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ABSTRACT

Human middle ear ensures sound transfer due its ossicular
chain, any disorder or abnormalities in this structure leads to a
conductive hearing loss (CHL). Tinnitus is a health problem,
associated with hearing loss, it remains a devastating
symptom. In this work, we present an electrical model of the
human middle ear including middle ear cavities (Zwmec),
tympanic membrane with ossicular chain (Zroc), and stapes
complex with cochlea load (Zsc). This model is modified to
represent more closely the related pathologies affecting the
middle ear. We will focus our analysis on ossicular chain
disorder by studying the effect of increasing ossicular chain
(OC) stiffness and mass in both normal middle ear structures
and disconnected stapes superstructure. The change in middle
ear structures and impedance allows us to simulate ossicular
chain disorder effects and analyze their impact on sound
transmission. This analysis allowed us to know if this disorder
can eventually cause tinnitus. The results showed that the
effect of ossicular chain anomalies can be studied based on
frequency response of middle ear transfer function by
applying only the principle of mass and stiffness, and
demonstrate compared to clinical results the efficiency and
simplicity of using the electrical model.

Key words: Ossicular chain disorder, human Middle ear,
Electrical model, sound transmission, Tinnitus.

1. INTRODUCTION

Tinnitus is a complex symptom of failing hearing, defined asa
perception of noise or buzzing in the ear [1]. For several
decades tinnitus studies have been focused essentially on the
cochlea [2], unfortunately, the process of hearing is not
limited to the state of the cochlear organ in the inner ear and
this is due to the mechanism of sound transmission throughout
the auditory system, the efficiency with which the acoustic
energy is transmitted throughout this system is essential for
uninterrupted hearing process.

The human middle ear ensured sound transmission throughout
the auditory system. Sound collected in the external ear is
transformed into mechanical vibrations of the tympanic
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membrane and the ossicular chain (Malleus, incus and, stapes)
and then into a traveling wave in the cochlea fluid. To adapt
the low acoustic impedance of the ear and the high impedance
of the cochlea fluid, the middle ear function as an impedance
matching unit [3], and this is due to the lever mechanism of
the ossicular chain. Like any mechanical system, its
functioning depends strongly on the mass of ossicles,
eardrum, and stiffness of membrane and ligaments, any
disorder in the ossicular chain will reduce the efficiency of
sound transmission.

For better understanding the mechanical behavior of the
middle ear, and to predict its normal and pathological
mechanism, different models have been developed in the
literature using different approaches as reviewed in [4], one of
this approaches uses circuits and finite element models,
having each one, its advantage and disadvantage, electrical
circuit models have generally problem to represent the
complexity of real middle ear structure [5] as complex
vibration of the tympanic membrane [6], [7] or
three-dimensional motion of the ossicular chain at high
frequencies [8].

Despite these limitations, compared to the finite element
model, the simplicity of the electrical circuit model allows us
to provide insight into the mechanic of the middle ear which
helps it to represent its band-pass characteristic of the transfer
function and to analyze the effect of each component with a
reduced computational cost. Based on middle ear impedance
the early analog electro-acoustical model is developed to
represent in a quantitative way the different structure of the
middle ear [9], several other models are based on this
electrical model in [10], [11] and was adapted to represent the
human middle ear nonlinearities in [12].

The aims of this paper are: (1) analyze the frequency response
of increased ossicular chain mass and stiffness with intact
tympanic membrane for a normal middle ear structures and
disconnected middle ear stapes superstructure. (2) Study the
effect of these disorders on sound transmission and tinnitus
perception. The paper is structured as follows: the model and
its substructure are described in section II, in section Il we
present the modified model of the pathological middle ear and
simulate the effect of changing ossicular chain structure and
impedance. Finally, the work is concluded in section 1V.
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2. MIDDLE EAR ELECTRICAL MODEL

The human middle ear network can be subdivided into three
impedance blocks [13], this structure is common in a typical
network model as shown in Figure 1.
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Figure 1 : Middle ear network model adapted from [13]

The first block Zmec represents the impedance of middle ear
cavities decoupled from the mechanical pathway, the second
one Zrtoc represents the impedance of the tympanic
membrane (TM) and ossicular chain up to incudo stapedial
junction representing two-port networks of a conductive
pathway and the last one Zsc represent the stapes complex and
cochlea input impedance. The middle ear is considered as a
mechanical system, the differential equations of this complex
mechanical behavior can be represented using electrical
circuits Figure 2 as in [12].

