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ABSTRACT

Acute otitis media (AOM) is a rapid onset of infectin the middle ear and the
most frequently diagnosed disease in pediatric ladpn. Conductive hearing loss is
the most prevalent outcome of AOM because pathcédgihanges in the infected
middle reduce mobility of the tympanic membrane {TMechanisms of TM mobility
loss associated with AOM are not well understooa Mypothesize that middle ear
pressure (MEP), middle ear effusion (MEE), and citmal changes of ossicular
adhesions and ear soft tissues are the main factorgibuting to the loss of TM
mobility in AOM ears and their effects vary duritige course of the disease.

In this dissertation, a chinchilla AOM model wasoguced by transbullar
injection of Haemophilus influenzae. Changes of MEP, MEE, and ossicular adhesions
were characterized at day 4 (4D) and day 8 (8D} puxculation. These time points
represent relatively early and later phases of A@Nrostructural changes of the TM,
round window membrane (RWM), and stapedial annligggment (SAL) in the early
and later phases of AOM were investigated by hogtpl Hearing loss in both AOM
phases was evaluated by auditory brainstem resgév&fe). TM mobility at the umbo
and middle ear energy absorbance (EA) were measard® and 8D AOM ears. In
each group, the vibration of the umbo and EA wassued at three experimental
stages: unopened, pressure-released, and effiesiooved ears. The effects of MEP
and MEE and middle ear structural changes were tijieah in each group by
comparing the TM mobility or EA at one stage witlatt of the previous stage.

Our findings show that the factors affecting TM ntibpp change with the

disease time course. The MEP was the dominant ibatdr to reduction of TM

XVi



mobility in 4D AOM ears, but showed little effeat BD ears when MEE filled the

tympanic cavity. MEE was the primary factor affagtiTM mobility loss in 8D ears,

but affected the 4D ears only at high frequenddier the release of MEP and removal
of MEE, residual loss of TM mobility was seen mygiak low frequencies in both 4D
and 8D ears, and was associated with ossiculasaize The effects of MEP and MEE
on EA were similar to those on TM mobility. Resitll@ass of EA seems was more
likely associated with mechanical property chanafesM.

Our findings demonstrate that MEP, MEE, togethethvmiddle ear structural
changes, contribute to TM mobility loss in the ahitla AOM ears. Their effects on
TM movement at early and later phases of the diseeere quantified. This study
provides useful experimental data for understandimgy mechanism of conductive

hearing loss in AOM.

Xvii



CHAPTER 1. INTRODUCTION
1.1 Structure and function of middle ear

The human ear has outer, middle, and inner earopsrtFigure 1.1 shows a
schematic diagram of human ear. The middle earistsnsf the eardrum, the ossicular
chain, and the middle ear cavity. The eardrumymptnic membrane (TM), is a cone-
shaped membrane. The ossicular chain consistsred thssicles: malleus, incus, and
stapes. The long process of the malleus, or mamubris attached to the eardrum and
pulls the membrane medially to form its conical ghaThe point of maximum
concavity is the umbo, which is the far end of thanubrium of the malleus. The
malleus is connected to the incus via a joint. dme species, such as guinea pig or
chinchilla, the malleus and the incus fuse togetigrout a joint in between (Goksu et
al. 1992; Wysocki et al. 2005; Hanamure et al. 198%ttakos et al. 1988). The incus
is connected with the stapes via the incudo-stapgaint (IS joint), which is relatively
soft compared with the malleus-incus joint. Thepetasits in the oval window. The
stapedial annular ligament (SAL) connects the stdpetplate to the oval window of
the inner ear. The middle ear cavity is a hollovacg surrounding the ossicles. The
eustachian tube connects the middle ear cavity thighnasal cavity, allowing pressure
to equalize between the middle ear and throat.

The primary function of the middle ear is to tramai the acoustic vibration
from the ear canal to the fluid motion within thechlea. Sound waves propagate
through the ear canal and cause vibration of the Tiv vibration is transmitted to the
cochlea via the three ossicles. The piston-likeionoof the stapes sets the cochlear

fluid into vibration, which stimulates the mechasensitive hair cells (Mgller 1983).
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Figure 1.1 Schematic diagram of human ear.
(http://bio1903.nicerweb.com/Locked/media/ch50/8a0verviewEarStruc-L.jpg)
1.2 History of experimental studies on middle ear biomechanics

Multiple techniques and devices have been usedutty viomechanics of the
middle ear. In the current literature, the experitakresearch have focused on four
categories: (1) the vibration of the TM or ossidlesesponse to sound; (2) the acoustic
impedance of the ear; (3) the sound energy absanbesflected by the middle ear; and
(4) the mechanical properties of a specific ssfue in the middle ear, such as TM, IS
joint, or SAL. An overview of the published workrfeach category is given in this
section.

Vibration of the eardrum or ossicles representsnileehanical response of the
middle ear to the sound. The amplitude of the vibraindicates the mobility of the
middle ear. Since von Békésy first examined the dheidear vibration by using
capacitive probes or strobe lights (von Békéesy 196 vibrations of the TM at the

umbo or ossicles were studied in human temporak$a@nd animals with different



measurement techniques (Dankbaar 1970; Goode 19¢8;et al. 1987; Gyo et al.

1986; Heiland et al. 1999; Gan et al. 2004; Chiemale2006; Ruggero et al. 1990;
Manley and Johnstone 1974). The vibration amplitofddae umbo or ossicles in normal
human ears is smaller than 1 um in response todsatunormal voice level (70-80 dB

SPL). The displacement of vibration under acoustimulus is frequency-dependent
and has been characterized in various speciehelast decade, single point laser
Doppler vibrometer (LDV), which enables nanomeieed vibration measurements,
was widely used to determine the velocity/displagenof the umbo or stapes in human
cadaveric bones (Voss 2000 et al.; Ravicz et &d42Gan et al. 2006), guinea pigs
(Guan et al. 2011; Guan et al. 2013; Turcanu e2@)9), mice (Qin et al .2010), and
chinchillas (Thornton et al. 2013). Recently, soumdliced motion of the entire surface
of human TM was measured by using stroboscopicgnafihy (Cheng et al. 2010;

Cheng et al. 2013) and scanning LDV (Zhang etradeun review).

Acoustic impedance (Al) is defined as the ratiahsd acoustic pressure to the
volume velocity generated by the pressure. Earjgemtance measures the response of
the whole TM to sound stimulus in the ear canalighveki 1962; 1963). After the early
investigations of human ear impedance by Zwisl¢tRb67) and Feldman (1963), Al as
a function of frequency has been determined inhivman (Allen 1986; Merchant et al.
1997; Merchant et al. 1998; Mgller 1965; Rabinowi@81; Rosowski 1990), cats
(Guinan and Peake 1967), lion (Huang et al. 198&jbils (Ravicz et al. 1992), and
chinchillas (Margolis et al. 2001). Al is usuallyeasured by using a sound source and a

microphone at certain location in the ear canalisAdffected not only by the impedance



at the TM (middle ear Al) but also by the impedaméethe air space between the
measurement location and the TM (Rabinowitz 198tisibcki 1962).

Middle ear energy absorbance (EA) is another meastithe response of the
entire TM to sound stimulation in the ear canal. d&scribes the sound power absorbed
by the TM. Two decades ago, Keefe et al. (1993)\apss and Allen (1994) described
a technique to measure the power transfer intorilelle ear over the range of auditory
frequency. In their studies, EA was mathematicadlated to the Al measured in the ear
canal and the cross-sectional area of the ear.CBimalinstruments for the measurement
of EA were similar to those used for the measurémém\l. The advantage of using
EA is that the absorbance is relatively insensitovéhe air in the ear canal between the
measurement point and the TM compared with impesl@ikeefe et al. 1993; Rosowski
et al. 2013). Normative EA or energy reflectanc® (E 1-EA) of normal human ears
over the auditory frequencies has been reporteseweral studies (Voss et al. 2000;
Feeney et al. 2003; Voss et al. 2008; Beers €2(dl0; Prieve et al. 2013). There are
only few studies of EA measurement made in anin\aésgolis et al. (2001) and Hsu et
al. (2001) reported ER in the chinchilla ears. THiedings show that the pattern of the
ER in chinchilla ears is similar to that of humamse

Middle ear soft tissues, such as TM, IS-joint, &AL, together with ossicles,
transfer vibrations from ear canal to inner earchaical properties of the soft tissues
affect the sound transmission in the middle eaungs modulus of the human TM
was first reported by von Békésy (1960). Since tmemmerous studies have been done
to determine the mechanical properties of the humbh with various techniques

(Kirkae 1960; Decraemer et al. 1980; Fay et al.52@Dheng et al. 2007; Luo et al.



2009; Huang et al. 2008; Daphalapurkara et al. 2@ang et al. 2010). Due to
experimental challenges, numbers of studies orr otiddle ear soft tissues are far less
compared to TM. Recently mechanical propertiehefftuman 1S-joint and SAL were

reported by Zhang and Gan (2011) and Gan et al1()2@espectively.

1.3 Acute otitis media

Otitis media (OM) is an inflammation of the middiar and is the second most
prevalent disease in pediatric population afteratsamon cold (Hendley 2002). Otitis
media with effusion (OME) and acute otitis mediaDp) are two main types of OM.
OME describes the symptoms of middle ear effusiiEE) without signs of active
infection (Stool 1994). AOM is an acute infectioh tbe middle ear and caused by
bacteria in about 70% of cases (Gould and Matz 010

AOM is the most frequently diagnosed illness inlai@n in the United States
and the leading indication for antibiotics therapychildren (Hoberman et al. 2011).
Approximately 9 million children were diagnosed WwifOM per year in the United
States. As a result, the costs associated with Adddgreater than 3 billion annually

(Ahmed et al. 2014).

Figure 1.2 Tympanic membrane of (A) normal ear and (B) AOM ea
(me.hawkelibrary.com).
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Figure 1.2 shows the comparison between a normarehan AOM ear. As can
be seen in the figure, the signs and symptoms oMA@Bually include a hyperemic
tympanic membrane and purulent effusion in the teidear (Bluestone and Klein
1983A; Shaikh et al. 2011). AOM is commonly asstdawith reduction of TM
mobility as a result of middle ear pressure anddiei@ar effusion (Bluestone and Klein
1983B). As a consequence of poorly mobile TM, catiste hearing loss is the most

prevalent outcome of AOM (Bluestone and Klein 1983B

1.4 Current stage of research on middle ear biomechanicsin AOM

Efficiency of the sound transmission in the mideée is sensitive to middle ear
disorders. The pathological changes in the middie associated with AOM include
abnormal pressure in the middle ear, effusion actated in the cavity (Bluestone and
Klein 1983;), ossicular adhesions (Caye-Thomasen akt 1996; 2000), and
morphological changes of the soft tissues suchMigvbn Unge et al. 1997; Larsson et
al. 2003) and round window membrane (Gan et al3R0Those factors each would
contribute to decrease of middle ear mobility. Amdhose changes associated with
AOM, middle ear pressure and effusion have beemlated in human temporal bones
or animal ears by injection of air pressure aneheahto the cavity, respectively. The
influence of middle ear pressure or effusion onnsbtransmission has been well
studied. However, effects of the structural chanigekiding ossicular adhesions and
changes of middle ear tissues on the mechanigabmes of the middle ear are not well
understood.

1.4.1 Effect of middle ear pressure



Middle ear pressure is regulated by eustachian ,tubkich links the
nasopharynx to the middle ear cavity. Temporarynoge of the eustachian tube
enables ventilation of the middle ear to equilibrair pressure in the middle ear with
atmospheric pressure (Bluestone and Klein 1983jlammation or infection in the
middle ear leads to blockage of the eustachian flings, abnormal pressure commonly

occurred in the middle ear cavity of AOM ears.
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Figure 1.3 Peak to peak displacement of the TM at umbo whemtiddle ear pressure
varied from 0 to -20 cm ¥ (Gan et al. 2006).

