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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:

(i) point source of sound, as approximately given in the case of the heart
sounds (Sec. 2.1), tracheobronchial lung sounds (Sec. 2.2), and snoring sounds
(Sec. 2.3); and

(ii) distributed sources of sound, as given for the vesicular lung sounds (Sec. 2.2).

In the case of the point source of sound, the sound intensity of the radially
propagating sound waves will obey the inverse square lawt under free-field
conditions, i.e. without reflections or boundaries. This law yields that the sound
intensity at 2·r has one-fourth of the original intensity at r, which can be considered
as spreading losses. In addition to the latter intensity decrease, the propagation
medium absorbs the sound intensity with increasing r in terms of absorption losses
(Sec. 4.2).

Given both phenomena from the above and assuming that the sound intensity
is proportional to the squareu of the sound wave pressure p, the amplitude of p can
be approximated as a function of r according to

p(r) = k · p0

r
· e−α(r)·r. (4)

Here, k is the constant, p0 is the sound pressure amplitude of the point source at
r = 0, and α(r) is the sound absorption coefficient (Sec. 4.2.1) as a function of r.
Here, the geometrical damping factorv 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. (4) 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. (4), to give

p(r) = k ·
∫

V

σ(r)
r

· e−α(r)·r · dV (5)

tThe inverse square law comes from strict geometrical considerations. The sound intensity at any
given radius r is the source strength divided by the area of the sphere (= 4 ·π · r2) which increases
proportional to r2.7
uThe assumption of the proportionality between the sound intensity (= p2/Z with Z as the sound
radiation impedance) and p2 is strictly held only under far-field conditions (r > 2 · λ).
vGenerally, different assumptions regarding the geometrical damping factor can be found in
literature. For instance, the damping factor 1/r in Eq. (4) was neglected completely by Wodicka
et al.,26 i.e. the authors assumed plain wave conditions for the propagation of the sound intensity
(∝ p2, compare Footnote u) in the lung parenchyma. On the other hand, the studies by Kompis
et al.18,63 assumed an even stronger geometrical damping factor of 1/r2 for the assessment of the
spatial distribution of p within the thorax region.
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with

p0 =
∫

V

σ(r)· dV. (6)

Here, p0 from Eq. (4) is substituted by σ(r) which represents the volume V density
of the distributed sound pressure (Eq. (6)).

Figure 13 demonstrates schematically the integration procedure for the highly
heterogeneous thorax region (Fig. 13(a)), showing inhomogeneously distributed
α(r) (Fig. 13(b)). The point source of sound with p0 in the heart region and the
distributed sources with local sound pressure σ(r) · dV in the lung parenchyma
contribute to p at the auscultation site, i.e. the application region of the body
sounds sensor.

4.1.3. 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 300Hz according to
Pasterkamp et al.16 or in the frequency range [100,600]Hz according to Wodicka
et al.,26 the transmission system of the lung sounds possesses primarily two features:

(i) 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.

(ii) 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 the above, the propagation
pathway at the lower frequencies is primarily bound to the inner mediastinum,
the sounds exiting the airways via wall motion. According to Rice,60 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.

Contrary to the case of 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 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 ≈ 50m/s and the sounds of the higher frequencies
propagate primarily through the airways with v ≈ 270m/s. Furthermore, the
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varying propagation pathway has strong implications on the asymmetry of the sound
transmission, as will be discussed in Sec. 5.

Various experimental data confirm the changing transmission pathway and
changing v over the frequency of sounds. For instance, an overview16 shows that
the sound transmission from the trachea to the chest wall occurs with a phase delay
of about 2.5ms at 200Hz (low frequencies), whereas at 800Hz (higher frequencies)
sound traverses a faster route with a phase delay of only 1.5ms.w

Finally, it should be mentioned that an experimental estimation of the
transmission characteristics of the sounds can lead even to diagnoses and
categorization of diseases, for different diseases affect the transmission in a unique
way. For instance, as shown by Iyer et al.,23 this could be achieved in terms of
the autoregressive modeling of the lung sounds with the aim to identify one or a
combination of the hypothetical sound sources (e.g. random white noise sequence,
periodic train of impulses, and impulsive bursts) and to characterize the prevailing
sound transmission characteristics.

4.2. Attenuation of sounds

Besides attenuation of the body sounds due to the spreading losses (see geometrical
damping factor 1/r in Eq. (4)), the ability of sounds to travel through matter
depends upon the intrinsic attenuation within the propagation medium. Generally,
the attenuation phenomena includes the following effects which will be discussed
within the scope of the present chapter:

(i) volume effects, e.g. absorption and scattering, and
(ii) inhomogeneity effects, e.g. reflection and refraction.

