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Abstract 

Body sounds show a high diagnostic value when auscultated on the skin. The sound transmission from sound sources to the site of 
auscultation plays an important role, for it determines the signal properties of the recorded biosignal. The present paper gives an overview 
about the unique phenomena of spreading and attenuations of the body sounds, showing that the heterogeneous structure of the thorax and the 
sound frequency influence strongly the propagation pathway and characteristics of the sounds. The issues pertaining to the transmission of the 
body sounds provide clinically relevant insights into the correlations between the physiological phenomena under investigation and the 
registered biosignals and offer a solid basis for both proper understanding of the biosignal relevance and optimization of the recording 
techniques. 
Key words: body sounds, sound propagation, sound attenuation, spreading losses, volume losses, inhomogeneity losses 

 
1. Introduction 

The body sounds have remained timeless since 
Laennec improved the audibility of heart and lung sounds 
with its wooden stethoscope, invented in 1816 [1]. The 
heart sounds have conveyed meaningful signals to the 
examiner looking for cardiac disturbances while the lung 
sounds have allowed for the assessment of the respiratory 
abnormalities. Recently, also snoring sounds gained 
importance, for instance, as a warning sign of sleep apnea 
[2, 3]. 

The heart sounds occur predominantly because of the 
valvular activity of the heart, showing spectral components 
in the range (0-100) Hz [2], [4]. The generation 
mechanisms of the lung sounds rely on more complicated 
biomechanical phenomena [5-9]. In particular, the 
tracheobronchial sounds (heard over the large airways) are 
primarily related to the turbulent airflow and vibrations of 
the upper airway walls, whereas the vesicular sounds 
(heard on the thorax) arise, as the air moves from larger 
airways into smaller ones, hitting the branches of the 
airways; the relevant spectral component extending up to 
500 Hz. The snoring sounds are mainly generated by 
vibrations of the pharyngeal walls and the soft palate [10-
13]. The snoring appears in the range up to approximately 
1 kHz while the obstructive (apneical) snoring shows 
amplitudes up to 2 kHz. 

Given the generation mechanisms of the different body 
sounds, the hypothetical sound sources of the heart sounds, 
tracheobronchial lung sounds, and snoring sounds can be 
considered, in an approximation, as remaining locally 
restricted to the heart region, the larger airways and the 
upper airways, respectively [14]. In contrast, the sources of 
the vesicular lung sounds are not confined to a certain 
region but are rather distributed within the whole periphery 
of the lung [5, 8, 9, 14, 15]. 

The present paper describes unique phenomena 
pertaining to the propagation of the body sounds from the 
respective sound source to the site of auscultation. In 

particular, this is relevant for a proper understanding of the 
relationship between the physiological activity of interest 
and the auscultated biosignal. Furthermore, the 
propagation phenomena allow significant insights into the 
biosignal relevance and the optimization of auscultation 
techniques. 

2. Propagation of body sounds 

The propagation of the body sounds as well as any 
other acoustic waves in the time and space domain is 
described in terms of the sound wavelength  (spatial 
characteristic), the sound frequency f (time-related 
characteristic) and the sound velocity v (time-spatial 
characteristic). The value of v is determined through 
physical properties of the propagation medium, to give 
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Here  is the module of the volume elasticity,  is the 
density of the medium, and D (=1/) is the compliance or 
adiabatic compressibility. In the case of gases, e.g., air,  is 
expressed as the product of adiabatic coefficient and gas 
pressure. 