Several studies have investigated the effect oftipesor negative middle ear
pressure on middle ear mobility (Dai et al. 200&nGet al. 2006; Lee and Rosowski
2001; Murakami et al. 1997; Petrova et al. 2006sd®eski and Lee 2002). In human
temporal bone studies, Gan et al. (2006) introdwiegressure in the middle ear and
investigated the vibration displacement of the Tigure 1.3 displays the effect of
negative middle ear pressure on TM displacemettiteaimbo measured by Gan et al.
(2006). The results showed that the negative preseeduced the TM movement

mainly at low frequencies. Same pattern of the cédno of TM displacement was

observed when positive pressure was present imttidle ear (Gan et al. 2006). The



results observed in human ears by Murakami etra@eabwith the findings by Gan et al.
In a guinea pig OME model, Dai and Gan (2008) regubthat the middle ear pressure
caused reduction of TM vibration mainly at frequesdess than 2 kHz. It is generally
accepted that pressure in the middle ear increteestiffness of the TM and thus
decreases the TM movement at low frequencies.

To study the middle ear pressure’s effect on gnergoower absorbed by the
middle ear, Voss et al. (2012) introduced statespure in the middle ear cavity of the
cadaveric temporal bones. Their results showed itt@easing positive or negative
MEP caused decrease of EA below 2 kHz.

1.4.2 Effect of middle ear effusion

The effect of middle ear effusion on vibration bétTM have been studied in
human temporal bones (Ravicz et al., 2004; Gan.e2@06; Dai et al., 2007;) and
animal models (Turcanu et al., 2009; Qin et al1®0Guan and Gan, 2011). In those
studies, saline was injected into the middle eartgdo simulate the effusion. Figure
1.4 shows the changes of the TM displacement wha level was increased in the
guinea pig middle ears (Guan and Gan 2011). Asbeaseen, the displacement was
reduced mainly at high frequencies as a small amobifiuid was injected, and the
reduction was greater and extended to low frequaacgge when more fluid was
present in the middle ear. Ravicz et al. (2004) ateasured the TM vibration as saline
was injected incrementally into the middle ear afman temporal bones. They
concluded that the primary mechanism of TM mobildys at high frequencies was the
increased mass on the TM by the middle ear flultk feduction of TM movement at

low frequencies was due to the reduced middle ieapace.
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Figure 1.4 Peak to peak displacement of the TM at umbo ipaese to 80 dB SPL
sound input in the ear canal when the middle dasiein varied from O to 0.2 ml (Guan
and Gan 2011).

Several studies showed the changes of EA in patigith OME (Feeney 2003;
Allen et al. 2005; Beers et al. 2010). Because Owhally leads to effusion and
pressure in the middle ear, EA was affected byflthd and pressure together in those
clinical studies. In the study of human tempomahés, Voss et al. (2012) showed that
the middle ear fluid alone decreased EA over OkPi5.
1.4.3 Effect of structural changes

In addition to the pressure and effusion, the itxd@cof AOM frequently results
in structural changes of the ossicles and thetssities in the middle ear. Bacteria can
form surface-attached communities on the mucogal laf the middle ear cavity during
the infectious process of AOM (Ehrlich et al. 206®a et al. 2009; Reid et al. 2009),
which promotes formation of purulent adhesionsanrow spaces of the cavity such as

the round window niche (Caye-Thomasen et al. 19D6@. adhesions can form between

the ossicles and surrounding bony wall and causefibinous fixation of the TM or



ossicular chain (Caye-Thomasen et al. 1996; Cayeriisen and Tos 2000; von Unge
et al. 1997).

Moreover, the infectious process can induce moaioal changes of the T™M
(Bluestone and Klein 1983A). It has been reportedlt tthe structures and elastic
properties of the TM in the AOM ears of gerbils diéerent from that in normal gerbil
ears (Larsson et al. 2003; von Unge et al. 1999719Changes of TM property would
also impact its mechanical response to the input&o

The previous studies have revealed mechanismsdbds of TM mobility and
EA associated with fluid or pressure in the midelle cavity. However, little is known
about the effects of ossicular adhesions and tiskaages on acoustic response of the
middle ear. The sound transmission in the ear oiMA®ould be influenced by a
combination of the middle ear pressure, effusiossiaular adhesions, and tissue
changes. How these different factors contribute the changes of middle ear
biomechanics in AOM? What are the mechanisms atlgotive hearing loss in the
infected ears?

1.4.4 The guinea pig AOM model

To answer those questions, we produced an AOM mimdguinea pigs by
transbullar injection ofStreptococcus Pneumoniae, one of the most common bacteria
found in AOM effusion (Guan and Gan 2013). Thregsdpost inoculation, typical
signs of AOM, such as purulent effusion, hypereit, and ossicular adhesions, were
observed in the inoculated ears. A comparison ®fTtM and ossicles between control

ear (i.e. healthy ear) and AOM ear can be seeiguwr& 1.5.
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Figure 1.5 Photographs of (A) control eardrum, (B) AOM eardruC) middle ear
cavity and ossicles in control ear (right ear] &) middle ear cavity in ear of AOM
(left ear). IS-joint represents incudo-stapediaitjand RW represents round window.
On day 3 after inoculation, vibrations of the TMuwahbo in response to input
sound in the ear canal was measured at three engrgal stages: (1) OM-1: the intact

or original AOM ear with middle ear pressure andusibn, (2) OM-2: pressure

released, and (3) OM-3: effusion drained ear.
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Figure 1.6 Peak to peak displacement of the TM at umbo ipaese to 80 dB SPL
sound input at the ear canal in OM-1 (red line), -@Nblue line), OM-3 (purple line),
and control ears (black line).
Figure 1.6 displays the TM displacement curves le# tontrol and three
experimental stages over the range of 0.2-40 kiHe. TM displacement of OM-1 was

smaller than that of the control or the other Olgss. When the pressure in the middle

ear was released (OM-2), the displacement increagguficantly at low frequencies

11



(0.2-3 kHz). As the effusion was drained from taeity (OM-3), the TM displacement
showed significant increase compared to OM-2 euaes all tested frequencies except
32 kHz.

Comparing OM-3 with control, there was residualslas TM mobility at low
frequencies (f < 3 kHz). There were two major duced differences between the
normal and the AOM ears at stage OM-3: (1) purustitesions on the ossicles were
undisturbed during the aspiration of fluid and rered in the AOM ears at this stage
(see Figure 1.5D); (2) morphology of the TM changedhe infected ears (see Figure
1.5B). The residual loss of TM displacement denratss that those middle ear
structural changes contributed to the total losEMfmobility in the AOM ears.

This study unequivocally showed that middle earsgpuee, effusion, together
with infection-induced structural changes eachcaéfe the middle ear mobility. It was
the first time that the contributions of each AOlsktor to the reduction of sound
transmission were quantified in the early phasthefdisease.

However, because such data are lacking in othenargpecies used as models
of human AOM, it remained unclear whether our fiigd are species specific (i.e.
unique to the guinea pig) or occur generally amihiegvarious animal models of AOM.
An important additional issue not addressed in gwinea pig study is whether time
course-specific changes in the processes alteridglenear mobility occur during the
course of AOM. It is known that the level of middar pressure, production of middle
ear effusion, and the degree of inflammation chashgeng the AOM course (Suzuki
and Bakaletz 1994; von Unge et al., 1993; von Ueigal., 1997). How these factors

contribute to the loss of TM mobility at differephases of middle ear disease is not
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well understood. The influence of these factorsaund energy absorption of the TM is

also unclear.

1.5 The chinchilla AOM model

Nontypeable Haemophilus influenzae is another bacteria considered as an
important pathogen for AOM (Bluestone and Klein,839 Bluestone et al., 1992;
Giebink, 1999).H. influenzae has been used to produce AOM models in different
species including chinchilla (Jurcisek et al. 20B&kaletz 2009), mouse (Melhus and
Ryan, 2003), rat (Melhus and Ryan 2000), guinea(Bigto et al. 1999), and gerbil
(Fulghum et al. 1982; Soriano et al. 2000).

The chinchilla Chinchilla laniger) is a frequently employed animal model in
auditory research. The size of a chinchilla’s TMlgse to that of humans (Browning
and Granich 1978; Hanamure and Lim 1987; Vrettakbsl., 1988). Nontypeable
(acapsularH. Influenzae strain 86-028NP, a clinical isolate from a patieith otitis
media, frequently has been used in studies inwstgy host-pathogen interactions
during AOM development and resolution in the chili@hmiddle ear (Bakaletz et al.,
1999; Mason et al., 2003; Morton et al., 2004; Morét al., 2012; Suzuki and Bakaletz,
1994).

Pathologic findings associated with the chinchAl@dM model induced byH.
Influenzae 86-028NP were first characterized by Suzuki ankiaB#z (1994). Otoscopic
examination indicated that the middle ear of chilfesh exhibited inflammation as early
as one day following transbullar challenge. Theerafthe degree of inflammation

increased and peaked approximately 7-10 days postiation (Suzuki and Bakaletz,
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1994). This well established and widely used animadel provides an opportunity to
investigate the factors decreasing middle ear ntphih ears affected by AOM and
their variation at different stages of the disepsecess. It also allows comparison of
AOM outcomes between species and the opportunitgssess whether the bacteria
species causing AOM influences the type and sgvefitthe acute biomechanical

changes occurring in the middle ear.

1.6 Objectives

AOM is the most prevalent disease in young childaed frequently leads to
conductive hearing loss in patients. Hearing lcas delay or impair development of
language and speech. Mechanism and developmentownductive hearing loss
associated with AOM are not completely understdsualidying biomechanics of the
middle ear in AOM would help understanding the famental causes of sound
transmission loss in the infected ears.

Our previous study in guinea pigs quantified theatt of middle ear pressure,
middle ear effusion, ossicular adhesions, andissu¢ morphologic changes on loss of
TM mobility in early phase of AOM. However, it iohclear how those factors vary
along the course of the disease and whether tHésetseare reproducible in different
species.

To characterize development of the middle ear pagfio changes and their
roles on sound transmission during the course ofMAQve carried out detailed
experiments in the chinchilla AOM model initiateg toansbullar injection of straiH.

Influenzae 86-028NP. As outlined in the following objectivesye employed
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measurement of auditory brainstem response thmstwlevaluate the conductive

hearing loss in two treatment groups: 4 days am&y post inoculation. These time
points represent relatively early and later phageSOM. Meanwhile, we investigated

the development of middle ear pressure, effusi@sjcalar adhesion, and soft tissue
microstructural changes from the early phase to l#ter phase of infection and

determined their effects on TM vibration in respois sound stimulation and EA of the
middle ear. The results of this study elucidate fbedamental mechanism of

conductive hearing loss in ears with AOM.

Objective 1: Investigate levels of middle ear puessproduction of middle ear
effusion and adhesion, and microstructures of middir soft tissues in early and later
phases of AOM.

Objective 2: Evaluate conductive hearing loss @& two AOM phases by
measuring thresholds of auditory brainstem response

Objective 3: Determine effects of middle ear presseffusion, and structural
changes on TM vibration at umbo in early and lateM\ phases in chinchilla and
compare their effects with those in guinea pig A@iddel.

Objective 4: Determine effects of middle ear presseffusion, and structural

changes on sound energy absorbed by the middia early and late AOM.

1.7 Qutline

Chapter 2 presents detailed method to produce A@Mthe chinchillas,

procedures of histological preparation of the terapdones, and histopathologic
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changes of the TM, SAL, and round window membrdR&/i) in early and the later
phases of infection.

Chapter 3 presents method of auditory brainsterporese measurement and
guantitative results of conductive hearing lostsvat AOM phases in chinchilla.

Chapter 4 presents method of TM vibration measun¢é@eumbo, mechanisms
of umbo mobility loss at two infection phases innchillas, and comparison between
the chinchilla AOM model and the guinea pig AOM rabd

Chapter 5 presents results of middle ear EA measene in two phases of
AOM in chinchillas and mechanisms of EA reductiorAOM.

