences in the Pr, Fypp, Fsp, and Ry/g between the left and right lungs at
some auscultation pairs were observed in this study by using a dual-channel auscultation system.
Structural differences between the left and the right lungs, between the female and male subjects,
and between anterior and posterior chest walls, might account for the observed differences in the
spectral characteristics of lung sounds. The dual-channel auscultation system might be useful for
future development of digital stethoscopes and power spectral analysis of lung sounds in patients
with various kinds of cardiopulmonary diseases.
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