4.2.1. Volume effects

Obviously, the most important volume effects are the absorption and scattering
which account for the loss or transformation of sound energy while passing through
a material. The absorption process is represented quantitatively by α in Eq. (4)
(compare Fig. 13) and accounts for the influence of all three26,59,61,64:

(i) inner friction,
(ii) thermal conduction, and
(iii) molecular relaxation.

wThe hypothesis of the parenchymal propagation at the lower frequencies is also supported by the
fact that the inhalation of a helium oxygen mixture only weakly affects (= reduces) the phase delay
of the sound transmission from the trachea to the chest wall at the lower frequencies.16 In contrast,
the phase delays are significantly reduced at the higher frequencies by the helium oxygen mixture
in comparison with the air; a reduction of about 0.7ms can be observed at 800 Hz with practically
no reduction at 200Hz. Since the inhaled gas mixture shows higher value of v than the air, the
above observation proves a more airway bound sound route in the case of the higher frequencies.
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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
η to ρ, which shows that the transmission pathways with inertial components yield
larger damping. The corresponding friction-related component αF of α can be
calculated as

αF =
8 · π2 · η
3 · ρ · v3

· f2 . (7)

The value of αF in water is extremely low, e.g. αF ≈ 10−8 m−1 at 1 kHz. The
latter value is also approximately applicable to the tissue which consists mainly of
water (Table 1). To give an example, the value of p decreases by about 1 dB after
10,000km sound traveling at 1 kHz in water if only αF is considered. In the air
and large airways αF increases by a factor of 1000 up to 10−5 m−1, which yields a
decrease of p by about 1 dB after 5 km sound traveling in air.

The thermal conduction can be interpreted as diffusion of 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 sound wave. Coefficient αT accounting for the above energy losses
can be calculated as

αT =
(

cP

cV
− 1

)
· 2 · π2 · υ
cP · ρ · v3

· f2, (8)

where cP and cV are the specific heat capacities at constant pressure and volume,
respectively, and υ is the heat conductivity. In water, the value of αT is lower than
αF by a factor of 1000, whereas in air αT is in some order as αF .

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 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 τ (= relaxation time) between
these three types of energies. However, the delayed setting of this equilibrium yields
energy losses, accounted by the absorption coefficient αM ,

αM =
(

1 − v2
0

v2∞

)
· 2 · π2 · τ
v · (1 + (f/fM)2)

· f2 . (9)

Here, fM (= 1/(2 · π · τ)) is the molecular relaxation frequency determined by
the molecular properties, and v0 and v∞ (> v0

x) are the sound velocities before

xThe value of v0 is lower than v∞ because the compressibility at lower frequencies before the
relaxation (f � fM ) is higher than that at higher frequencies (f � fM ); compare the influence
of D on v in Eq. (3).61
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relaxation (f � fM ) and after relaxation (f � fM ), respectively. In particular, the
energy losses showa maximum at f = fM concerning the productαM ·λ. In water, fM

shows a very high value of about 100GHz. This high value of fM (� 2 kHz) induces a
very small αM of about 10−8 m−1 and a strong frequency dependence of αM (∝ f2) in
the frequency range of the body sounds (Sec. 2). In water, the resulting value of αM is
in the range of αF . Contrary to the case of water, the value of fM in air is in the human
acoustic range, the relaxation induced mainly by oxygen molecules (fM ≈ 10Hz) and
water molecules, the content of which is given by the air humidity. Thus αM in air is
relatively large and amounts to about 10−3 m−1 at 1 kHz.

It is important to observe from Eqs. (7) and (8) that the sound absorption
increases with increasing f , in particular, αF and αT are proportional to f2. The
total absorption α, as used in Eq. (4), can be given as the sum of the discussed
absorption coefficients, to give

α = αF + αT + αM . (10)

Table 1 compares αF and αT 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 αF and αT represent
only the lowest threshold of the real absorption coefficient,y the component αM in
Eq. (10) being usually larger than the sum αF + αT by a few orders of magnitude.

The scattering is the second volume effect being relevant for the attenuation
of the propagating body sounds. Generally, the sound energy is scattered, i.e.
redirected in random directions, when the sound wave encounters small particles.z

If the size of particles is much smalleraa than λ, then the Rayleigh scattering occurs,
whereas for larger particles the Mie scattering is the relevant phenomenon.bb Since
the dimensions of the inner body structures, e.g. heart, lung lobes, and bones
(Fig. 13(b)), are in the same order as λ (Table 1), the scattering can be expected —
from a qualitative point of view — to contribute significantly to the attenuation
of the propagating body sounds. Furthermore, it is important to note that the
scattering can be quantitatively assessed by a scattering coefficient which is defined
in a similar way as α in Eq. (4).