Chapter 6 presents summary of this study and futorés.
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CHAPTER 2: MIDDLE EAR HISTOPATHOLOGIC CHANGESIN
CHINCHILLA AOM MODEL
2.1 Introduction

Loss of middle ear mobility depends on degree efghthologic changes in the
middle ear. As infection progresses in the cavlgyel of middle ear pressure,
production of middle ear effusion and adhesion, amcrostructure of middle ear soft
tissues would vary from early to later phases ef disease. Variation of each factor
would affect middle ear mechanical response to do@efore studying the loss of
hearing or TM mobility, a quantitative descriptiohthese middle ear changes in the
AOM ears needs to be established. In the currarature, the middle ear changes in
this chinchilla model have not been quantified. &lepment of the middle ear pressure,
effusion, and adhesion in the AOM ears is describecChapter 4. In the current
chapter, we focus on studying the microstructunainges of the TM, RWM, and SAL
during the course of AOM by histology.

Mechanical properties of the middle ear soft tissaee crucial for sound
transmission. Changes of the elastic property efdér tissues can directly affect the
middle ear function. For example, a stiffened TMwdoreduce the amplitude of its
vibration. Increase of the stiffness in SAL wouittriease the overall stiffness of the
ossicular chain and subsequently decrease the enahd mobility. Round window is
one of the two openings into the inner ear from itnddle ear. RWM is an elastic
membrane facilitating motion of the fluid in thecbtea. A stiffened RWM results in an

increase of the cochlear load and reduces the eniglal vibration. Studying structural
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changes of the TM, RWM, and SAL would help underdiag their mechanical
property changes associated with AOM.

Cross-sectional images of those tissues not ondyige morphology of the
internal structure, but also yield thickness of thembrane or ligament. Recently, our
lab established a new method to measure dynampepres of ear membrane tissues
by coupling the experimental results with the #retlement modeling derived results.
Mechanical properties of the human TM (Zhang and &@10) and RWM (Zhang and
Gan 2013), and the guinea pig RWM (Gan et al. 2048)e determined via this
method. Thickness of the TM or RWM is a key paraneturing the process of
modeling. Characterizing thickness changes of ¢ tsssues in the AOM model
would provide a data base for deriving their medatanproperties through the
experiment-modeling couple method.

In this chapter, the procedures to induce AOM imchillas are described.
Microstructures of the TM, RWM, and SAL were inugated at 4 days (4D) and 8
days (8D) post inoculation by histology and comdangth those in control (untreated)
ears. Thickness at multiple locations of the TM &WM in control, 4D, and 8D AOM
ears were measured from the histologic sectionss Bhudy was undertaken to
characterize the histopathologic changes of th@setissues in the chinchilla AOM
model and provide fundamental structural evidenmeaid in understanding their

mechanical properties.

2.2 Methods

2.2.1 Production of AOM in chinchilla
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Ten chinchillas ¢hinchilla lanigera) weighing between 600-800 g were
included in histologic study. The study protocolswapproved by the Institutional
Animal Care and Use Committee of the UniversityOddahoma and met the guideline
of the National Institutes of Health. All animalere free from middle ear disease (as
evaluated by otoscopic examination) at the begmnirthe study.

The animals were divided into control, 4D AOM, a8d AOM groups. The
control group included three animals, and the twOMA groups each included two
animals. AOM was produced by transbullar injectadnHI 86-028NP suspension in
both ears following the procedure described by blorét al. (2012). Under general
anesthesia [ketamine (10 mg/kg) and xylazine (2gjd/ 0.3 ml bacterial suspension
containing 3000 CFU was injected into the supeliala bilaterally using a 1 cc
syringe with a 26 gauge needle. After the challetgge was administrated, otoscopic
examination was performed daily. The animals ofti@dmroup were untreated.

2.2.2 Histologic preparation

At the 4th or 8th day post-inoculation, animals eveleeply anesthetized by
overdose of ketamine (100 mg/kg) and xylazine (2fkgp and intracardially perfused
with fixative (4.0% paraformaldehyde in 0.1 M phbate buffer solution, pH 7.2) (Dai
and Gan 2008). The temporal bones or bullas weea tmarvested. To facilitate
perfusion of fixative into the middle and inner etire bulla was widely opened at
superior and inferior side and the bony wall of teehlea at apex was removed. Then
the temporal bone was immersed in the same fixatwernight at room temperature.
The next day, the bulla was removed from the fsagtiserially washed in phosphate

buffered saline (PBS) and distilled water, and tgftad with 10% ethylene diamine
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tetraacetic acid (EDTA). The acid was then changkily for 8 days. After
decalcification, the ossicular chain was disrupa¢dS-joint by using a #11 surgical
blade, and the bulla was cut and separated intoparts: TM with malleus-incus
complex and cochlea with stapes. Thereafter, batts pvere washed in distilled water
and dehydrated in a graded series of alcohols &0% to absolute alcohol.

Upon completion of dehydration, the specimen witt TM was embedded in
paraffin in such an orientation that the handle mélleus was approximately
perpendicular to the plane of sectioning. For snghRWM, the specimen with the
cochlea was oriented in paraffin so the short akiRWM was normal to the cutting
plane. For study of SAL, the cochlea specimen wehted in such a way that the short
axis of stapes footplate was perpendicular to étéi@ning plane.

After hardening of paraffin, the specimen was ot 8-um thickness sections,
serially mounted on glass slides, stained with Hera-Eosin, and cover slipped.

To date, two TMs, two RWMs, and two SALs in eacpemmental group were
prepared from specimen to finished slide for exatnim.

2.2.3 Histopathologic analysis

The histologic slides were examined and photogrdpheder a calibrated
Omano light microscope (Omano, China). Particuteandion was given to thickness of
the TM and RWM, which was measured directly frora gfhotographs with the aid of

image analysis software ImageJ.

20



L3
L2
L1

Anterior

3 2 1 } o

T
(%]
\8)
-

I

Figure 2.1 Schematic of histologic sectioning of TM. TM thisdss was measured at
locations #1-3 for each section.

Measurements of the TM thickness was made direictlthree histologic
sections from inferior to superior side as showtkrigure 2.1. Sections of L1, L2, and
L3 was approximately 2.5 mm below, 0.5 mm below armm above the low edge of
the umbo, respectively. In each level the thickness measured at three locations
evenly spaced from anterior to posterior side &ode locations are indicated in Figure
2.1. The only exception is that location #2 of Kf8esection was 0.5 mm anterior to the

manubrium.
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Figure 2.2 Schematic of histologic sectioning of RWM. RWMdkmess was measured
at locations #1-3 for each section.

RWM thickness was measured in three sections fiaterdl to medial side as

displayed in Figure 2.2. The middle level, L2, veasthe long axis of the membrane.
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Sections of L1 and L3 were 250 um lateral and 260medial to the middle section,
respectively. As shown in Figure 2.2, the thickness measured at three locations

evenly spaced from anterior to posterior side rhesection.

2.3 Results
231TM

Figure 2.3 displays histologic structure of a conM. The image was taken
near the center of superior-posterior quadranthef hembrane. The TM consists of
three distinct layers: outer layer facing the eamat is composed of a single layer of
squamous epithelium; middle layer consists of filsrtissue; inner layer is the mucosal

layer composed of a single layer of flat epithedialls.

20 um EC

E MEC

Figure 2.3 Light micrographs of TM in control ear near centérsuperior-posterior
guadrant. EC, ear canal; MEC, middle ear cavity; éffthelium; F, fibrous layer.

Figure 2.4 shows cross sections of control TM n@er annulus and the
manubrium. The TM is thick in the region of the alus, thins out in the midway, and
thickens again near the manubrium. TM thicknesshef middle portion is generally

uniform and can vary from 6 to 10 um.

22



Figure 2.4 Light micrographs of TM in control ear near (A)rnatus and (B)
manubrium. EC, ear canal; MEC, middle ear cavityaAnulus; M, manubrium.

Figure 2.5 shows TM structure at two locations dlCaAOM ear. The 4D TM
underwent substantial changes compared with confirad epithelial cells in the outer
layer proliferated and stratified. The outer mopitreelium of the TM seems to be
keratinized. The outer layer was usually two tee¢hcell layers thick as shown in Fig.
2.5A, but occasionally four to five layers thick stsown in Fig 2.5B. Dilated capillary
and infiltration of neutrophils were observed ie ubepithelial area. Thickness of the
fibrous layer in 4D was not much different from ttr@f control ear. The cells in
mucosal layer proliferated, became round in shbpemaintained a single layer. The
thickness of mucosa was slightly increased. Neuitopfiltration occurred also in
mucosal layer. It should be emphasized that in 4D the epithelial and subepithelial

layers displayed more thickening than the otherlayers of the TM.
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Figure 2.5 Light micrographs of TM in 4D AOM ear with (A) twip three cell layers
thick epithelial layer and (B) four to five celiylars thick epithelial layer. EC, ear canal,
MEC, middle ear cavity; C, capillary; N, neutrophdl, keratin.

Figure 2.6 displays TM structure at two locatiorfsam 8D AOM ear. As
inflammation persisted in the middle ear, the TMBDfwas thicker than that of 4D. The
outer layer was in general three to five cell layérick due to proliferation of the
epithelium. Keratin filaments were frequently obset on surface of the TM. The
subepithelial area was swollen because of edemgreAter number of inflammatory
cells infiltrated into the subepithelial area comguhwith 4D. The middle fibrous layer
seems unchanged. The epithelial cells of the mlidager proliferated and stratified.

Edema and neutrophils were also observed in theosalitayer. Thickness of the outer

and inner layers were substantially increasedersth TM.

Figure 2.6 Light micrographs of TM in 8D AOM ear. (A) Prolifaion of epithelium,
dilated capillary, edema, and infiltration of neyghils occurred. (B) a great number of
neutrophils infiltrated in subepithelial area. E&y canal; MEC, middle ear cavity; C,
capillary; N, neutrophil; K, keratin; E, edema.

Table 2.1 lists the TM thickness at various loagaiof control, 4D, and 8D

AOM ears. To date, TM thickness was measured inspeximens for each group.
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As can be seen in Table 2.1, the TMs of both AOMugs were thicker than
those of controls at all nine locations. TM thickeef 8D ears was greater than that of
4D ears at all measured locations. In each grodpn&ar the manubrium (location #2
in superior level) was thicker than other locatiolisve exclude the thickness result
obtained near the manubrium, based on a totalxtéesi measurements on two TM
samples for each group the average TM thicknessmtfol, 4D, and 8D AOM was 7.8
+1.1,13.8 £ 2.4, and 26.3 £ 5.5 um, respectively.
2.3.2RWM

Figure 2.7 shows histologic structure at the ceofea control RWM. The
chinchilla RWM consists of three layers: outer layacing middle ear cavity is
composed of squamous epithelium one to two celerythick; middle layer is
connective tissue composed of collagen fibers; rinager facing scala tympani is
composed of a single layer of flat cells.

20 um
[—

MEC
—_N $=
ShowiE

Figure 2.7 Light micrographs of RWM in control ear. MEC, middear cavity; ST,
scala tympani; F, fibrous layer.

Figure 2.8 displays low magnification images of ttonRWM. The image in
Fig. 2.8A shows the cross section of the RWM ldt&rats long axis. Fig. 2.8B shows
the section medial to its long axis. As can be sd@membrane is thick in the region
of the bony rim and thin out in the central portigk lateral side of the RWM, the

thickness was uniform from end to end as shownign E.8A. At medial side, the
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RWAM in the region posterior to the center was upwtize thicker than the rest part of
the membrane due to thickening of the fibrous lsagshown in Fig. 2.8B. This local
increase of thickness was observed in all the RVgktisnens. Our histologic results
demonstrate that in chinchillas posterior-medishdrant of the RWM is thicker than

other quadrants.