Obviously Eq. 1 account for the sound propagation in 
any type of homogeneous medium, including the 
biological tissue. Table 1 summarizes the values of v and  
for the most relevant types of biologic media involved in 
the transmission of the body sounds. One can observe that 
the lung parenchyma which  and D are given by the 
mixture of the tissue and the air yields a relatively low v in 
the order of only 50 m/s (23 m/s up to 60 m/s [8]), the 
value depending strongly on air content. This value is 
much lower as compared with v in the tissue (≈1500 m/s) 
or in the large airways (≈270 m/s) alone. As a result, the 
parenchyma accounts for the lowest values of  (≈5 cm at 

1 kHz) which certainly decrease even more with increasing 
f. 
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2.1. Spreading of sounds 

If the calculated values of  in Table 1 are put into 
relation with the distance r from the body sound sources 
(e.g., heart valves or upper airways) to a possible 
auscultation site on the chest (Fig.1), then it becomes 
obvious that primarily the near field condition (r<2·) 
prevails on the auscultation site. That is, the relevant 
relation r<2· is supported by the scaled real cross-section 
of the thorax, as shown in Fig.1a. It demonstrates that the 
practically relevant values of r are in the range (0.2-0.3)m. 
On the other hand, the size of the body sound sources is in 
the order of , which also supports the assumption of the 
near field. 

One would observe that r is smaller or at least equal to 
 in all types of the propagation media but not in the lung 
parenchyma (Table 1). The high frequency body sounds 
traveling through the parenchyma (2.5 cm at f=2 kHz) 
would not meet the near field condition from above. 
However, as will be shown in Chapter 2.2, the high 
frequency body sounds tend to take airway bound route 
within the airway-branching structure but not the way 
bound to the inner mediastinum and parenchyma. 

In order to discuss the propagation phenomena of the 
body sounds and their absorption from a more theoretical 
point of view, two types of prevailing sound sources can be 
assumed: 

1. Point source of sound, as approximately given in the 
case of the heart sounds, tracheobronchial lung sounds, and 
snoring sounds;  

2. Distributed sources of sound, as given for the 
vesicular lung sounds (Chapter 1). 

Table 1. Approximate values of the sound velocity in the air, water, 
muscle [16], large airways, tissue [8], tallow [17], and lung [8],[18, 
19]. Corresponding wavelengths are calculated at 1 kHz. 
Approximate absorption coefficients are given according to the 
classical absorption theory [17], [20]. 

 
Sound 
velocity v  
(m/s) 

Wavelength 
at 1 kHz ë  
(m) 

Classical 
absorption 
coefficient at 
1 kHz  

F + T (1/m) 

Air 340 0.34 10-5 

Large airways 
(diameter > 1 mm) 

270 0.27 10-5 

Water 1400 1.4 10-8 

Tissue  (≈water) 1500 1.5 10-8 

Muscle  (≈water) 1560 1.56 10-8 

Tallow  (≈fat) 390 0.39 10-4 

 
In the case of the point source of sound, the sound 

intensity of the radially propagating sound waves will obey 
the inverse square law [16], which yields spreading losses. 
In addition, the propagation medium absorbs the sound 
intensity with increasing r in terms of absorption losses 
(Chapter 3). 
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Fig. 1. Propagation of the body sounds in a thorax. a) Cross-section of a thorax [21] in the height of the heart showing highly heterogeneous 

propagation medium. b) Contribution of the point source of sound (origin sound pressure p0 , Eq. 2) and the distributed sources of sound 
(volume elements dV with the respective volume density  of the distributed sound pressure, Eq. 3) to the acoustic pressure p at the 
applied body sounds sensor as a function of the propagation distance r and the attenuation coefficients   
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Given both phenomena from above and assuming that 
the sound intensity is proportional to the square of the 
sound wave pressure p (strictly held only under far field 
conditions), the amplitude of p can be approximated as a 
function of r according to  

 .)( )(0 rre
r

p
krp 


  (2) 

Here k is the constant, p0 is the sound pressure 
amplitude of the point source at r=0, and (r) is the sound 
absorption coefficient (Chapter 3.1) as a function of r. 
Here the geometrical damping factor 1/r comes from the 
inverse square law and looses its weight with increasing r 
while the original radial wave mutates into the plain wave. 