yFor instance, the absorption in gases is well accounted by the inner friction, thermal conduction,
and molecular relaxation. That is, the observed absorption is only slightly higher than the predicted
one. However, the real absorption in water is much higher than would be expected on these grounds.
The excess absorption can be explained as due to a structural relaxation and a change in the
molecular arrangement during the passage of the wave.65
zGenerally, the scattering of acoustic waves in the tissue is due to the chaotic variation in the
refractive index at macroscopic scale resulting in dispersion of the acoustic waves in all directions.
aaThe scattering of sound waves around small obstacles (dimensions ≤ λ) is also coined as wave
diffraction.
bbThe Rayleigh scattering presents isotropic scattering (scatters in all directions), while the Mie
scattering is of anisotropic nature (forward directed within small angles of the beam axis).
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If we consider the volume effects (absorption and scattering) from a more
practical point of view, the following observations can be made. An early paper1

suggests that if the effects of the inner friction (≈ η, Eq. (7)) are small, as in
the case with water, air, and bone, the sound energy may be transmitted with
remarkably little loss. 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.

Regarding the mentioned theoretical frequency dependence of α(∝ f2), it must
be noted that experimental data for the biological tissue suggest a slightly different
frequency dependence. That is, Erikson et al.64 report that α is approximately
proportional to f , whereas individual tissues may vary somewhat in between, e.g.
hemoglobin has α proportional to f1.3. In addition, there are publications4,15 which
report that the energy of the vesicular sounds (Sec. 2.2) declines exponentially with
increasing f , which would imply the proportionality between α and f either.

The obvious consequence of the frequency dependence of α 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 transmit sounds mainly at
low f .26,66,67 For instance, a model-based estimation of the acoustic transmission has
shown a sound attenuation in the [0.5,1] dB/cm range at 400Hz,18 the attenuation
being negligible at 100Hz and increasing to approximately 3 dB/cm at 600Hz.26 It
can be derived from the preceding data that α is about 10m−1 according to Eq. (4).
That is, the estimated α is higher than αF + αT of the tissue according to Table 1
by orders of magnitude, which confirms that αF and αT represent only the lowest
theoretical threshold of α.

Because of the frequency dependence of α the higher frequency sounds do not
spread as diffusely or retain as much amplitude across the chest wall as do lower
frequencies. The high frequency sounds are thus more regionally restricted and
play an important role in localizing, for instance, the breath sounds to underlying
pathology.cc

The non-continuous porous structuredd of the lung parenchyma is of special
importance regarding the frequency dependence of the sound absorption. As already

ccFor instance, pathologically consolidated lung tissue yields a reduction of the attenuation of the
high frequency components and thus a higher amount of high pitched sounds. This is because
the intrinsic lowpass filtering characteristics of the lung are pathologically altered, which yields
a decrease of the corresponding cut-off frequency. This behavior offers the ability to localize the
regions of consolidated lung tissue, and it is the high frequencies of the lung sounds (Sec. 2.2) that
facilitate this. To give another example of application, the non-linear spectral characteristics of
the sound transmission help to localize also the cardiovascular sounds (Sec. 2.1) to their points of
origin.
ddHomogenous materials tend to absorb the acoustic energy mainly because of the inner friction,
i.e. due to inner local deformations of the material. Contrary to the homogenous materials, porous
materials as the lung parenchyma tend to absorb the acoustic energy also in terms of outer friction,
i.e. the friction between the oscillating air particles and porous elements of the material.7
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mentioned in Sec. 4.1.1, the parenchyma is dominated by the components of tissue
and air.16,18 That is, the alveoli in the parenchyma act as elastic bubbles in water,
whose dynamic deformation due to oscillating p dissipates the sound energy.61 As
long as λ (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 largeree in magnitude than those associated with the inner friction and
scattering effects.26 If the value of λ approaches the alveolar size, i.e. f is increasing
(Eq. (2)), the absorption exhibits very high losses.16 However, it is important to
note that the spectral range up to 2 kHz, i.e. the relevant spectral range of the
body sounds (Sec. 2), yields values of λ which are still significantly larger than the
alveolar diameter. For instance, the alveolar size of λ in the lung parenchyma is
approached earliest at f ≈ 23 kHz with v = 23m/s from Sec. 4.1.1.

Indeed, own experimental data gained with the body sounds sensor (Fig. 1)
support the findings from the above that the attenuation of the body sounds is
significantly influenced by the volume effects. That is, the chest acts as a significant
damping medium, and the obesity tends to attenuate significantly the investigated
heart sounds (Sec. 2.1). Figure 14 shows a regression analysis for the heart sounds,
i.e. the regression between the amplitude of sC and BMI (see Footnote n). Data
of 20 patients were analyzed; in total nine patients had apnea (see Footnote b). It
can be deduced from the regression that increasing BMI is linked to the decreasing
amplitude of 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 sC .