MEC :
Posterio

e e s

ST

Figure 2.8 Light micrographs of control RWM at (A) lateratisiand (B) medial side of
the membrane. MEC, middle ear cavity; ST, scalapgmn Arrow indicates local
increase of thickness in posterior region of RWM.

Figure 2.9 shows the RWM of a 4D AOM ear. Subsgrthickening occurred
at the periphery of the membrane as shown in F@A.2 The higher magnification

image of the RWM near the rim indicates that thiekéning was caused mainly by

edema and infiltration of neutrophils (Fig. 2.9B).

(©)

Figure 2.9 Light micrographs of 4D RWM at (A) low magnificati and (B) high
magnification near the rim and (C) the center & thembrane. MEC, middle ear
cavity; ST, scala tympani; N, neutrophil; E, edema.
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Figure 2.9C displays the 4D RWM structure neardéeter of the membrane.
Infiltration of inflammatory cells was observedtime middle fibrous layer. The middle
layer was thickened due to the infiltration. Theaeouepithelial layer and inner layer
were not much different from those of control saesplThe thickness in the central

portion of the membrane increased compared with dhacontrol. It is noticed that

inflammatory cells were present in the scala tympéthe 4D ear.

Figure 2.10 Light micrographs of 8D RWM at (A) low magnificati and (B) high
magnification near the center of the membrane. ME@idle ear cavity; ST, scala
tympani; N, neutrophil.

Figure 2.10 displays the RWM structure of an 8D A@&. Compared with 4D
RWM, the swelling at the boundary of the membraeerelased in 8D as shown in Fig.
2.10A. The structure at the center of the membrarsthown in Fig. 2.10B. The outer
and inner layers were single layer thick. Lessamiatory cells were observed in the
middle fibrous layer compared with 4D ear. The mdsimatic changes of the 8D
RWM was that the connective tissue of the middieedavas loose, which might have
resulted from edema. The whole membrane was thtblaer that of control ear.

Table 2.2 lists the thickness at nine locationsarftrol, 4D, and 8D RWMs. To
date, the thickness was measured in two specin@nsatch group. As shown in the
table, the RWMs of 4D and 8D ears were thicker ttiemse of control ears at all the

locations. The RWM thickness of 8D was not mudfedent from that of 4D. In each

specimen, the thickness in posterior-medial quadrbtne membrane (#2 and #3 in L3)
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was in general greater than that at other measacations. The mean RWM thickness
cross the nine locations of control, 4D, and 8 ewas 11.2 £ 2.5, 16.7 £ 2.4, and 16.1

+ 2.8 um, respectively.
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2.3.3SAL

Figure 2.11 shows structure of a control SAL. Ttagss footplate is attached to
the margin of the oval window via the SAL (Fig. 2A)). Structure of the chinchilla
SAL containing articular cartilage, articular calgsuand cavity between two cartilage
layers (Fig. 2.11B). The surface of the oval windamd the rim of the footplate are
covered by a layer of hyaline cartilage. In contspecimen, the SAL capsule at
vestibular side frequently ruptured in the histatggrocess, but its structure still can be
identified. As shown in Fig. 2.11B, the capsuleirigcthe middle ear cavity or scala
vestibuli is composed of squamous cells one or cnally two layers thick. No

fibrous tissue was observed in the SAL cavity.

Figure 2.11 Light mlcrographs of control SAL at (A) low magmﬁtlon and (B) high
magnification. MEC, middle ear cavity; SV, scalasweuli; F, footplate; SAL,
stapediovestibular joint; OW, oval window; CP, aalpsC, cartilage; CV, cavity.

Figure 2.12 displays SAL of a 4D AOM ear. Neutrdplwere present in the
middle ear near the footplate. No inflammatory <ellere observed in scala vestibuli
(Fig. 2.12A). Dramatic changes occurred in thesoép facing the middle ear.

Thickness of the outer capsule was substantialbreased due to infiltration of

inflammatory cells (Fig. 2.12B). The capsule atenear side was not different from

31



that of control SAL (Fig. 2.12C). The cartilage éay and cavity in the SAL also

appeared normal.

Figure 2.12 Light micrographs of 4D SAL showing (A) inflammayocells were within
middle ear side of the footplate, (B) infiltratimf neutrophils into the joint capsule
facing the middle ear, and (C) normal appearandcheotapsule at inner ear side. MEC,
middle ear cavity; SV, scala vestibuli; F, footplalN, neutrophil.

Figure 2.13 shows SAL of an 8D AOM ear. Inflammstoells were observed
in the middle ear side of the footplate, but weoé found in the scala vestibule (Fig.
2.13A). Edema and inflammatory cells were obsemetie SAL capsule at middle ear

side (Fig. 2.13B). This outer capsule thickenedhier compared with 4D ear. The

capsule at inner ear side appeared normal in 8QFegr2.13C). The articular cartilage
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and the cavity were not much different from thoSeanmtrol ear. In summary, the SAL
cartilage, cavity, and inner capsule were not @by the middle ear infection in both
4D and 8D ears. The SAL’'s outer capsule thickenedhe early AOM and the

thickening was more prominent in the later phastefdisease.

(B

Figure 2.13 Light micrographs of 8D SAL showing (A) inflammayocells were within
middle ear side of the footplate, (B) edema androghils in the joint capsule facing
the middle ear, and (C) normal appearance of tipsuta at inner ear side. MEC,
middle ear cavity; SV, scala vestibuli; F, footptalN, neutrophil; E, edema.

2.3 Discussion

2.3.1 Compared with published data
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Like many other species, the chinchilla TM consistouter epithelial layer,
middle fibrous layer, and inner mucosal layer. Tinenber of studies on TM thickness
of normal chinchilla was limited and there is netible discrepancy between the
published data. Hsu et al. (2000) reported thekti@ss at seven locations across four
quadrants of the chinchilla TMs in five age groups.the 14 days-old chinchillas
(oldest group in their study), the TM thicknessiedrfrom 18 to 31 um over the
measured locations (Table IIl in Hsu et al. 200)other study by Hsu et al. (2001)
showed that TM thickness of adult chinchilla wasp@i. Parekh et al. (2009) reported
the morphology of normal chinchilla TM (Fig. 7 imeir paper). Based on their
histologic sections the TM thickness was betweénm 80 um, which was significantly
smaller than the data reported by Hsu et al. In @urent study, TM thickness of
normal chinchilla ear is consistent with the resudported by Parekh et al. (2009).

The chinchilla RWM is also a three-layered membreomesisting of the outer
epithelium, the middle connective layer, and theein epithelium. Structure and
thickness of normal chinchilla RWM has been repbitea few studies. Schachern et
al. (1982) reported that the central portion of tleemal chinchilla RWM had a mean
thickness of 13.7 um. Goycoolea and Lundman (198&ptioned that the RWM
thickness was 10 to 14 pum in chinchilla. Our thess results of normal chinchilla
RWM generally agree with those published data.

Our histologic study demonstrated that the chitehf8AL contains articular
capsule, cartilage, and cavity. To date, my literatreview of structural assessment on
chinchilla SAL identify only one relevant study. IBaand Lim (1972) examined the

SALs of different species including chinchilla. Theesults also showed that the
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chinchilla SAL had structure of a synovial jointhieh is similar to our observation.
The rim of the footplate was attached to the ovaldew via thin capsules. There was
no fibrous connection between the two cartilagesigayin the joint. The structure of
chinchilla SAL differs significantly from that oftleer lab animals and human. There are
ligament fibers transversely crossing in the spmeteeen the two cartilage layers in the
SALs of human (Bolz and Lim 1972; Takanashi et2@l13), rat (Ohashi et al. 2006),
dog, cat, and sheep (Bolz and Lim 1972).
2.3.2 Histopathlogic changes of TM, RWM, and SAL in AOM

The chinchilla TM underwent substantial changegany phase of AOM and
the changes were more prominent in later phasehef disease. At day 4 post
inoculation, the outer epithelium of the TM protééed and became two to three cells
in thickness. Inflammatory cells infiltrated intbet subepithelial area. The change in
inner mucosal layer was relatively small. The nediitbrous layer remained unchanged.
Thickening of the TM in 4D AOM ears was primarilprdributed by the outer layer
changes. At day 8 of the infection, thickness @f tluter epithelium further increased.
The subepithelial area was edematous and infiltradéh more neutrophils. The fibrous
layer was not much different from that of controld® TM. Cells in the mucosal layer
proliferated and stratified. Edema and neutrophifiltration also occurred in the
mucosal layer. Changes of outer and inner layeewee primary contributors to the
thickening of the 8D TM. Edema and neutrophilshose two layers were likely to be a
result of dilated capillaries, allowing fluid andflammatory cells to escape from the
capillaries. Berger et al. (1996) histologicallyaexned the human temporal bones with

AOM. They reported that the epithelial layer of th®! was thicker in patients with
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AOM and identified that swelling, infiltration witinflammatory cells, and distended
capillaries affected mostly the subepithelial andrsucosal layers, whereas the fibrous
layers remained intact. Our findings on TM chanigethe chinchilla AOM model are
similar to their results.

Thickness of the chinchilla RWM was increased in ADM. The thickening
was resulted from infiltration of inflammatory ceiinto the middle fibrous layer of the
membrane. Those inflammatory cells are believedstape from the capillaries in the
middle layer and migrate towards the middle eartgaand inner ear scala tympani.
Under light microscope examination, the outer amter epithelial layers of 4D RWM
were not different from those of control. As AOMrgisted to 8D, in middle layer of
the RWM the fibrous tissue was loose and swolleth i@ number of inflammatory
cells decreased. No substantial changes were auserthe outer and inner layers. The
thickness of 8D RWM was similar to that of 4D RWIMchachern et al. (1981)
produced OM in chinchillas by intrabullar injectimf staphylococcal exotoxin and
examined the RWMs by electron microscope. They alsserved inflammatory cell
infiltration of the fibrous layer and basal portiohthe scala tympani. Furthermore, they
identified intercellular edema, cellular and nucleaelling of the epithelium in both
surface layers. In our study, such changes in RWithelium were not observed under
light microscope.

Changes of the SAL in both 4D and 8D AOM ears wenied in the capsule
facing the middle ear. Inflammatory cells infileedtinto the capsule and subsequently
increased the capsule thickness in the early pba®eOM. Thickening of the SAL

outer capsule was more prominent at day 8 due ltanddtration and swelling. The
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epitheliums of the outer capsule line with the nleddar mucosa. The inflammatory
cells and fluid in the capsule might migrate frdme tiddle ear mucosa adjacent to the
joint. The inner capsule facing the cochlear cawiis unchanged and no inflammatory
cells were observed in the scala vestibuli nearfdbgplate. The inflammation did not
cross the oval window. It suggests that the SAleiss susceptible to middle ear
inflammation than the RWM in this AOM model.

In this study, histologic examination on the cohtmod AOM ears indicates that
microstructures of the TM, RWM, and SAL in the dised ears varied from those of
controls. The ear tissues’ structural changes ter Iphase of AOM were more
prominent than those in early phase of the diseasieh suggests that the mechanical
properties of those tissues may change over theseai the disease.

Future works are needed to increase numbers of AMRWM specimens of
control and two AOM groups for statistical analysis their thickness. Histologic

preparation for SAL needs to be improved to mamégaad intact inner capsule.

2.4. Conclusion

AOM was produced in the chinchillas by transbuifgection of H. influenzae.
Microstructures of the TM, RWM, and SAL were exaadnn normal, 4D AOM, and
8D AOM ears by histology. Thickness of the TM an/KR were quantified in the
three experimental groups. In early phase of AOMI thickness was increased and
cellular proliferation and infiltration in outerylar were primary contributors. RWM
was also thickened by infiltration of neutrophitga the middle fibrous layer. Outer

capsule of the SAL was thickened due to cell ird#tlbn. In later infection phase, TM
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was further thickened by edema and cell proliferatin the outer and inner layer.
Middle fibrous layer of the RWM became swollen. dkmess of the SAL’s outer
capsule was further increased by edema. This sthdyacterized the histopathologic
changes of those middle ear tissues during theseowf AOM and provides

fundamental structural evidence to aid in undedstaptheir mechanical properties.
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CHAPTER 3: AUDITORY BRAINSTEM RESPONSE OF CHINCHILLA AOM
EARS
3.1 Introduction

In this chapter, hearing level changes of the diiilas in early and later phases
of AOM was evaluated by measuring the animals’ @mugibrainstem response (ABR).
ABR is an auditory evoked potential generated altimg path from the inner ear
auditory nerves to the inferior colliculus in thedibrain. This electrical activity can be
recorded via electrodes placed on the scalp.