The electrical analog circuit models have been extensively
used in auditory system studies, due to their simplicities to
represent in a very compact way the middle ear function.
Based on electro-acoustical analogy, Voltage and current are
analogous respectively to the acoustic pressure and volume
velocity, Resistors (R), capacitor (C), and inductor (L) of the
given circuit model represent acoustic resistors, compliance,
and acoustic mass.
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Figure 2 : Electrical Model of human middle ear [12]
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The electrical components values are given based on the
transfer function and impedance measurements, and
anatomical data. Electrical impedance is hence analogous to
acoustic impedance. The impedance (Z) of the electrical
elements are given by:

Zr=R

Zc =_i (1)
jow

ZL = jLw

The approximate values of Table 1 give the equivalents
component of the real ear.

Table 1 : Electrical model components values [12]

Middle ear cavities: TM and Ossicular chain
La=12 mH Rd1=20Q
Cp=3.6uF Rd2=105 Q
Ct=0.35uF Rd3=12500 Q
Ra=20Q Cd1=0.5 pF
Rm=420Q Cd2=0.3pF

Stapes +Cochlea : Cd3=0.2uF
Ls=8mH Ld=15mH
Lv=21 mH Lo=40 mH
Cst=0.25 pF-infinity R0=65 Q
Ral=200 Q - 2.6K Q Co=1.4 pF
Cal=0.05 pF -0.4 pF Rs=170 Q
Rc=1211 Q Cs=0.03 pF
Rh=850 Q

Lc=150 mH

2.1 Middle ear substructures description

A. Middle ear cavities:

The electrical model of human middle ear cavities of as shown
in Figure 2 can be written as:

(ZRa+ZCp+ZLa) xZRmeCt
ZrmXZci+ (ZRa+ZCp+ZLa) X(ZRm+ZCt)

Zviec=

()

The human middle ear cavities are divided into two air spaces,
the first one is directly behind the tympanic membrane with
compliance C, and the second with compliance Cp. The
compliance of middle ear cavities depends on the
measurements of the equivalent volume of the association of
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the two compliances as shown in [14, 15] and computed using
Eq. (3)

\%
C=Ct+Cp=—+
pC

3)

With V and p represent the volume and density of air
respectively, and c is the speed of sound. The inductance La
and the resistance Ra represent the acoustic mass and acoustic
resistance respectively due to the narrow passage between the
two parts of cavities and resistance Rm represents the sound
absorption.

B. Tympanic membrane and ossicular chain
The mechanic of tympanic membrane and ossicular chain in
block ZToc Figure 1 is represented by the electrical model of

Figure 2 as m network model with three impedances Ztm, Zocl
and Zoc2 as shown in Figure 3.
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Figure 3 : Two port network Ztoc

The tympanic membrane is modeled as one-dimensional
cylinder with characteristic impedance Ztm.

ZLd><(ZRdZ+ZCd2):|+|:(ZRd3><ZCd3):| (4)

Zid + Zrd2 + Zcdz Zrd3+ Zcds

Ztm = [ZRdl + Zcm] + |:

At low frequencies, the tympanic membrane is modeled as a
rigid mass with the mass of malleus and incus [9] with
impedance characteristic Zocl expressed as:

Zoci= Zio+ Zco+ Zro (5)
The malleus and incus are considered tightly fused [9], so the
flexibility of the incudo-mallear joint is not included in our
model. The impedance that represents the incudo-stapedial
joint is expressed as:

Zoc2 = Zcs+ Lrs (6)
The ossicular chain is modeled from the malleus footplate
coupled with eardrum up to the incudo-stapedial joint.
However, the stapes is part of the ossicular chain but it will be
considered as a separate part due to its motion complexity.
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C. Stapes Complex and cochlea

The behavior of the human middle ear is linearly in normal
hearing but becomes nonlinear when it is exposed to a very
loud sound. We have two nonlinearities due to the acoustic
reflex and the effect of the annular ligament presented in [12].
These nonlinearities disturb the transfer function of the
middle ear especially at low frequencies.