Whereas Eq. 2 accounts for p(r) from the point source 
of sound, the aforementioned distributed sources of sound 
can be considered by a modified version of Eq. 2, to give 

 ,d
)(

)( )( Ve
r

r
krp rr

V



  
 (3) 

where (r) represents the volume V density of the 
distributed sound pressure sources. Fig.1 demonstrates 
schematically the integration procedure for the highly 
heterogeneous thorax region (Fig.1a), showing 
inhomogeneously distributed (r) (Fig.1b). The point 
source of sound with p0 in the heart region as well as the 
distributed sources with local sound pressure (r)·dV in the 
lung parenchyma contribute to p at the auscultation site, 
i.e., the application region of the body sounds sensor. 

2.2. Frequency dependant propagation 

The peculiarities of the propagation pathway of the 
body sounds should be shortly addressed. In particular, the 
propagation pathway of the lung sounds differs with 
varying frequency. At relatively low frequencies, i.e., 
below 300 Hz [6] or in the frequency range (100-600) Hz 
[18], the transmission system of the lung sounds possesses 
primarily two features: 

1) The large airway walls vibrate in response to 
intraluminal sound, allowing sound energy to be coupled 
directly into the surrounding parenchyma and inner 
mediastinum via wall motion. 

2) The entire air branching networks behave 
approximately as non-rigid tubes which tend to absorb 
sound energy and thus to impede the sound traveling 
further into the branching structure. 

As a result of the transmission peculiarities from 
above, the propagation pathway at the lower frequencies is 
primarily bound to the inner mediastinum, the sounds 
exiting the airways via wall motion. The lung parenchyma 
acts nearly as an elastic continuum to audible sounds 
which travel predominantly through the bulk of the 
parenchyma but not along the airways [19]. 

Contrary to the lower frequencies, the airway walls 
become rigid at the higher frequencies because of their 
inherent mass, allowing more sound energy to remain 
within the airway lumen and travel potentially further into 
the branching structure. Thus, the sounds at the higher 
frequencies tend to take the airway bound route within the 
airway-branching structure. 

Given the varying pathway of the sound propagation 
for the different frequencies and the dependence of v on 
the propagation medium (Table 1), it can be deduced that v 
of the lung sounds at the lower frequencies is lower than v 
at the higher frequencies. This is because the sounds of the 
lower frequencies are bound to the parenchymal tissue 
with v=50 m/s and the sounds of the higher frequencies 
propagate primarily through the airways with v=270 m/s. 

3. Attenuation of body sounds 

Besides attenuation of the body sounds due to the 
spreading losses (see geometrical damping factor 1/r in 
Eq.2), the ability of sounds to travel through matter 
depends upon the intrinsic attenuation within the 
propagation medium. Generally, the attenuation 
phenomena include the following effects which will be 
discussed within the scope of the present chapter: 

1. Volume effects, e.g., absorption;  
2. In homogeneity effects, e.g., reflection and 

refraction. 

3.1. Volume effects 

Obviously the most important volume effect is the 
absorption which account for the loss or transformation of 
sound energy while passing through a material. The 
absorption process is represented quantitatively by  in 
Eq.2 (compare Fig.1) and accounts for the influence of all 
three [17, 18, 20, 22]: 

1. Inner friction, 
2. Thermal conduction,  
3. Molecular relaxation. 
The inner friction arises because of the differences in 

the local sound particle velocities. The friction strength is 
proportional to the ratio of the dynamic viscosity  to , 
which shows that the transmission pathways with inertial 
components yield larger damping. The corresponding 
friction-related component F of  can be calculated as 

 2
3

2
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
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The value of F in the water is extremely low, e.g., 
F10-8 m-1 at 1 kHz. The latter value is also 
approximately applicable to the tissue which consists 
mainly of water (Table 1). In the air and large airways F 
increases by a factor of 1000 up to 10-5 m-1. 