Furthermore, the regression lines in Fig. 14 indicate that the amplitude of 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, including the risk of apnea

BMI (kg/m2)

 sC,P  ×104 (ADC units) 

 Apnea patients 

Non-apnea patients 

Fig. 14. Relationship between the peak amplitude sC,P of the cardiac component sC and the body
mass index BMI for apnea patients (black) and non-apnea patients (gray), including corresponding
linear regression lines.

eeThis relation was shown by modeling the lung parenchyma as air bubbles in water, the bubbles
being compressed and expanded by the acoustic wave.26
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that is strongly interrelated with the increased values of BMI and thus the decreased
values of sC .

Finally, it should be noted that a significant variability of the amplitude of sC

was observed among patients (Fig. 14) but not over the recording time of a single
patient. A relatively small amplitude variation of up to 40% over the recording time
was mainly caused by the respiratory dependence of the cardiac activity (compare
Fig. 12(a)). Contrary to the variability of sC , the amplitude variability of sR and
sS (Secs. 2.2 and 2.3) was considerably high among patients as well as over the
recording time. This is due to the fact that both sR and sS are directly influenced
by highly varying strength and type of the respiration among patients as well as
over the recording time.

4.2.2. Inhomogeneity effects

The inhomogeneity effects, namely the reflection and refraction, also play 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. 13(a), indicates the relevance of the intrathoracic sonic reflections and
refractions. In addition, the tubelike resonancesff of the respiratory tract influence
the attenuation of the body sounds.16

The reflection phenomenon describes the relationship between the reflected and
incident waves. If the reflection of the inner body sounds is considered on the skin
(simplified tissue-air interface), as shown in Fig. 15, then the reflection law yields
the following: the reflection angle to the normal matches the incident angle βT to the
normal, and the reflection coefficient R, i.e. the ratio of the reflected and incident
p in the tissue, can be given as

R =
ZA − ZT

ZA + ZT
. (11)

Here, ZA and ZT are the sound radiation impedances (= ρ · v) of air and
tissue, respectively. The calculation yields ZA ≈ 340kg m−2 s−1 and ZT ≈ 1.4 ×
106 kgm−2 s−1, whereas the physical properties of the tissue were approximated by
those of water. Given the values from the above, Eq. (11) 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.

ffThe tubelike resonances can be attributed to the phenomenon of standing waves within the
respiratory tract, which, in approximation, resembles a tube. For instance, the standing waves
occur when the open tube length l matches half-wavelength λ/2 of the acoustic wave passing
through it, for the acoustic pressure nodes arise at both open ends of the tube. The resulting
harmonic eigenfrequencies fn

fn =
v

λ
· n =

v

2 · l · n

with n (= 1,2,3,. . . ) as the ordinal number of eigenoscillation provide frequencies at which the
transmission efficiency reaches its maximum (compare Eq. (2)).
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Air (vA , λA , ZA)

λT

λA  (< λT)Refracted wave front

  Incident wave front

Refracted / incident characteristics:
vA < vT λA < λT ZA < ZT

β T

βA

Tissue (vT , λ T , ZT)

≈ 1 % intensity 

100 % 
intensity 

 Skin

Fig. 15. 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.

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, term |Z2−Z1| from Eq. (11) would exhibit a lower value than 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 λ of the sound is
small compared to the dimensions of the reflecting surface; otherwise the scattering
laws (Sec. 4.2.1) govern the reflection phenomena. Indeed, in the case of the body
sounds, the application of the reflection law is limited, since λ (Table 1) and the
dimensions of the reflecting surface (Fig. 13) 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, as will be discussed in Sec. 5.

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. 15, the
refracted angle βA to the normal and βT obey the Snell’s refraction law

vA

vT
=

sin(βA)
sin(βT )

, (12)

where vA and vT are the sound velocities in air and tissue, respectively. Given the
values from Table 1, it can be deduced that βA < βT . This means that the refracted
wave front of the body sounds is bent toward the normal of the skin, which yields
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a more flat wave front in air than in the tissue (Fig. 15). From a practical point of
view, the flattened wave front in air favors the sounds auscultation, for the wave
front is bunched and redirected toward the body sounds sensor on the skin (Fig. 1).
Lastly, it should be mentioned that the discussed restrictions pertaining to the
reflection also apply to the refraction phenomenon.

4.3. Coupling of sounds

In addition to the discussed effects of the sound attenuation within the body
(Sec. 4.2), the coupling of the body sounds by the body sounds sensor (Fig. 1)
should be addressed, since it can be expected to affect the sound attenuation or the
gain of p at the microphone diaphragm. As demonstrated in Fig. 16(a), the coupling
of the sounds through numerous interfaces within the body sounds sensor, namely
from the skin into the chestpiece diaphragm, from the diaphragm into the air within
the bell, and finally from the air into the microphone diaphragm, contributes to the
sound attenuation.