The impedance matching between the tympanic membrane
and the cochlea are symbolized using an ideal electrical
transformer, the acoustic transformer ratio symbolized (1:r) is
defined as follows:

r=_LrxAr
ArZAtm/Afp

(7
Where:

Using the anatomical data in Table 2 and equation (7) the
transformer ratio is closed to 24,8. The cochlea load Rc, Rh
and Lh viewed from the input side of the transformer are
given hereby:

Rc'=Rexr’
Rh'= Rhxr’ ®
Lh'=Lhxr’

Table 2 : Human middle ear anatomical data [16]

Eardrum area  Atm 60 mm2
Footplate area Afp 3.14 mm2
Lever ratio Lr 13
Area ratio Ar 19

2.2 Middle ear transfer function

The middle ear can be characterized as shown in Figure 4 as
two-port system with the first port in the tympanic membrane
and the second one in the entrance of cochlea. This two port
system can be represented as cascade connection of two-port
network representing the tympanic membrane and ossicular
chain with two one-port network.

| o It b lls e

i—}' Lz 4 : > - ! i i’ A

vt Vo v1‘ Zroc ‘vz Vs ‘Vc
Figure 4 : Comprehensive two-port model adapted from [17]
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The impedance block Zvec is one-port network representation
of the middle ear cavities impedance, the relationship between
the input and output of the one-port system can be written as:

Vo | |1 7 uecll Vt

lo| |0 1 ~ 1t
This two-port system can be represented with two-port
ABCD-parameters matrix which relates the input and the
output of this impedance block and allow for characterization
of the tympanic membrane and ossicular chaine independent

of the influence of the termination load, the relationship
between the two-port networks can be written as:

©)

{VZ}{ATOC BTOCMW} (10)
12 CTOC DTOC -11
With
Zocl
ATOC = + Ztm
BTOC = ZOCl
C _Ztm + Zocl+ Zoc?2
Toc Zoc2x Ztm
Zocl
D ToCc ZOCZ

The impedance block Zsc is one-port network representation
of the stapes complex and cochlea impedance, the relationship
between the input and output of the one-port system can be
written as

el L

Y=

(11)

With 1

Zs

The relation between the input Vt and output of our system
based on [17] can be written as:

Ve 1 (12)

CTOC ><Z MEC +

Anoct

B D ZZ}

The acoustic pressure at the terminal of the tympanic
membrane is analogous to voltage Vt and the pressure at the
cochlea is represented by the voltage Vc. The transfer
function of the human middle ear represents the efficiency
with which the acoustic energy of sound is transmitted from
the tympanic membrane to the cochlea and is expressed:

T(f)=20log(Vc /Vt) (13)
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3. SIMULATING OSSICULAR CHAIN DISORDERS

The model above Figure 2 and all middle ear models, suppose
that the only mechanism of sound transmission is the ossicular
chain [18]. This type of transmission is called ossicular
coupling. Sound pressure (voltage), volume velocity (current),
and acoustic impedance (Impedance Z) represents the variable
used to describe the human middle ear system. The description
of the relationship between these variables and the structure of
the real middle ear helps us to easily identify the phenomenon
of sound conduction in the normal and pathological middle
ear. A change affecting these middle ear variables or structure
leads to a reduction of middle ear transmission, and
subsequently a modified transfer function shape as
demonstrate in our previous work [19]. The method used in
this work is carried out using MATLAB /Simulink software
based on the process described in Figure 5, Figure 6 shows the
stimulus of our system.

Frequency
response of normal
ear

Stimulus

w_.