The thermal conduction can be interpreted as 
diffusion of a kinetic energy. Since the propagation of the 
sound wave is linked with the local variations of 
temperature, the local balancing of these variations by the 
thermal conduction withdraws the energy from the wave. 
The coefficient T accounting for the above energy losses 
can be calculated as 
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where cP and cV are the specific heat capacities at the 
constant pressure and volume, respectively, and  is the 
heat conductivity. The value of T in water is lower than 
F in water by a factor of 1000, whereas T in air is in the 
some order as F in air. 
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The molecular relaxation contributes also to the 
acoustic absorption in the tissue. This phenomenon is 
based on the fact that the rapidly submitted energy from 
the sound field is primarily stored as rotational energy of 
atoms of involved molecules and, on the other hand, as 
translational energy which is proportional to the gas 
pressure. In contrast to the above energies, the vibrations 
of the molecules themselves start with some delay at the 
expense of rotational and translational energies. Thus a 
thermal equilibrium arises with a time constant  
(relaxation time) between these three types of energies. 
However, the delayed setting of this equilibrium yields 
energy losses, accounted by the absorption coefficient M 
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Here fM (=1/(2·ð·)) is the molecular relaxation 
frequency determined by the molecular properties, v0 and 
v∞ (>v0) are the sound velocities before relaxation (f<<fM) 
and after relaxation (f>>fM), respectively. In particular, the 
energy losses show a maximum at f=fM concerning the 
product M·. In the water, fM shows a very high value of 
about 100 GHz. This high value of fM (>>2 kHz) induces a 
very small M of about 10-8 m-1 and a strong frequency 
dependence of M ( f 2 ) in the frequency range of the 
body sounds (Chapter 1). The resulting value of M in the 
water is in the range of F in the water. Contrary to the 
water, the value of fM in air is in the human acoustic range, 
the relaxation induced mainly by oxygen molecules (fM10 
Hz) and water molecules which content is given by the air 
humidity. Thus M in air is relatively large and amounts to 
about 10-3 m-1 at 1 kHz. 

The total absorption , as used in Eq.2, can be given 
as the sum of the discussed absorption coefficients, to give 

 MTF   . (7) 

Table 1 compares F and T for the relevant types of 
biologic media involved in the sound transmission. It can 
be observed that the adipose tissue is the strongest 
absorber, followed by the air and airways, if only the inner 
friction and thermal conduction are considered. However, 
it should be stressed that F and T represent only the 
lowest threshold of the real absorption coefficient, the 

component M in Eq. 7 being usually larger than the sum 
F+T by a few orders of magnitude. 

If we consider the volume effects from a more 
practical point of view, the following observations can be 
made. An early paper [1] suggests that if the effects of the 
inner friction (, Eq. 4) are small, as in the case with 
water, air and bone, the sound energy may be transmitted 
with remarkably little losses. In other media, such as fatty 
breast tissue, the sound waves are almost immediately 
suppressed (compare Table 1). The flesh of the chest acts 
also as a significant damping medium since the obesity 
might completely mask the low frequency heart sounds [1], 
as will be demonstrated by own experimental data at the 
end of this chapter. 

It is important to observe from Eqs. 4 and 5 that the 
sound absorption increases with increasing f, in particular, 
F and T are proportional to f 2. The obvious consequence 
is that the transmission efficiency of the lung parenchyma 
and the chest wall deteriorates with increasing f, i.e., the 
tissues act as a lowpass filter which transmits sounds 
mainly at low f [8, 18, 23, 24]. However, experimental data 
for the biological tissue suggest slightly different 
frequency dependence. That is, there are publications [5, 
22, 25] which report that  is approximately proportional 
to f, whereas individual tissues may vary somewhat in 
between, e.g., hemoglobin has  proportional to f 1.3. 