From a technical point of view, the mechanical/acoustical impedance mismatch
in the above interfaces of the sensor accounts for the sound attenuation, for matched
impedances would not yield any sound attenuation due to coupling (compare
Eq. (11) with ZA = ZT ). The issue of the impedance mismatch can be qualitatively
addressed by the use of the electromechanic analogygg of the resulting skin–
diaphragm–air–diaphragm interface, as shown in Fig. 16(b).

  FMD

F

DS

DCD

DA

DMD

Body sounds

Electrical signal

Skin

Chestpiece 
diaphragm

Air 

Microphone
diaphragm

∼

(a) (b)

Fig. 16. Coupling of the body sounds by the body sounds sensor (Fig. 1). (a) Sound coupling from
the skin, through the chestpiece diaphragm, the air in the cavity of the bell into the microphone
diaphragm. (b) Corresponding first electromechanic analogy.

ggFormally, the first electromechanic analogy is used here, which sets the mechanical force
analogous to electrical voltage, the sound particle velocity to electrical current, the mechanical
compliance to electrical capacity, the mass to electrical inductivity, and the frictional resistance to
electrical resistance.7 In addition, the first analogy yields electrical circuits which are reciprocally
equivalent to mechanical circuits.
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For the sake of simplicity, only compliances D of the involved materials are
considered here, not accounting for the mass and frictional resistance. It is important
to note that the compliances (= feathers) are approximately connected in parallel in
terms of mechanical connections because the feathers work against the same sensor
housing which is not involved in the oscillations of p. Given the first electromechanic
analogy implying a reciprocal electrical circuit, a series connection of the involved
D as capacitors results as a model for the sound coupling, as shown in Fig. 16(b).
Here, index S of D denotes the skin, index CD stays for the chestpiece diaphragm,
index A for the air in the bell, and index MD for the microphone diaphragm.

The interesting quantity within this theoretical investigation is the resulting
force FMD on the microphone diaphragm. It represents p acting on the diaphragm
and thus accounts for the output voltage of the microphonehh and the output signal
s of the body sounds sensor (Fig. 1). According to Fig. 16(b), the value of FMD (or in
analogy, the voltage on the capacitor with value DMD) can be then approximated as

FMD = F · DS‖DCD‖DA

DS‖DCD‖DA + DMD
. (13)

Here, F is the total force pertinent to the body sounds entering the skin, and
operator ‖ denotes the relevant calculation rule for the series connection of the
capacitors. Expression DS‖DCD‖DA indicates the total capacity of the series
connection of the capacitors with values DS, DCD, and DA. In analogy with the
mechanical circuit, term DS‖DCD‖DA represents the total compressibility of all
three: the skin, the chestpiece diaphragm, and the air.

It is obvious that the material of both diaphragms is less compressible than
the tissue of the skin, whereas the skin is less compressible than the air. As a
rough estimation, the diaphragm material can be approximated by acrylic glass
(= plexiglass) and the skin tissue by water. Then the following compliance values
result: DCD = DMD = 0.3 1/GPa, DS = 0.5 1/GPa, and DA = 7000 1/GPa (see
Footnote s). With the obvious relation DA � (DCD, DMD, DS) and the above-
mentioned values, the value of FMD can be estimated as

FMD ≈ F · DS‖DCD

DS‖DCD + DMD
≈ F · 0.4. (14)

hhThe used microphone within the body sounds sensor (Fig. 1) is an electroacoustic transducer
(the Sell capacitor7) which converts the pressure p variations at its diaphragm into an electrical
sensor signal s. The microphone comprises a metallic diaphragm as a first electrode, spaced at a
very short distance from a parallel fixed plate which acts as a second electrode. Both electrodes
operate as a capacitor which is charged through the charging potential provoked by the permanent
polarizing dielectric material in between the electrodes. The variations of p at the microphone
diaphragm yield its excursions, which change the capacity in between the electrodes and thus the
voltage across the electrodes. As a result, a current through the capacitor is induced, which yields
an output voltage (= s) on an external resistor.
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The above equation shows that about 40% of the acoustical forces pertinent to
the body sounds entering the skin are transmitted to the microphone diaphragm if
only the coupling losses are roughly considered. However, this theoretical estimation
yields a rather maximum value of the transmission efficiency since neither frictional
resistance nor mass was considered.

In addition, the discussed electromechanic analogy allows an important insight
into the phenomena of sound coupling. That is, the sound transmission from a
medium of low compressibility, e.g. skin, into a medium with high compressibility,
e.g. air, is always connected with relatively high losses, whereas the reverse
transmission path would show relatively low losses (compare Eq. (13)).

Analogous to the impedance mismatch within the investigated skin–diaphragm–
air–diaphragm interface of the body sounds sensor, the impedance mismatch
between the different body tissues can be expected to contribute to the attenuation
of the body sounds. For instance, Pasterkamp et al.16 report that the impedance
mismatch between the parenchyma and the chest wall can account for an order
of magnitude decrease in the amplitude of p. This is because the chest wall is
significantly more massive and stiff than the parenchyma, although the chest wall
is relatively thin.