Frequency
response of
pathological ear

Changing ossicular
chain impedance
and structure

Figure 5: Simulation process of ossicular chain disorder
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Figure 6: The input signal Vt generated using the Voltage-controlled
oscillator VCO

3.1 Pathological middle ear model

The circuit model of the human middle ear Figure 1 is
modified in order to model the effect of middle ear
pathologies including two switches K1 and K2 as showns in
Figure 7, which are used to modelize the tympanic membrane
perforation and complete ossicles disarticulations
respectively.
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Figure 7: Modified network model to study middle ear pathologies
[20][21]

Zrr is the impedance of perforation it depends closely on
frequency and perforation diameter, to specify this impedance
the perforation is represented as a circular orifice in thin plate
[21] is expressed as:

4p27f (t+6)
PR=—T¢@

(14)
7d?
. Jo(kxd/2
Ja(kxd/2)
8d —jp2nf
p:_ and kzzm—ﬂ
3 H

The diameter of perforation is represented by d, f represents
frequency, p and p are the density and viscosity of air. t
represents the thickness of the tympanic membrane, it is equal
to 0.06 mm [22]. J, and J, represent the zero and
second-order of Bessel function respectively. For studying
only ossicular chain disorder we will suppose that the
tympanic membrane is not perforated so K1 will be open in
this section.

25 *
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i
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|

Magnitude (dB)}
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——K1 open K2 open

Frequency (Hz)

Figure 8: Transfer function of normal middle ear structures and
disconnected middle ear stapes superstrure.
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3.2 First state: K1 open, K2 closed

Several pathologies of the middle ear related to ossicular
coupling disorder, which causes hearing loss and other
phenomena such as tinnitus, are concerning changing middle
ear impedance by changing mass and stiffness [23]. An
abnormal increase in mass and stiffness of the ossicles causes
a change of the impedance characteristic of these ossicles Zoc.
As shown in the first section the ossicular chain is considered
from eardrum (TM) up to the incudo-stapedial joint, the
tympanic membrane will be considered intact so no change on
the impedance characteristic Ztm . The stiffness is the inverse
of compliance, so for increased stiffness the compliance is
decreased, the acoustic compliance of the ossicular chain is
analog to capacities Co and Cs and mass of ossicles is analog
to the inductance Lo.

Table 3: Representation of different combination and their
corresponding circuit related normal middle ear structures

Case | State of Corresponding configuration
circuit circuit
Zroc
Lo Co Ro
—{ Zwec ‘ _rm\JI_A A
C1 K1 open W n ’Kz
K2 closed -
Wt 3 5 750
Zroc
Lo Co Ro
— Dwec ] s ’
WKW 4o ’KE
Cc2 Decreased ?
Cs, Co W 5 £ Pl |z
AL
Lo CoRo
— 2w ‘ ooy
K1 n K2
C3 Increased W
Lo " ' g'l . .
Zrec
Lo Co Ro
Zvee o }
Increased W K Ls K2
C4 Lo q
Decreased | " ] 7
Cs, Co ‘ ‘
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3.3 Second state: K1 open, K2 open

Ossicular anomalies include absence or malformation of any
ossicles, the majority of abnormalities are associated with
other malformation and may involve fixations, defects, or
absence of middle ear structures (malleus, incus, stapes) [24]
the disconnected stapes it one of these abnormalities modeled
in our study by connecting directly the ossicular chain
(mallus+incus) to the air space by bypassing the connection to
the stapes and cochlea.

Table 4: Representation of different combination and their
corresponding circuit related to disconnected stapes superstructure

Case State of Corresponding configuration
circuit circuit
Zroc
Lo Co Ro
— Qe i }
C5 K1 open W " \ K2
K2 open ’
N
wt 3 r s
o
Lo CoRo
o L | =" !
K1 Z \ K2
C6 Decreased W |
Cs, Co U 5‘ ||
Zroc
Lo CoRo
Dvec | — |
K1 - K2
C7 Increased )
LO ! g d
o
Lo CoRo
Increased | ] €T I
C8 Lo )KW | \©
Decreased N
CS , CO W g & Vi)

4. RESULTS AND DISCUSSION

The effects of increased ossicular chain stiffness and mass
were analyzed based on electrical model simulation for both
normal middle ear structures and disconnected stapes
superstructure. The stiffness and mass will be increased by a
factor of 10 than by a factor of 100, so the values of the
capacitors will be reduced by a factor of 0.1 and 0.01 and
inductance increased by a factor of 10 than 100

4.1 Change ossicular chain impedance

In Figure 8 for normal structures K1 open and K2 closed the
sound pressures are 25 Db greater at the cochlea than those at
the tympanic membrane, the transfer function of the middle
ear represent band-pass characteristic as shown in the figure
below across band-pass the pressure gain were different. This
transfer function represents a reference of our analysis any
change in gain pressure corresponds to a disorder in the
middle ear. Table 3 shows the different combination related to
the first state representing the change affecting only the
ossicular chain impedance.