ABR signal is characterized by a series of waveslypeced usually in the first 10
milliseconds after onset of an auditory stimulugiufe 3.1 shows ABR of a chinchilla
in response to sound stimulus at various intessifitbe amplitude of each wave in the
ABR is reduced as the sound level decreases. ABRatebe identified when sound
intensity declines to a certain level, which isalguconsidered as the threshold of ABR

or hearing.
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Figure 3.1 ABR of a chinchilla ear in response to sound shuis@at various intensities.
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ABR has been widely used to determine changesairgethreshold or hearing
loss in animals with OM. Petrova et al. (2006) stigated the effects of the middle ear
fluid and pressure on the auditory threshold bysusag the ABR in live guinea pigs.
Qin et al. (2010) investigated the hearing losmioe ears with middle ear effusion by
measuring the ABR threshold. Recently, we condu&B&R measurement in guinea
pigs to investigate the hearing loss produced lddhaiear fluid (Guan and Gan 2011).

This chapter describes the methods of ABR measuremed the results of
hearing loss in the chinchillas represented by ABRRshold shifts at 4 days (4D) and 8

days (8D) post inoculation.

3.2 Methods
3.2.1 Animal preparation

Fifteen chinchillas Chinchilla lanigera) weighing between 600-780 g were
included in this study. The study protocol was appd by the Institutional Animal
Care and Use Committee of the University of Oklahaand met the guideline of the
National Institutes of Health. All animals were drdrom middle ear disease (as
evaluated by otoscopic examination) at the begmnirthe study.

The chinchillas were divided into control and AOMbgps. The control group
included six animals, the group of 4D AOM includeet animals, and the group of 8D
AOM included four animals. AOM was produced by sfnllar injection of HI 86-
028NP suspension in both ears following the procedescribed in Chapter 2. At the
4th or 8th day post-inoculation, animals were dmssted as described above.

Additional anesthesia was administered as needethiotain areflexia.
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The pinna and the skin covering the ear canal wear®ved surgically to expose
the entrance of the ear canal. In each animalexperiment was conducted bilaterally
(N=12 for control; N=10 for 4D AOM; N=8 for 8D AOM)-or both control and AOM
groups, the body temperature of the animal was taiaied throughout the experiment
at approximately 38° C by placing the animal inrang position on a thermoregulated
surgical heating blanket.

3.2.2 ABR measurement

Pure-tone ABR thresholds of the AOM and controlnaals were recorded
following the procedure reported in Guan and G&@112. Repeated tone burst stimuli
with alternating polarity from TDT system Il (TuekDavis Technologies, Alachua,
FL) were delivered by the speaker (CF1, TDT, AlagHtL) to the probe of a ER-10B+
microphone (Etymotic Research, Elk Grove Village), which was inserted into the
ear canal. The microphone and the sound delivdrg tuere integrated in the probe.
The tip of the probe was approximately 3 to 5 mnay¥vom the umbo.

Tone burst stimulus with duration of 4 ms (0.5 mse/fall, 3 ms plateau) at
frequencies of 0.5, 1, 2, 4, and 8 kHz was applethe ear canal at the rate of 13/s.
Figure 3.2 displays the waveform of the stimulusetke ABR. The stimuli of tone
burst started from 80 dB and down (or up) to threghold in steps of 5 dB. The ABR
threshold was defined as the lowest sound inteasityhich clear ABR waves could be
observed (Qin et al. 2010; Jeselsohn et al. 20@#ofa et al. 2006). The ABR
waveform at each level was measured in 10 ms rewpwdindow, averaged 200 times,
and recorded on a computer. The input sound predsuels were calibrated by using

the microphone in every ear before the test.
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Figure 3.2 Waveform of tone burst stimulus to evoke ABR.

The negative recording electrode (steel needle trelde) was inserted
subcutaneously at the mastoid area and the posén@ding electrode was placed at
the vertex. The ground electrode was placed in himel leg. ABR signals were
amplified and averaged using TDT system Ill andsBjcsoftware. The no-testing ear

canal was sealed with dental cement during the Atgfasurement.

3.3 Results

Figure 3.3 shows the individual and mean threstublghure tone ABR over
frequencies of 0.5-8 kHz in twelve control, ten ADM, and eight 8D AOM ears. The
gray area indicates 1 standard deviation (SD)ratounean.

ABR thresholds of control ears with mean and irdiral curves are displayed in
Fig. 3.3A. The mean threshold was relatively highHoav frequencies and gradually
decreased as the frequency increased to 8 kHzisRedldata from Hsu et al. (2001)
were plotted in Fig. 3.3A for comparison. The difiece between our results and their
data was within 5 dB over 1-8 kHz except 4 kHz, wehéhe threshold of normal
chinchillas measured by Hsu et al. was 8 dB greaten that obtained in the current

study. This may result from different methods afsius calibration between the two
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studies. The stimulus was calibrated in a £ coupler in the study by Hsu et al. In our

current study, the stimulus was calibrated in edote the measurement.
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Figure 3.3 Threshold of ABR over 0.5 to 8 kHz in (A) contr¢B) 4D AOM, and (C)
8D AOM ears. Dotted lines represent the individoatves. Solid line represents the
mean curve. Shaded area represents + 1 SD arowsnt Bleie line represents the ABR
threshold of normal chinchilla ears reported by ldsal. (2001).
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The mean ABR threshold of 4D AOM ears elevatedllateated frequencies
(Fig. 3.3B). Individual ABR curves show variatioaslow and high frequencies, which
may be caused by different levels of middle easguee and effusion between ears.

Figure 3.3C shows the individual and mean ABR tho&s of 8D AOM ears.
The mean threshold at high frequencies furtherem®ed compared with 4D ears. The

variation of individual threshold was large at 8ZH
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Figure 3.4 Comparison of mean ABR threshold with SD betweantrol (black line),
4D (blue line), and 8D ears (red line).

Figure 3.4 displays the comparison of the mean AR over the frequencies
between three groups. Student t-tests were usadaiyze the group difference at each
frequency and the statistical results are listedable 3.1. The ABR threshold of both
AOM groups is significantly greater than that ohtol ears at all tested frequencies.
As shown in Fig. 3.4, the mean ABR threshold oféiDs is higher than that of 4D ears
over the frequencies, but the increase is sigmficaly at 2 and 4 kHz (Table 3.1).

Table 3.1 List of P values derived from unpaired t-test lo@ ABR threshold data
between control, 4D, and 8D ears.

0.5 kHz 1 kHz 2 kHz 4 kHz 8 kHz

Control vs 4D 0.00 0.00 0.00 0.00 0.00
Control vs 8D 0.00 0.00 0.00 0.00 0.01
4D vs 8D 0.49 0.21 0.04 0.04 0.19
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3.4 Discussion

Elevation of ABR threshold in 4D and 8D ears intksathat the animals had
conductive hearing loss in early and later phase&@M. The hearing loss resulted
from a combination of middle ear pressure, effusand structural changes induced by
the middle ear infection. The 8D ears tend to hgreater hearing loss than the 4D ears
over all the frequencies and significant differencehearing loss level occurred at
certain frequencies between the two AOM phases. flddngs demonstrate that the
hearing loss was more profound as the infectiosigid in the middle ear.

Our previous study in guinea pig model indicateat thhen saline was injected
into the middle ear the hearing loss strongly dateel with the loss of TM mobility at
umbo (Guan and Gan 2011). Studying mechanisms ofmiddility loss would help in
understanding the conductive hearing loss assaociaith AOM. In next chapter, we
investigate the factors contributing to the lossunfbo mobility in the early and late

phases of AOM.

3.5 Conclusion

The hearing loss of 4D and 8D AOM ears were evatlidly changes of ABR
threshold. ABR threshold of chinchillas at 4D or &@st inoculation significantly
increased over 0.5-8 kHz. The threshold in 8D eas greater than that in 4D ears at

all the frequencies, but significant increase waseoved only at 2 and 4 kHz.
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CHAPTER 4: FACTORSAFFECTING LOSSOF TYMPANIC MEMBRANE
MOBILITY IN CHINCHILLA AOM MODEL
4.1 Introduction

The mechanisms of conductive hearing loss assdciaith AOM are not well
understood. Recently we utilized Sireptococcus pneumoniae (SP) type 3 strain to
produce a 3-day AOM model in guinea pigs (Guan @aah, 2013). Data from that
study unequivocally showed that changes in middle @essure, effusion volume,
together with infection-induced structural changesh contributed to the loss of TM
mobility (Guan and Gan, 2013). However, it is n@ac how those factors vary along
the course of the disease and whether those efieeteproducible in different species.
The present study was designed to address thessiss

In this chapter, we focus on characterizing theesobf middle ear pressure
(MEP), middle ear effusion (MEE), and middle eaustural changes such as ossicular
adhesions and soft tissue property changes in swandmission during the course of
middle ear infection, we utilized the chinchilla MOmodel initiated by transbullar
injection of strainHaemophilus influenzae (HI) 86-028NP. The infected animals were
divided into two groups: 4 days (early phase of ACMd 8 days (later phase of AOM)
post inoculation. In each group, the TM vibratidritee umbo was measured using laser
Doppler vibrometry (LDV) at three experimental stagthe unopened AOM ear with
MEP and MEE, upon release of MEP, and after remo¥MEE. We then quantified
and compared the effects of middle ear pressufesien, and structural changes on

TM mobility loss at these two phases of AOM.
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4.2 Methods
4.2.1 Animal preparation

Eighteen chinchillas (Chinchilla lanigera) weighibgtween 600-780 g were
included in this study. The study protocol was appd by the Institutional Animal
Care and Use Committee of the University of Oklahaand met the guideline of the
National Institutes of Health. All animals were drdrom middle ear disease (as
evaluated by otoscopic examination) at the begmnirthe study.

The animals were divided into control and AOM grseufyhe control group
included eight animals, and the AOM group of 10naals was subdivided into two
groups: the 4 days (4D) group of six animals amd&ldays (8D) group of four animals.
AOM was produced by transbullar injection of HI 888NP suspension in both ears
following the procedure described in Chapter 2. érgkneral anesthesia [ketamine (10
mg/kg) and xylazine (2 mg/kg)], 0.3 ml bacteriaggension containing 3000 CFU was
injected into the superior bulla bilaterally usiadlL cc syringe with a 26 gauge needle.
After the challenge dose was administrated, otascegamination was performed
daily. The animals of control group were untreated.

At the 4th or 8th day post-inoculation, animals evanesthetized as described
above. Additional anesthesia was administered edateto maintain areflexia. The TM
was examined microscopically, and then surgery wagormed (see description
below). In each animal, the experiment was condubié@terally (N=16 for control;
N=12 for 4D AOM; N=8 for 8D AOM). For both contraeind AOM groups, the body

temperature of the animal was maintained throughmaiexperiment at approximately
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38° C by placing the animal in a prone positionaothermoregulated surgical heating
blanket.
4.2.2 Experimental protocol

To expose the entrance of the ear canal, the @ndahe skin covering the ear
canal were removed surgically. The TM was examueder a microscope to identify
signs of AOM. Then the middle ear pressure andggnabsorbance were measured by
using a wideband tympanometer (Model AT235h, Irteuatic, MN).