5. Spatial Distribution of Body Sounds

One would expect from Fig. 13 that the spatial distribution of the hypothetical
sound sources inside the body as well as the regional distribution of the surface
sounds on the body skin is highly non-uniform. This is because

• sound generation mechanisms lack spatial symmetry with respect to the body
axis (Sec. 2) and

• spatial transmission pathways from the sound sources to the skin surface are
highly inhomogeneous in terms of acoustic transmission properties (Sec. 4).

The spatial asymmetry of the sound generation mechanisms is primarily given
by the massive mediastinum on the left site of the thorax (compare Fig. 13(a)). On
the other hand, the inhomogeneous pathways of the sound propagation are caused
by the heterogeneous thorax including a mixture of tissue, lung parenchyma, blood,
air, and bones (Table 1).

The spatial distribution of the heart sounds was investigated by Kompis et al.63

The authors demonstrated that the estimated (= hypothetical) sound sources of
the first heart sound are spatially constricted at the expected location of the heart
itself. In contrast to the first heart sound, the second heart sound gives rise to more
complicated patterns of the sound sources which show multiple spatially separated
centers close to the heart region.

Indeed, given the generation mechanisms of the heart sounds (Sec. 2.1), the
estimated location of the sound sources pertaining to the first heart sound may be
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expected to remain locally constricted to the heart region. In particular, this could
be explained by the location of the sound-generating atrioventricular valves which
are situated inside of the heart and thus are relatively isolated from outside (Fig. 2).
On the other hand, the reported observation regarding the sources of the second
heart sound could be explained by the distal location of the semilunar valves, i.e.
their distal location with respect to the heart itself. These valves act as output
valves whose closures induce vibrations of the external non-constricted blood and
tissues, which, in turn, may result in the multiple scattered sound sources in the
immediate vicinity of the heart.

The distribution of the hypothetical sound sources of the vesicular lung sounds
is consistent with the origin of these sounds (Sec. 2.2), as proven by many
authors.4,18,19,63,68 Specifically, the estimated distribution supports the concept
that the inspiratory sounds are predominantly produced in the periphery of the
lung (= distal airways) by distributed sound sources while the expiratory sounds
are generated by a more central source in the upper proximal airways.

An important issue is that the transmission of the vesicular lung sounds was
shown to be asymmetric, as reported in many papers.16,19,24,68 In particular, the
sound intensity lateralizes with right-over-left dominance at the anterior upper chest
and with left-over-right dominance at the posterior upper chest. The lateralization
is followed more closely during expiration and for the lower frequencies (below
300Hz16 or 600Hz26). In addition, anterior sites show a higher sound intensity
than posterior sites. It is likely that the observed asymmetries are related to the
effects of

(i) localization of the cardiovascular structures on the left side of the major
airways and

(ii) unsymmetrical geometry of airways.

The preferential coupling of the vesicular sounds to the right anterior chest,
especially at the lower frequencies, could be explained by the massive mediastinum
on the left side, for the mediastinum may attenuate the sound coupling to the left
anterior lung (and the left anterior chest). The effect of the unsymmetrical airways
could be pointed out by the fact that the major left segmental bronchi are directed
more posteriorly compared with the right bronchi, because of the anterior position
of the heart on the left side. Obviously, this asymmetric setting of the bronchi
favors the left-over-right dominance of the sound intensity at the posterior upper
chest.

The influence of the frequency on the asymmetric sound propagation should be
briefly commented. The strong asymmetry which arises for the lower frequencies
only can be explained by the frequency dependant propagation of the body
sounds. That is, the low frequency sounds are preferentially bound to the lung
parenchyma and inner mediastinum, as discussed in Sec. 4.1.3. As a result, the
asymmetrical localization of inner body structures plays an important role only
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at the lower frequencies. At the higher frequencies, the asymmetry of the sound
transmission is weaker because the sound pathway changes to a predominantly
airway bound route and is more direct and symmetric, bypassing the effect of the
mediastinum.

The regional distribution of the snoring sounds on the skin surface could
be approximately derived from the lateralization of passively transmitted sounds
introduced at the mouth. These artificially introduced sounds could be roughly
equated with the snoring sounds which originate close to the mouth, i.e. in the
pharyngeal airway (Sec. 2.3). Given the above assumption and using the data68 of
the passively transmitted sounds, it can be expected that the snoring sounds would
lateralize with right-over-left dominance at the anterior upper chest. At the posterior
chest, the snoring sounds should be slightly louder on the left side. In addition,
anterior sites would be expected to show a higher snoring sound intensity than
posterior sites.