A. Effect of increasing ossicular chain stiffness or mass
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Figure 9: (a) Effect of increased stiffness of ossicular chain on
Frequency response of middle ear. The stiffness was increased by
factor of 10 and 100. (b) Effect of increased Mass of ossicular chain
on Frequency response of middle ear. The mass was increased by a
factor of 10 and 100.
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As can be seen in Figure 9.a the gain pressure of the middle
ear changes in response to ossicular chain stiffness change.
Increased stiffness resulted in reduced pressure gain of middle
ear frequency response at low frequencies <1 kHz, and
transmit the maximum middle ear transfer function peak
response of 26 dB at 2 KHz for increased stiffness by a factor
of 10 and 25 dB at 6 kHz for increased stiffness by a factor of
100. In Figure 9.b the gain pressure of the middle ear changes
in response to ossicular chain mass change. Increased mass
resulted in reduced pressure gain of the middle ear frequency
response at high frequencies >1 kHz, and transmit the
maximum middle ear transfer function peak response of 24
dB at 300 Hz for increased mass by a factor of 10.

B. Effect of increasing both ossicular chain stiffness and mass

Increasing both Mass and stiffness at the same time as shown
in Figure 10 reduces the gain pressure for low and high
frequencies, the band-pass characteristic of the middle ear is
reduced, Mass help low frequencies to be transmitted and
disturbs the transmission of high frequencies and stiffness
helps high frequencies and disturb low frequencies, the
maximum middle ear transfer function peak response of 25
dB at 700 Hz it can be perceived as tinnitus.

30

20T

Magnitude (dB)
‘ o =

o
T

20p~ iii |~ Normal ear N

I Increased stiffness and mass X10
iii |7 Increased stiffness and mass X100

.30 Lii ‘

102

10° 10*
Frequency (Hz)

Figure 10: Effect of increased stiffness and mass of ossicular chain

on Frequency response of middle ear. The stiffness and mass were

both increased by a factor of 10 and 100.

4.2 Change ossicular chain structure and impedance

In presence of an intact tympanic membrane, the disconnected
stapes superstructure is represented using Figure 7 by opening
K1 and K2. In Figure 8, at the low frequencies (f<1 kHz) the
gain pressure is 0 dB, 25 dB lower than the gain of a normal
ear, for high frequencies (f>1 kHz) the gain increase at 2 kHz
until reaches 10 dB at 5 kHz and decreases for (f >5 kHz).
This transfer function represents a reference of our analysis to
study the effect of combined anomalies and analyses the
effect of increased stiffness and mass on disconnected middle
ear structures. Table 4 shows the different combination related
to the second state representing the change affecting the
ossicular chain structure and impedance.
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A.Effect of increasing ossicular chain stiffness or mass
combined to disconnected stapes superstructure

Magnitude (dB})
o

Disconnected stapes
With increased stiffness X10
With increased stiffness X100 | |

10° 10° 10*
Frequency (Hz)

Magnitude (dB})

— Disconnected stapes

-50 | With increased mass X10

With increased mass X100

60 L RS S il i
10° 10°

Frequency (Hz)

Figure 11: (a) Effect of increased stiffness of ossicular chain on
Frequency response of middle ear. The stiffness was increased by
factor of 10 and 100. (b) Effect of increased Mass of ossicular chain
on Frequency response of middle ear. The mass was increased by a
factor of 10 and 100.