The non-continuous porous structure of the lung 
parenchyma is of a special importance regarding the 
frequency dependence of the sound absorption [16]. That 
is, the alveoli in the parenchyma act as elastic bubbles in 
the water, which dynamic deformation due to oscillating p 
dissipates the sound energy [20]. As long as  (Table 1) is 
significantly greater than the alveolar size (diameter < 
1mm), the losses are relatively low. In this case, the losses 
due to the thermal conduction are considerably larger in 
magnitude than those associated with the inner friction and 
scattering effects [18]. If the value of  approaches 
alveolar size, i.e., f is increasing, the absorption exhibits 
very high losses [6]. However, it is important to note that 
the spectral range up to 2 kHz, i.e., the relevant spectral 
range of the body sounds (Chapter 1), yields values of  
which are still larger then the alveolar diameter. For 
instance, the alveolar size of  in the lung parenchyma is 
approached earliest at f=23 kHz with v=23 m/s. 

 

  sC  104 (ADC units) 

Non-apnea patients 

 Apnea patients 

BMI (kg/m2) 
 

 

Fig. 2. Relationship between the peak amplitude sC of the heart sounds and the body mass index BMI for apnea patients (black) and non-apnea 
patients (grey), including corresponding linear regression lines 
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Indeed, own experimental data gained with the body 
sounds sensor support the findings from above that the 
attenuation of the body sounds is significantly influenced 
by the volume effects. Fig.2 shows a regression analysis 
for the heart sounds, i.e., the regression between the peak 
amplitude sC of the heart sounds and the body mass index 
BMI (anthropometric measure defined as weight in 
kilograms divided by the square of height in meters). Data 
of 20 patients were analysed; in total 9 patients had apnea 
(cessation of effective respiration during sleep). It can be 
deduced from the regression that increasing BMI is linked 
with decreasing sC , an increase from 24 to 38 kg/m2 
causing about 60% loss of the amplitude, the cross-
correlation coefficient being about -0.6. This might 
indicate that the increasing thickness of tissue and 
increasing amount of adipose tissue (in patients with 
higher BMI) yield a strong damping of the heart sounds. 

Furthermore, the regression lines in Fig.2 indicate that 
sC is slightly higher for the non-apnea patients in 
comparison with the apnea patients. This is in full 
agreement with the clinical signs of apnea [2, 3], including 
that the risk of apnea is strongly interrelated with the 
increased BMI and thus the decreased sC. 

3.2. Inhomogeneity effects 

The inhomogeneity effects, namely, the reflection and 
refraction, play also an important role within the scope of 
the body sound attenuation. The spatial heterogeneity of 
the thorax that reflects the underlying anatomy, as 
demonstrated in Fig.1a, indicates the relevance of the 
intrathoracic sonic reflections and refractions. In addition, 
the tubelike resonances of the respiratory tract influence 
the attenuation of the body sounds [6]. 

The reflection phenomenon describes the relationship 
between the reflected and incident wave. If the reflection 
of the inner body sounds is considered on the skin 
(simplified tissue-air interface), as shown in Fig.3, then the 
reflection law yields the reflection coefficient R, i.e., the 

ratio of the reflected and incident p in the tissue, to give 

 
TA

TA

ZZ

ZZ
R




  (8) 

Here ZA and ZT are the sound radiation impedances 
(=·v) of the air and tissue, respectively. The calculation 
yields ZA340 kg·m

-2
·s

-1 and ZT1.4·10
6 kg·m

-2
·s

-1, whereas 
the physical properties of the tissue were approximated by 
those of the water. Given the values from above, Eq.8 
yields R-0.998. This very high value of R indicates that 
more than 99% of the incident p is reflected and less than 
1% is transmitted through the skin if the simplified tissue-
air interface is assumed. 