The regional distributions of the sound intensities of all three body sound
signal s components, i.e. sC , sR, and sS (simulated snoring), were experimentally
investigated by Kaniusas et al.5 for comparison and for their optimum detection.
For this purpose, acoustic sound recordings were carried out with the body sounds
sensor (Fig. 1) on two healthy male subjectsii in the supine position.

As shown in Fig. 17, the sound intensities were assessed in 10 homologous chest
regions (around third, fifth, and seventh intercostal space (IS) anterior left and right,
respectively; fifth and seventh IS lateral left and right, respectively) and on the neck
(collateral to the trachea). The heart region around the fifth IS on the anterior left
was declared as the “standard” detection region. Therefore, all other eleven regions
will be referred to as “alternative” regions. In particular, the “standard” region was
investigated in comparison with the “alternative” regions.

The assessed sound level sdB was defined as logarithm of s and its components,
respectively. Each subfigure in Fig. 17 includes averaged data on sdB pertaining to
sC , sR, and sS . The sound levels in the “alternative” regions are given in relation
to the “standard” region (sdB = 0).

It can be observed that the “standard” heart region is characterized by similar
intensities of sC and sS which was approximately 5 dB stronger according to
Fig. 17(c). This yields a ratio 0 dB : +5dB between sC and sS , which favors
the simultaneous detection of these two components. Conversely, component sR

is rather weak, its intensity tending to be approximately 30 dB below that
of sC (Fig. 17(b)). The resulting unfavorable ratio 0 dB :−30dB complicates
a synchronous auscultation of respiration, cessation of which represents a key
parameter for the detection of apneas (see Footnote b).

iiIt should be noted that healthy males hardly represent typical apnea patients, especially
concerning the snoring sounds. In particular, the simulated snoring of healthy males differs
markedly from the obstructive snoring of apnea patients (Sec. 2.3).
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Fig. 17. Local intensity variations of body sounds. Signal amplitudes sdB at “alternative” regions
on the chest and neck are given in relation to the “standard” heart region (sdB = 0). Values
between the measured points are generated using bilinear interpolation and are indicated through

the gray tone map. (a) Cardiac sounds sC . (b) Respiratory sounds sR. (c) Simulated snoring
sounds sS . The dashed arrows indicate that sR is 30 dB below sC at the “standard” region while
sS is 5 dB above sC .

Aiming for comparisons of regional distributions and more balanced intensities,
“alternative” regions should be considered. We see the following tendencies:

(i) The intensity of sC decreases with increasing distance from the heart, i.e.
it shows minimum values of about −8 dB in the lower right thorax region
(Fig. 17(a)). Conversely, it shows a 10 dB maximum at the neck.

(ii) sR shows only slight local differences at the thorax (Fig. 17(b)), which result
from the distributed sources. Strongly enhanced signals arise at the neck
(up to +20dB). Contrary to the discussed asymmetric transmission of the
vesicular lung sounds, no evident lateralization of sR can be observed.

(iii) sS shows a maximum of about +7dB at the neck (Fig. 17(c)), as can be
expected in view of the source localization. The intensity decreases with
increasing distance, reaching a −9 dB minimum in the lower right thorax
region.
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The experimental results show that optimum auscultation of all three sound
components sC , sR, and sS is not to be expected from the “standard” heart
region due to the already mentioned ratio 0 dB :−30dB : +5dB between the
respective components. A more efficient auscultation of sR or a better balance
results for the lower right thorax region around the seventh IS which yields a
ratio −8dB :−26 dB :−4 dB, or related to the cardiac region 0 dB :−18 dB : +4dB.
Another attractive auscultation region would be the neck, the right side yielding
a ratio +10 dB :−10 dB : +12dB or 0 dB :−20dB : +2dB, respectively. As can be
seen, the minimum of the intensity of sR cannot be fully overcome.

All the different components of the body sounds prove to contain spatial
information that can be easily assessed using simultaneous sound recordings at
different body sites. The use of this spatial information may lead to advanced
diagnosesjj methods beyond simple single spot sound auscultation, which has
already been proposed for both heart sounds69 and lung sounds.18 For instance,
in the case of the vesicular lung sounds, acoustic images of a pathologically
consolidated lung differ substantially from the images of the healthy lung allowing to
localize the abnormality.18 As a practical restriction, the spatial resolution cannot be
expected to resolve differences below approximately 2 cm (λ ≈ 2.3 cm at v = 23m/s,
Sec. 4.1.1) in the localization of the sound sources.

6. Concluding Remarks

Acoustical signals of human biomechanical systems reveal mainly three sound
components, namely heart sounds, lung sounds, and snoring sounds. The heart
sounds occur predominantly because of the valvular activity of the heart. The
generation mechanisms of the lung sounds rely on more complicated biomechanical
phenomena. In particular, the tracheobronchial sounds are primarily related to the
turbulent airflow and vibrations of the upper airway walls, while the vesicular sounds
arise mainly during inspiration, as the air moves from larger airways into smaller
ones, hitting the branches of the airways. The snoring sounds are mainly generated
by vibrations of the pharyngeal walls and the soft palate.