Upon the completion of tympanometry, a 3 mm diametde was drilled in the
lateral wall of the ear canal to expose the umbiwnra laser reflective tape (0.2 x 0.2
mn?, < 0.01 mg, 3M, St. Paul, MN) was passed throughHole and placed on the
center of the lateral surface of the TM (umbo)$tablish the laser target for measuring

TM vibration (Fig. 4.1).

Microphone

y

Speaker

Footplate

Y
Signal
Analyzer

Round
window
membrane

Figure 4.1 Schematic diagram of the experimental setup véterd viorometry at the
umbo in the tympanic membrane in chinchillas arel iiethods for aspiration of the
middle ear effusion.
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The TM vibration measurement in AOM ears was pengd in three
experimental stages: OM-1, undisturbed bulla hadnsic middle ear pressure and
effusion; OM-2, the pressure was released fronmiltglle ear; and OM-3, the effusion
was drained from the middle ear. A sound delivaiyetand a probe microphone were
placed in the ear canal and the movement of theaTMmbo was measured. At each
experimental stage, the TM measurement was cordibdtgerally using LDV.

After completion of the vibration measurement iaget OM-1, the skin of the
superior temporal bone was partly removed to explosaniddle ear bony wall on top
of the temporal bone. A hole of 1 mm diameter waléed into the roof of the middle
ear to release the middle ear pressure. Afterrggdiie hole with dental cement (PD-
135, Pac-Dent, CA), the OM-2 evaluation was peram

Upon the completion of LDV measurements for stafjje-Z) the hole on top of
the temporal bone was opened and enlarged to 3-4qnndrameter using a drill (Fig. 1).
Under microscopic visualization a silicone tube waserted to the bottom of the
middle ear cavity through this hole. The middle ediusion was then aspirated
manually from the cavity with a 1 ml syringe. Thepmation process was repeated as
necessary until no additional fluid could be drdifimm the tympanic cavity. The total
effusion volume obtained from each ear was theorosal.

Adhesions were frequently found on the malleus head between the
manubrium and the cochlear promontory when thecéuity was opened for stage OM-
3. These ossicular adhesions were not disturbedigltine aspiration of the effusion.
The opening on top of the temporal bone was therrea by a thin glass sheet, and

sealed with dental cement. Then, LDV was perfornied stage OM-3. After
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measurements were completed at all 3 OM stagespdiiea was harvested. Then
another hole (diameter of ~4 mm) was opened orptsterior area from the medial
side to allow a microscopic examination of the ntedelar. The ossicles were examined
from the superior view to assess the malleus-ircmamplex and from the posterior-
medial view to evaluate the manubrium and the adgacent to the round window.

Control ears were prepared and analyzed in the saan@er as described above
for ears with AOM. To exclude the effect of mid@lar pressure in anesthetized animals
(Guinan and Peake 1967), a hole of 1 mm diameterdsiied on the top of the middle
ear cavity to release any pre-existing pressuneflactive tape was placed on the umbo
and the small opening on the roof of the tempoasebwas sealed by dental cement.
TM vibration was then measured by LDV as describdtie next section. Note that the
pressure was not measured in the control ears amgeinbalanced pressure had been
released in the preparation.
4.2.3 Laser Doppler vibrometry measurement

Figure 4.1 shows a schematic of the experimentaipséor measuring TM
vibration at the umbo with LDV. The methods of silos generation and umbo
vibration measurement closely resembled those umsedr previous guinea pig study
(Guan and Gan, 2013). Briefly, pure tones at 80SiH. were presented into the ear
canal sequentially from 100 Hz to 10 kHz for 50legcat each tone through a sound
delivery tube. A probe microphone (Model ER-7C,r&tyic Research, IL) was inserted
in the ear canal and the tip of the probe was plagpproximately 2 mm from the umbo
to monitor the input SPL. After the sound deliveuipe and the probe microphone were

placed, the entrance of the ear canal was seakiddental cement. As shown in Fig.
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4.1, the opening in the lateral surface of thecamal wall was covered by a transparent
glass sheet, and the gap between the glass shedh@rbony wall was sealed with
dental cement. Vibrations of the TM were measungdhe laser vibrometer (Polytec
CLV 2534, Tustin, CA). The direction of the lasexaln was approximately normal to
the lateral surface of the umbo. The peak-to-pegdatements (dp-p in unit of um) of
the TM at the umbo were calculated from the voltaggut of the laser vibrometer
velocity decoder by gd= 2Aa/nf, where Aqr is the amplitude of vibrometer output
(velocity) in Volts and f is the frequency of putene in kHz. To obtain the TM
displacement phase, the measured velocity phaseshifted by -90 at all tested
frequencies.

Surgical preparation of each animal (inclusion othbears) required 15-20
minutes. Tympanometry was completed within 2 migugad the LDV measurement at
each experimental stage usually took about 10 m&uthe TM vibration data for the
unopened bulla (OM-1) were collected about 30 nas#fter the anesthesia. For other
OM stages, the TM vibration data were obtained iwith minutes after re-sealing the
opening on the bulla to avoid any pressure vanatithat might occur with a longer

interval.

4.3 Results
4.3.1 Microscopic observation and MEP of AOM ears

After removing the pinna, the TM was examined nscapically to identify
signs of AOM. The thin, translucent TM typical obrmal (uninfected control)

chinchillas is shown in Fig. 4.2A. The changesdgpior the TM of an AOM ear at 4D
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are shown in Fig. 4.2B. After this short time pogection, the TM appeared opaque
and a middle ear effusion (yellow in color) was derit. However, at this low
magnification such TMs exhibited no observabledtral changes compared to control
TMs. As shown in Fig. 4.2B, an air-fluid interfabehind the TM was usually visible
and associated with AOM in 4D ears. The volume &Bvin 4D AOM ears ranged
from 0.3-0.6 ml and had a mean value of 0.42 m0.(#1 ml standard deviation, SD)
when the MEE was aspirated for experimental stalge20In two of the ears exhibiting
AOM at 4D, the volume of effusion was sufficientirge (~0.6 ml) to fill the middle

ear over the umbo. The effusion level in the othars from the 4D group filled the

middle ear cavity to a level below the umbo.

Figure 4.2 Microscopic photographs of (A) control eardrum) @days AOM eardrum,
and (C) 8 days AOM eardrum.

A view of the TM in an 8D AOM ear is shown in Fi§§2C. TMs from this time
period were hyperemic and opaque. A yellow-coldweE was observed in each ear.
In these ears, the effusion almost filled the entiiddle ear space. MEE volume ranged
from 0.7-0.9 ml with an average value of 0.82 mD(@9 ml, SD). The observed mean
fluid volume was significantly greater than thaumo in AOM ears after infection for
four days (student t-test, p < 0.05). MEEs fromhbdD and 8D ears were clearly

purulent. The appearance of MEEs obtained at thwsetimes following bacterial
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challenge could not be distinguished from one asrolly the unaided eye or under low

power light microscopy.

\ \

/ Rotntwind®y I Malleus heal

Adhesion niche
\ > \

Promontory

-,

Adhesion

Adhesion

\f‘ N

Promontory

Figure 4.3 Microscopic photographs of (A) middle ear cavitydaossicles in 4 days
AOM ear, (B) malleus head in 4 days AOM ear, (Cildie ear cavity and ossicles in 8
days AOM ear, and (D) malleus head in 8 days AOM ea

Next we evaluated the occurrence of changes incussi appearance and
structure at 4D and 8D post challenge (Fig. 4.8hrRo these assessments, MEEs were
removed to better visualize the changes which eoedurAdhesions were formed

between the TM and the cochlear promontory as alaround the round window

niche by Day 4 (Fig. 4.3A). The manubrium, stapesl long process of the incus were
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covered with adhesions. As shown in Fig. 4.3B, attims were also observed on the
malleus head.

The typical appearance of the ossicles in eardioichillas experiencing AOM
for 8 days is shown in Figs. 4.3C and 4.3D. Modgetitesions were observed in the
round window niche and between the manubrium aodhpntory (Fig. 4.3C). Figure
4.3D Illustrates the adhesions formed on the mslleead. Adhesions also were
observed between the ossicles and the adjacentemagdd walls in both 4D and 8D
AOM animals. These AOM-associated ossicular charigethe chinchilla closely
resemble those previously described in the guinggd@uan and Gan, 2013) and the
gerbil AOM models (von Unge et al., 1997). Adhesidretween the manubrium and
cochlear promontory in 4D ears appeared to be ¢hittkan those observed in 8D ears.
In contrast, adhesions around the malleus hea® irats did not appear to differ from
those occurring at 8D. In Fig. 4.3D, we also obsdrdilated capillaries in the mucosa
near the malleus head. The changes of capillauggest a possible thickening of the
mucosa layer.

The MEP in stage OM-1 was measured by wideband ayimimetry before the
measurement of TM vibration. The MEP of all 4D AG¥rs was negative and had a
mean value of -176 = 54 daPa. In the 8D AOM grolgoyr ears exhibited a flat
tympanogram, and the MEP was could not be idedtifié/e believe that this
observation probably reflects large amount of effiugpresent in the middle ear cavity
(Jerger 1970; Paradise et al., 1976). The MEPefémaining 8D ears with AOM were

all negative (mean value -145 + 65 daPa).
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4.3.2 TM mobility changein 4D AOM ears

Figure 4.4 shows the individual and mean curvesTidr displacement at the
umbo in response to 80 dB SPL pure tones over émjas of 0.1-10 kHz measured in
twelve 4D AOM and 15 control ears. In each AOM é&av| vibration was recorded at
three experimental stages: OM-1, OM-2, and OM-3e Tipper panels display the
frequency response curves of the peak-to-peak atisplent magnitude. The
displacement phase curves are shown in the lowerigpa

TM displacement at the umbo measured in OM-1 witamand individual
curves is shown in Fig. 4.4A. At stage OM-1, theldle ear was unopened, and TM
movement was affected by the MEP, MEE, and strattcihanges in the middle ear.
The mean displacement magnitude gradually decrefisad 0.023 um to 0.009 pm
over 0.1-2 kHz, and a continued reduction to 0.4¢at 10 kHz was observed. The
mean phase of OM-1 was flat for frequencies betvieg+0.5 kHz with a value of -212
to -230, and decreased at higher frequencies. The noiséfter LDV measurement is
plotted in the upper panel of Fig. 4.4A. It showattthe TM displacement magnitude in
OM-1 was at least 10 dB greater than the noisel [Bvemost tested frequencies.
Considering that TM mobility in OM-1 should be tlevest when compared to the
other OM stages in this study, the LDV measurensexpected to be reliable.

At stage OM-2 (Fig. 4.4B), the mean TM displacemamntve was flat at 0.1-2
kHz with a value of 0.022-0.045 um and decreastst afkHz as frequency increased
when the MEP was released. The mean phase decrsasdyg from -14 to -230 over
0.1-10 kHz. We noted that individual TM displacerneslues exhibited relatively large

variations compared to the curves obtained in st@d-1. The two lowest
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displacement curves were obtained from the eark @i6 ml of MEE, the largest
amount observed in the 4D ears.

The magnitude and phase of TM displacement afterMEE was removed
(stage OM-3) are shown in Fig. 4.4C. The variatadnthe individual displacement
curves in OM-3 was smaller than that in OM-1 and-@Mhe mean displacement was
flat between 0.1-1.5 kHz with a value of 0.034-@ @6m, and decreased continually as
frequency increased. The mean phase angle of Okduglly decreased from 1o -
210 over 0.1-10 kHz. It is important to note that theulent adhesions still remained
on the ossicles at this stage, a finding diffefesrh control ears.

The TM displacement magnitude and phase deternfmoed 15 control ears
without AOM are displayed in Fig. 4.4D (16 contears were initially involved in this
study, but one TM was damaged during preparati@hveas excluded from our study
for this reason). Mean TM displacement was flaiMeein 0.1-1.2 kHz with a value of
0.11-0.18 pum, then decreased to 0.004 um as thaeney increased to 10 kHz. The
mean phase curve slowly decreased fronf #01-210 over the tested frequencies.
Published data from Ruggero et al. (1990) desayibpressure-released normal
chinchilla ears were included in Fig. 4.4D for carpon with our newly obtained data.
The displacement magnitude and phase curves obtamneur current study closely
resemble those based on Ruggero’s data.