Figure 11 shows the frequency response of middle ear with
disconnected stapes superstructure combined with other
anomalies of ossicular chain represented by increased mass
and stiffness, for increased stiffness Figure 11.a by factor of
10 the peak response decreased from 10 dB at 5 kHz for only
stapes disconnection to 5 dB at nearly 1 kHz, the gain pressure
was decreased for all frequencies for increased stiffness by a
factor of 100 our system is highly dumped. In Figure 11.b we
see for increased mass by a factor o 10 the gain the gain
pressure increase from 10 dB at5 Khz to 22 dB at 1,5 kHz and
to 32 dB at nearly 500 Hz for increased mass by factor of 100.
Combined increased mass with disconnected stapes
superstructure can generate oscillation which can be
perceived as tinnitus.
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B. Effect of increasing both ossicular chain stiffness and mass
combined to disconnected stapes superstructure

20
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-40
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-60 With increased stiffness and Mass X10

With increased stiffness and Mass X100

-70 - : —
102

10° 10*
Frequency (Hz)
Figure 12: Effect of increased stiffness and mass of ossicular chain
on Frequency response of middle ear. The stiffness and mass were
both increased by a factor of 10 and 100.

In Figure 12 for increased both mass and stiffness by factor of
10 the peak response increase from 10 dB at 5 kHz for only
stapes disconnection to 13 dB at nearly 500 Hz, the gain
pressure was decreased for all frequencies for increased
stiffness and mass by a factor of 100 our system is highly
dumped.

Several studies have been done on human middle ear disorder
based on different modeling approaches. Recently the finite
elements model is one of the most models used to study and
analyze the sound transfer function in normal and
pathological conditions. In [25] the finite element model has
been used to simulate and study three middle ear disorders:
otits media, otosclerosis, and ossicular chain disarticulation
based on energy absorbance. in [26] Pathological conditions
are analysed to determine the gain or loss in hearing capacity
for Cholesteatoma, Partial mallear fixation and variations of
material properties in Tympanic membrane (TM) by
examining the harmonic response at the stapes footplate, even
if they show interesting results, their disadvantage is in terms
of the number of used parameters, and their complexity,
which can prevent the understanding of fundamental
principles in the middle ear in normal and pathological state.
For this reason, we chose in our study to use the electrical
model not only for its simplicity to describe the behavior of
the human middle ear but also for using only two components
the capacitor and the inductance, which are analogous
respectively to the most significant parameters in the study of
pathological conditions: stiffness and mass. Clinical studies
shows that the most of middle ear pathologies result an
abnormal increase of mass and stiffness which is affect
significantly the middle ear transfer function [27]. These
clinical results were highly correlated to our electrical model
simulation results, which support our choice of using the
electrical model to investigate the tinnitus sources that are
related to conductive hearing loss.
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5. CONCLUSION

The purpose of human middle ear modeling is to simulate the
middle ear structure and transfer function from the ear canal
through ossicles to the cochlea. The human electrical model of
this work was used to simulate ossicular chain disorder, it has
been suggested in this study that the ossicular chain is the only
mechanism of sound transmission in the middle ear.

Ossicular disarticulation with an intact tympanic membrane is
a disorder affecting middle ear structure by disconnecting
stapes and cochlea from the ossicular chain (Malleus and
incus), thus interrupts sound transmission and represents a
conductive hearing loss. The sound absorbed by the tympanic
membrane is dissipated within the middle ear cavities, the
peak response 10 dB at 5 kHz can be caused by the vibration
of air in the cavities of the middle ear, and it can be heard as
buzzing in the ear at high frequencies. This proves that the
ossicular chain is the main mechanism of sound transmission
but not the only.

Mass and stiffness of the ossicular chain affect the particular
characteristic of human middle ear, ossicular chain stiffness
helps vibrations of high frequencies and disturbs the
transmission of low frequencies, while mass disturbs the
vibration of high frequencies and helps the transmission of
low frequencies. This helps to explain the band-pass of the
human middle ear transfer function in normal middle ear
structures. Increased mass and stiffness of the ossicular chain
represent a disorder affecting the middle ear impedance
values, it reduces the band-pass characteristic. This work use
the principle of increased mass and stiffness for both normal
ossicular chain structure and disconnected structures

As a perspective of this work, we aim to predict how middle
ear function is affected by various middle ear pathologies by
investigating the effect of each middle ear substructure
disorder. The proposed electrical model will allow us to
analyze easily the effect of these disorders on sound
transmission based principally on middle ear frequency
response.
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