Given the generation mechanisms of the different body sounds, the hypothetical
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. Contrary to the
latter body sounds, 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.

jjIt is interesting to note that ultrasound methods, i.e. the most prominent spatial imaging methods
using acoustic signals of high frequency (MHz range), have not been successfully applied for
imaging of the lung parenchyma, primarily because the sound damping of the parenchyma is
prohibitively high at the ultrasound frequencies (see frequency dependence of α in Sec. 4.2.1).63
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In contrast to the heart sounds, the lung and snoring sounds exhibit a
high variability from one subject to the other and even from one breath to
the next. In addition, the different body sounds cannot be considered as being
independent. The arising manifold interrelations in between can be attributed
to direct mechanical interrelations between the respective sound sources, neural
implications, and indirect effects.

The biomechanical propagation mechanisms of the body sounds 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 increasing sound
frequency. There represents the adipose tissue the strongest sound absorber, whereas
the strong lowpass characteristics of the lung should be mentioned as well.

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 sound wavelength. In particular, the resulting wavelength
determines 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 largest reflection losses arise at the tissue–air passage showing a strong
mechanical/acoustical impedance mismatch which impedes an efficient sound
auscultation. On the other hand, the concurrent refraction yields a flattened wave
front in the air, which favors the auscultation.

The regional distribution of the intensity of the surface sounds (accessible
through the auscultation) is highly non-uniform and asymmetric, as well as
the spatial distribution of the hypothetical sound sources. This is because the
sound generation mechanisms lack spatial symmetry, and the spatial transmission
pathways are highly inhomogeneous. As an important property, the strong
asymmetry arises only for the lower sound frequencies, which can be explained
by the frequency dependant propagation pathways of the body sounds.

The regional mappings of the different body sounds show that the intensity
of the heart sounds decreases in the thorax region with increasing distance from
the heart, as could be expected from the hypothetical sound sources. However,
an absolute maximum is given at the neck, which could be explained by close
proximity of the auscultation site to the carotid artery. The intensities of the lung
sounds in the different thorax regions yield practically no systematic differences in
their amplitude, primarily because the vesicular sounds show distributed sources;
however, the intensity increases dramatically at the neck, where the bronchial sounds
prevail. Lastly, the snoring sound intensity decreases with increasing distance from
the neck, as the relevant sound source is located there. Generally, the regional
mappings suggest the right thorax region in the area of the seventh intercostal
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space or the neck to be optimal regions for the simultaneous auscultation of all
three types of the body sounds.

Obviously, the relevant sound generation mechanisms in combination with the
transmission properties of the body structures and those of the recording system
determine the signal properties of the auscultated body sounds. The heart sounds
show spectral components in the [0,100]Hz range, the latter components being
statistically irrelevant for the lung and snoring sounds. The spectral components of
the lung sounds are in the range up to approximately 500Hz. The snoring sounds
exhibit an extremely high variance of their intensity and spectral composition.
Normal snoring appears in the range up to approximately 1000Hz, while obstructive
snoring shows amplitudes up to 2000Hz.

The presented issues pertaining to the biomechanical generation of the body
sounds reveal clinically relevant correlations between the physiological phenomena
under investigation and the registered biosignals. The analysis of the unique sound
transmission from the sound source to the auscultation site offers a solid basis
for both proper understanding of the biosignal relevance and optimization of the
recording techniques.
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35. J. Schäfer, ed., Snoring, Sleep Apnea, and Upper Airways (in German) (Georg Thieme

Publisher, 1996).
36. Y. Itasaka, S. Miyazaki, K. Ishikawa and K. Togawa, Psychiat. Clin. Neurosci. (1999)

299.
37. M. Moerman, M. De Meyer and D. Pevernagie, Acta Otorhinolaryngol. Belg. (2002)

113.
38. J. Cummiskey, T. C. Williams, P. E. Krumpe and C. Guilleminault, Am. Rev. Respir.

Dis. (1982) 221.
39. K. M. Hartse, V. C. Thessing, G. H. Branham and J. F. Eisenbeis, Sleep Res. (1995)

243.
40. P. E. Krumpe and J. M. Cummiskey, Am. Rev. Respir. Dis. (1980) 797.
41. D. L. Brunt, K. L. Lichstein, S. L. Noe, R. N. Aguillard and K. W. Lester, Sleep (1997)

1151.
42. W. Hida, H. Miki, Y. Kikuchi, C. Miura, N. Iwase, Y. Shimizu and T. Takishima,

Tohoku J. Exp. Med. (1988) 137.
43. T. N. Liesching, C. Carlisle, A. Marte, A. Bonitati, R. P. Millman, Chest (2004) 886.
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