The mean TM displacement curves at control and 3 sades in Fig. 4.4 are
extracted and displayed with SD bars in Fig. 4.8e Ftatistical results (p-values) for
Fig. 4.5A displacement data are listed in Table Répeated-Measures ANOVA and

Tukey post-hoc tests were used to compare the @késtages since the displacements

57



were measured from the same population. An unpé&itest was used to compare OM-

3 to uninfected control ears because these two lmiddr conditions were from

different populations. Statistical analysis was f@ened using Prism software

(Graphpad, La Jolla, CA). The p-values of post-test were reported as inequalities in

the software.
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Figure 4.5 Mean peak to peak displacement magnitude (A) dnade angle (B) of the
TM at umbo with SD in response to 80 dB SPL sounmii at the ear canal in 4 days
OM-1 (red line), OM-2 (blue line), OM-3 (purple &), and control ears (black line).
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Significant changes in TM displacement occurred rmgnthe three OM stages
(Table 4.1, column 2). As shown in Fig. 4.5A andl€a4.1, the TM displacement of
OM-3 was significantly greater than that of OM-1leovrequencies of 0.1-10 kHz
(column 3 of Table 4.1). After pressure in the nedear was released (OM-2), the TM
displacement increased significantly at low freques (0.1-2 kHz, see column 4 of
Table 4.1). As the effusion was drained from thetgg OM-3), TM displacement was
significantly increased compared to OM-2 at 4-1@KkEolumn 5 of Table 4.1). When
the OM-3 values were compared with those of congianls, there was a significant
difference at all tested frequencies (column 6 abl& 4.1). It should be noted that at
frequencies > 2 kHz, the TM displacement of OM-3sv&lightly, but significantly,
lower than that of controls (Fig. 4.5A).

Figure 4.5B shows the mean + SD of the TM displaa@nphase curves
measured in control ears and three experimentgestaf 4D AOM ears. The mean
phase in undisturbed AOM ears (OM-1) was much lotvan that in control and other
stages by 190(roughly a half-cycle) over 0.1-10 kHz. After middear pressure was
released (OM-2), the TM phase generally overlappéd the control at frequencies
below 800 Hz and was greater at 0.8-2 kHz and latvér> 2 kHz compared with the
control curve. After the effusion was removed (@M-the TM phase was almost the
same as that of controls at all tested frequerexegpt 0.6-2.4 kHz, where the phase
was greater than control.

4.3.3 TM mobility changein 8D AOM ears
Figure 4.6 shows the individual and mean curveth®fTM displacement at the

umbo in response to 80 dB SPL pure tones over émgjas of 0.1-10 kHz measured
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from eight 8D AOM ears at the three experimenta$jgs. The control curves shown in
Fig. 4.6D are the same as those in Fig. 4.4D fargarison purposes. The upper panels
display the frequency response curves of the dispti@nt magnitude and the lower
panels show the displacement phase curves.

The TM displacement curves measured from unopeaesi(©M-1) are shown
in Fig. 4.6A. The mean displacement continuallyrdased from 0.03 pm to 0.22 nm
over 0.1-10 kHz. The mean phase curve was flab&3D0 Hz with a value of -22%0
-24@, and decreased at higher frequencies.

Figure 4.6B shows the TM displacement curves afier MEP was released
(OM-2). The individual variation of displacement gnitude at OM-2 was large, similar
to the 4D OM-2 ears. This variation may relate lie tifferent levels of middle ear
effusion and the degree of middle ear ossicular soff tissue changes between
individual ears. The mean displacement decreased @.04 um to 0.3 nm over 0.1-10
kHz. The mean phase was %7t 100 Hz, increased to -400 at 200 Hz, then gridu
decreased to -28@t 10 kHz.

Figure 4.6C displays the TM displacement curvestage OM-3, in which the
effusion was removed but the adhesions on the lessiemained unaltered. Inter-
individual variation in TM displacement was smaltean that in OM-2 and occurred
mainly at frequencies below 2 kHz. The individu#fedtence in 8D ears was greater
than that in 4D ears (Fig. 4.4C) at stage OM-3. iffean displacement curve of OM-3
in 8D was flat with a value of 0.06-0.08 um at Q.kHz, and decreased to 2 nm at 10

kHz. The mean phase slowly decreased fromi td623C over 0.1-10 kHz.
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Figure 4.7 Mean peak to peak displacement magnitude (A) dnade angle (B) of the
TM at umbo with SD in response to 80 dB SPL sounmii at the ear canal in 8 days
OM-1 (red line), OM-2 (blue line), OM-3 (purple &), and control ears (black line).

The mean TM displacement curves from control eacs taree OM stages in
Fig. 4.6 were collected and displayed in Fig. &igure 4.7A shows that the TM
vibration slightly increased upon the release efpure in 8D ears and the increase was

smaller than that observed in 4D ears (Fig. 4.9&g difference of TM displacement

between OM-2 and controls in 8D ears (blue linesusrblack line) was larger than the

Frequency (Hz)

64



difference between OM-2 and controls in 4D earaglline versus black line) shown in

Fig. 4.5A. After removal of the effusion, the TMsglacement increased substantially
and the difference between OM-3 and control in 8s&pink line versus black line)

was smaller than that in 4D ears. This observainoiicates that MEE is a primary

factor contributing to the loss of TM mobility iD8ears.

The statistical analyses for the data in Fig. 4aré tabulated in Table 4.2 using
the same methods as those for 4D ears. Comparibte a2 with Table 4.1, we
observed that the TM displacement in 8D ears didchange significantly at all tested
frequencies after pressure was released (OM-1 se¥d-2). In contrast, releasing
MEP significantly increased the TM mobility in 40ars at low frequencies. After
effusion was removed, the TM mobility in 8D earsrgased significantly over the
entire frequencies (OM-2 versus OM-3), but in 4Dseaignificant changes were
observed only at high frequencies. In both 4D ade@rs, the TM mobility at OM-3
was significantly different from controls.

For a quantitative comparison of TM mobility chasge two infection periods,
Table 4.3 summarizes the mean values for TM digphent magnitude in 4D, 8D, and
control ears. Six frequencies were selected tcesgmt low, middle, and high frequency
ranges.

Table 4.3 List of mean peak-to-peak TM displacement magmitofdcontrol, 4D,
and 8D ears at the three experimental stages (um).

Frequency 4D 8D Control
(kHz) OM-1 | OM-2 | OM-3| OM-1| OM-2| OM-3

0.25 0.0105 0.0350| 0.0421| 0.0081| 0.0152| 0.0651| 0.1338

0.5 0.0102 0.0294| 0.0370| 0.0108| 0.0105| 0.0711| 0.1530

1 0.0058| 0.0227| 0.0331| 0.0042| 0.0097| 0.0587| 0.1269

4 0.0027| 0.0045| 0.0128| 0.0010| 0.0019| 0.0126| 0.0198

8 0.0007| 0.0013| 0.0040| 0.0005| 0.0007| 0.0040| 0.0072

10 0.0004 0.0009| 0.0028| 0.0002| 0.0003| 0.0022| 0.0039
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The TM phase data measured in control and threestdges in 8D ears are
shown in Fig. 4.7B. The mean phase in unopened Agakd (OM-1) was much lower
than that in control and other OM stages by°180d these differences increased with
increasing frequency. After release of MEP, the mglaase curve in stage OM-2 was
greater than control at 0.8-2 kHz but lower at ptinequencies. After the removal of
MEP and MEE, the phase of OM-3 stage generallylapped with the control curve
but was slightly greater than control at 0.9-2 kHihe large phase lag of the umbo

movement observed in stage OM-1 of 8D ears is aml that of 4D ears (Fig. 5B).

4.4 Discussion
4.4.1 Factor s affecting TM mobility lossin AOM ears

In this study, the TM mobility of chinchilla AOM es was investigated at 4
days and 8 days post transbullar inoculation withirfluenzae. These time points
represent relatively early and later stages of AMdmparing the TM displacement
curves obtained in the unopened 4D and 8D earge(€dd-1) with that of control ears
(Fig. 4.8A), the TM mobility at 8D did not differgnificantly from that of infected ears
at 4D at f < 1.5 kHz (also see columns of “OM-1"den 4D and 8D in Table 4.3).
However, the results in Tables 4.1 and 4.2 sughestthe middle ear pressure (OM-1
versus OM-2), effusion (OM-2 versus OM-3), and ogisir structure change (OM-3
versus Control) at early infection contributed e toss of TM mobility in a different
manner from those at the later infection period.quantify the effects of three factors
(MEP, MEE, and structural change) on the loss of mbhility at two infection periods,

the results in Figs. 4.5A and 4.7A were calculaéadthe increase of TM mobility
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(displacement in dB) at an OM stage with respedhto previous stage as shown in
Figs. 4.8B-D. The effects of MEP, MEE, and middkr structural changes on TM
mobility over frequencies from 100 Hz to 10 kHz afeown in these figures and
described in following sections.

4.4.1.1 Effect of MEP on TM mobility along the course of AOM

Figure 4.8B displays the increase of TM displaceinsansed by release of MEP
after 4 days or 8 days of infection. In 4D earsl (iee), an average 5-12 dB increase at
frequencies below 3 kHz and a smaller increaseutabadB) at frequencies above 3
kHz were observed after the release of MEP. HowenedD ears the TM displacement
increase due to pressure release was under 4 dBeornegative at some frequencies
(blue line).

Pressure in the middle ear increases the stiffobise TM and thus decreases
the TM movement as reported by Dai et al. (2008 Bnd Rosowski (2002) reported
the reduction of the umbo mobility with controll®EP in gerbil ears. Release of the
MEP would reduce the tension in the TM and incraheeTM mobility. In our present
study, the increase of TM displacement upon rehggBIEP in 4D is larger than that in
8D ears. The effect of MEP on TM mobility may relab the residual air space in the
middle ear in these two inflammatory phases. Inedis the air-fluid interface was at or
below the umbo and about half of the tympanic gawias air-filled. In contrast, the
effusion almost filled the entire space behind Th (i.e., tympanic cavity) in 8D ears
and only the superior cavity of the chinchilla mMedar remained air filled. The air
space behind the TM is critical to its mobility aR@vicz et al. (2004) reported that

even a small amount of air would be sufficientdoilftate umbo’s motion. However,
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there was little air space behind the TM in 8D eanmpared with 4D ears. After the air
pressure was released in 8D ears, the increas®lahdtion was very limited because
the tympanic cavity was almost filled by fluid asserved just before the aspiration of
MEE. In 4D ears the TM displacement significantigreased upon the release of MEP
due to sufficient air space behind the TM. Therefthe MEP was a dominant factor on
TM mobility loss in the early infection of AOM ear$n the extended (8D) AOM
infection, MEP had little effect on TM movement base MEE filled the tympanic
cavity.

MEP in 4D and 8D ears substantially changed theg@bathe umbo movement.
In gerbil ears it has been reported that a smahtne MEP stiffened the middle ear
and led to a flat extension into the high frequescin the phase curve (Lee and
Rosowski 2001; Rosowski and Lee 2002). However,nnhe negative MEP became
large, e.g. -250 to -300 daPa in gerbil ears, &dyale phase lag in the umbo vibration
was observed (Fig. 7 in Lee and Rosowski 2001; %ig. Rosowski and Lee 2002). In
the streptococcal AOM model recently reported byaGand Gan (2013) in guinea
pigs, one ear at stage OM-1 showed the half-cylsbes@® change. The large phase lag
observed in the present study is probably relatedatge negative MEP or tissue
infection in AOM. The mechanisms behind these olz@ns are not clear and need
further study.
4.4.1.2 Effect of MEE on TM mobility along the cour se of AOM

As can be seen in Fig. 4.8C, TM mobility increabgdan average of 10-18 dB
over 140 Hz to 10 kHz after the effusion was rendoire 8D ears (blue line). In 4D

ears, removal of the effusion resulted in an awerafj 5-10 dB increase of TM
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movement at frequencies greater than 3 kHz buinoadnuch effect at low frequencies
(red line). There was a huge difference of the MEEffect on TM mobility loss
between 8D and 4D ears over the frequency range.pfincipal reason for this TM
mobility change during the disease course is theease of MEE amount in the middle
ear (on average from 0.42 to 0.84 ml) and the deseref middle ear air space from 4D
to 8D infection. The MEE in 4D ears neither covetbd entire TM nor filled the
tympanic cavity as shown in Fig. 4.2. There migatépossible viscosity change in
MEE from 4D to 8D, but we did not measure the vssisoof the MEE in the present
study.