A few restrictions should be mentioned regarding the 
above estimation of the reflection and transmission. The 
first restriction is that the human skin is a true multilayer 
consisting approximately of three layers: the inmost 
subcutaneous fat tissue, followed by the dermis, and the 
outer epidermis. Actually, the transmission of the body 
sounds through this multilayer would tend to yield a higher 
transmission rate compared with the simplified tissue-air 
interface. It is because of the assumption that the 
respective two neighboring layers would show a less 
difference in their sound radiation impedances Z2 and Z1 
than the difference between ZA and ZT. As a result, the 
term |Z2-Z1| from Eq.8 would exhibit a lower value than the 
term |ZA-ZT|, which would yield a lower R for the 
respective neighboring layers and thus a higher total 
transmission rate. 

The second restriction is that the reflection law holds 
only when  of the sound is small compared to the 
dimensions of the reflecting surface, otherwise the 
scattering laws govern the reflection phenomena. Indeed, 
in the case of the body sounds, the application of the 
reflection law is limited, since  (Table 1) and the 
dimensions of the reflecting surface (Fig.1) are in the same 
order. In spite of the above restrictions, the estimated low 
transmission efficiency (<1%) underlines the importance 
of an optimal sound auscultation region. 
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Fig. 3. Reflection losses and refraction of the body sounds when leaving the tissue. The decreasing thickness of the propagating wave front 
indicates the decreasing intensity due to the reflection losses 
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The second inhomogeneity effect is the refraction 
which describes the bending of acoustic waves when they 
enter a medium where their v is different. Given the 
aforementioned simplified tissue-air interface, as 
demonstrated in Fig.3, the refraction angle A and the 
incident angle T obey the refraction law which yields 
A<T , given the values from Table 1. This means that the 
refracted wave front of the body sounds is bent towards the 
normal of the skin, which yields a more flat wave front in 
the air than in the tissue (Fig.3). From a practical point of 
view, the flattened wave front in the air favours the sounds 
auscultation, for the wave front is bunched and redirected 
towards the body sounds sensor on the skin. Lastly, it 
should be mentioned that the discussed restrictions 
pertaining to the reflection also apply to the refraction 
phenomenon. 

3.3. Concluding remarks 

The described biomechanical mechanisms of the sound 
propagation reveal that a large percentage of the original 
sound energy never reaches the surface because of 
spreading, absorption, scattering, reflection, and refraction 
losses. In particular, the sound attenuation within the body 
is highly inhomogeneous due to the heterogeneous thorax 
composition, and it increases generally with an increasing 
sound frequency. As a result, the high frequency sounds 
are more regionally restricted and play an important role in 
localizing, for instance, the breath sounds to underlying 
pathology. 

Interestingly, the spatial propagation pathway of the 
sound waves depends on their frequency. That is, the low 
frequency sounds are predominantly bound to the inner 
mediastinum while the high frequency sounds tend to take 
an airway bound route. The different pathways have a 
strong influence on the resulting sound propagation 
velocity and wavelength, determining the type of acoustic 
field (near or far) on the auscultation site and, on the other 
hand, the strength of the prevailing scattering, reflection, 
and refraction effects. 

The discussed unique transmission of the body sounds 
offers a solid basis for proper understanding of the 
relevance of the auscultated sounds and the optimization of 
the acoustic recording techniques. 
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E. Kaniu�as 

�mogaus kûno garsø perdavimas: ap�valga 

Reziumë 

Registruojamieji akustiniai kûno garsai yra svarbûs nustatant 

diagnozê. Kûno garsø sklidimas nuo �idinio iki jø registracijos vietos 

nulemia registruoto akustinio biosignalo charakteristikas. �i publikacija 

ap�velgia unikalø kûno garsø sklidim¹ ir jø slopinim¹, parodo, kaip 

heterogeninë kûno struktûra ir garsø da�nis veikia garsø sklidimo keli¹ ir 
garsø charakteristikas. Fenomenalus kûno garsø sklidimas leid�ia á�velgti 

klini�kai svarbø ry�á tarp dominanèio fiziologinio rei�kinio ir 
registruojamo signalo. Be to, �is sklidimas parodo biosignalø 

reik�mingum¹ ir suteikia galimybê tobulinti kûno garsø registravimo 
technik¹. 
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