Middle ear fluid decreases TM mobility by two meglsans: stiffening of the
middle ear by reducing air space, and increasifegfe mass of the TM (Ravicz et al.
2004). The loss of middle ear air space and thease of TM mass together reduce the
umbo’s mobility at low and high frequencies, regpety. An increase in MEE
contacting the TM would lead to an increase of TMss and more reduction of
displacement at high frequencies as determinedimam temporal bones by Ravicz et
al. (2004) and Gan et al. (2006). The increaseMfdisplacement at high frequencies
after the removal of the MEE in 8D ears was gre#itan that in 4D ears. This new
observation in our present study is in agreemettt thie findings of the Ravicz et al.
and Gan et al. studies.

The TM mobility at low frequencies was decreaseddauction of the air space
in the middle ear cavity and this effect becamebiet only when the middle ear was
almost filled with fluid (Ravicz et al., 2004; Gan al., 2006; Guan and Gan, 2011). In

the present study, the volume of air space in yh@anic cavity of chinchilla ears is
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0.9-1.0 ml. In 4D ears, the MEE occupied less thalf of the tympanic cavity (Fig.
4.2) and the restoration of air space had littleecdf on TM movement at low
frequencies. In 8D ears, the effusion occupied atntize entire middle ear air space,
which not only increased the mass of the TM bub asbstantially decreased the
middle ear air volume. Therefore, removal of theigbn significantly increased TM
mobility over all tested frequencies in 8D ears.u3hthe MEE was the primary
contributor to decreased TM mobility in the latage of OM.

Thornton et al. (2013) reported changes of the uwmdlocity and cochlear
microphonic threshold in chinchillas when the meldlar was filled with different
volumes of silicone oil. Their results demonstratkat a reduction of the umbo
mobility and an elevation of cochlear microphoriiceshold both increased as middle
ear fluid volume increased from 0.5 ml to 1.25 fb( 2A and Fig. 5A in their paper).
Their study also demonstrated that the decrea3@&lofmobility at umbo was related to
frequency. A small decrease in umbo velocity at foeguencies was observed when a
small amount of fluid was instilled into the midddar. As more fluid was added, the
reduction of umbo velocity extended to high frequies and a large value of reduction
was observed (Fig. 5A in their paper). The effddi&E on TM movement reported in
the present study is in general agreement witlitlkdéngs of Thornton et al.

It should be noted that the volume of MEE and tteaaf TM covered by the
effusion in our study was different from the study Thornton et al. (2013). From our
observation, the entire TM was covered by MEE viit8-0.9 ml in the infected ears.
Thornton et al. (2013) used 1.25 ml of siliconeamld the TM was 100% covered by

the fluid, simulating a MEE in a normal ear. In AAOM model, we found a small

71



amount of pus remained in the small crevices ofrtiigdle ear cavity during the post
experiment examination. This purulent material doubt be aspirated with the MEE in
the OM-3 stage. In addition, the middle ear mucase thickened in our infected
chinchilla ears. It is possible that the spacether fluid in the more severely infected
middle ear was smaller than that in the healthy aad thus required a smaller fluid
volume to cover the TM in our infected ears.
4.4.1.3 Effect of middle ear structural changes on TM mobility along the cour se of
AOM

As shown in Fig. 4.8D, the TM mobility of controhmes was higher than that of
OM-3 (MEP released and MEE removed) in both 4D &M ears. The residual
reduction of TM mobility after release of pressared removal of effusion suggested
that infection-induced middle ear structural changecluding the ossicular adhesions
and the possible micro-structural changes of mi@dlesoft tissues, contributed to the
TM mobility loss. The residual TM mobility loss waequency dependent as displayed
in Fig. 8D. The middle ear structural changes irlyeand late stages of AOM resulted
in about 5 dB loss of TM mobility at f > 1 kHz. Theduction of TM mobility was
enhanced to 8 dB for 8D ears and 13 dB for 4D afs< 1 kHz. In addition, the phase
at OM-3 in both 4D and 8D ears was slightly higtiem control at frequencies around
1 kHz (pink line vs black line in Figs. 5B and 7Bhese changes show that the middle
ear was stiffer than controls in both 4D and 8atibns at stage of OM-3. Similar
results were observed in our previous study of gaipig AOM ears (Guan and Gan,

2013). The AOM-induced structural changes in chitah may increase middle ear
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stiffness and caused TM mobility loss mainly at lrequencies, similar to the AOM
ear of guinea pigs.

Ossicular adhesions have been observed in AOM madeglerbils (von Unge et
al., 1997), rats (Caye-Thomasen et al., 1996; Qdymnasen and Tos, 2000), and
guinea pigs (Guan and Gan, 2013). In the gerbil A@btel, von Unge et al. (1997)
reported that TM stiffness was increased in eatis @8sicular adhesions compared with
normal ears. In this study it is possible thatadbesions in AOM ears (Fig. 4.3) could
have fixed the manubrium, malleus head, incus, stages and increase the overall
stiffness of the middle ear.

Rosowski et al. (2008) reported the umbo vibratiopatients with malleus and
stapes fixation and their results indicated thgwificant loss of umbo mobility occurred
at f < 3 kHz in both stapes-fixed and malleus-fixgdups (Fig. 9 in their paper). In a
study of human temporal bones by Dai et al. (200xation of the malleus caused a
reduction of 15 dB at the umbo or stapes at lowuUencies. Nakajima et al. (2005A,;
2005B) reported the vibration patterns of the umabd stapes when adhesives were
applied to the ossicles in human temporal bones taed results suggested that
ossicular fixation increased the stiffness of thddie ear, reduced the umbo’s mobility
mainly at f < 1.5 kHz, and increased the phase hdditz (see Figs. 5-7 in Nakajima et
al. 2005A).

The residual TM mobility loss observed in the chila AOM ears seems to be
consistent with those published data measured &ara with ossicular fixation. If we
assume that the adhesions fixed the ossicles imadD8D ears, TM mobility at the

umbo would be decreased. In addition, the maskeohitthesions might also affect the
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TM mobility at high frequencies. Therefore, ossawuddhesions are likely to contribute
to the residual mobility loss of the TM in our madeigure 8D also suggests that the
effect of ossicular changes in 4D ears was greahtar that in 8D ears at f < 1 kHz,
which may relate to the fact that the adhesiondDnears were generally thicker or
denser compared with 8D ears as observed in BgAdpossible explanation is that the
inflammatory process has changed by the 8th d&\Od.

Infection in the middle ear also commonly causegcsiiral changes of middle
ear soft tissues such as the TM (Larsson et &3;2bn Unge et al., 1993; von Unge et
al., 1997) and round window membrane (Gan et @132 The mechanical properties
of the TM in diseased ears are different from thafseormal ears as reported by Luo et
al. (2009); this also could affect middle ear vilma. Gan et al. (2013) reported soft
tissue property changes of the round window men#rmara guinea pig AOM model;
this might alter the cochlear load or cochlear tnpupedance to the middle ear.
Pathological changes of the ossicular joints amgbestial annular ligament may also
occur during middle ear infection. Therefore, irdiéidn to the ossicular adhesions, the
mechanical property changes of the TM, round windoembrane, and other middle
ear soft tissues may also contribute to the diffeeen TM mobility between OM-3 and
uninfected control ears. However, it is difficuli tifferentiate the effects between
ossicular adhesions and middle ear tissue strdctinanges in live animals. Future
studies are needed to quantify whether and how safthtissue changes contribute to
the middle ear mobility change during the coursa©M.

4.4.2 Comparison of chinchilla and guinea pig AOM models
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In our previous study of the guinea pig AOM modéluan and Gan 2013),
AOM was created by injection &reptococcus pneumoniae into the middle ear and the
change in TM mobility was measured after 3 daysmotulation. In the current study,
Haemophilus influenzae was used to induce the middle ear infection amdlyce this
AOM model in chinchillas. SP and HI are two leadivacterial pathogens commonly
used for creating AOM in animals. To our knowledfee middle ear biomechanics
during AOM was reported only in SP-induced modgtn(Unge et al., 1997; Larsson
et al., 2003; Guan and Gan, 2013). The currentysgithe first to evaluate the middle
ear mechanics in a HI-induced AOM model.

Comparing the loss in TM mobility at the early pbhas the disease in these two
species with different bacterial pathogens, we fbuhat the factors causing TM
mobility loss at the early phase of the diseasddys for guinea pig and 4 days for
chinchilla) were similar for these two species aliph the bacterial pathogens used for
creating AOM were different. In both AOM modelsgag¢ive pressure was generated in
the middle ear and resulted in about 10 dB rednatioTM (umbo) vibration at f < 2
kHz. At higher frequencies, the effect of MEP on Tibtion was not significant.
Purulent effusion was found in both chinchilla aguinea pig models. The effusion
filled about half of the tympanic cavity in guinpays and slightly less than half of the
tympanic cavity in chinchillas. MEE led to the logg TM mobility mainly at
frequencies greater than 2 kHz at early phasefettion in both models (9-15 dB for
guinea pig and 5-10 dB for chinchilla). In both sjes, ossicular adhesions were
present and commonly located between the manubaidncochlear promontory and

around the round window niche. After the MEP and Bizere removed from the
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middle ear, TM mobility at the umbo was lower thancontrol ears, mainly at low
frequencies (< 2 kHz) for both species, which cgponds to the effect of ossicular
adhesions and other middle ear structural changesiddle ear mechanics. Therefore,
the middle ear pressure, effusion, and middle eactsiral changes are the main factors
leading to TM mobility loss in guinea pig and chiila AOM models in the early
phase of the disease.

The chinchilla AOM model reported in this study skead a slow development
of middle ear infection compared with other AOM ratedsuch as the AOM model in
guinea pigs reported in our previous study (Guah @an 2013). The type of bacteria
and infective dosage in the middle ear affectstitime scale of infectious process and
thus can potentially influence the biomechanicanges of the middle ear for sound
transmission. In our future studies on AOM indubgdHl, the histological changes of
the middle ear and mechanical properties of thallaidar soft tissues such as the TM,

ossicular joints, and round window membrane wilifoguded.

4.5 Conclusion

The roles of middle ear pressure, effusion, andctiral changes in TM
vibration loss in chinchilla AOM ears were quamiiover the course of the disease (4
days and 8 days post inoculation). The effectshoke three factors on TM mobility
loss vary with the course of AOM. The middle eazgsure was the dominant factor on
reduction of the TM mobility in 4D AOM ears, butasked little effect in 8D ears when
MEE filled the tympanic cavity. The middle ear efion was the primary factor on TM

mobility loss for 8D ears, but affected the 4D eardy at high frequencies. After
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release of MEP and removal of MEE, there was regidi/ mobility loss mainly at

low frequencies in both 4D and 8D ears, which wasoaiated with middle ear
structural changes. More residual reduction of TMvement occurred in the early
phase of the disease. This study establishesh@dacttors contributing to TM mobility
loss in chinchilla middle ears infected wikh influenzae closely resemble those we

previously reported in guinea pig middle ears itéddavithS. pneumoniae.
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CHAPTER 5: WIDEBAND ENERGY ABSORBANCE MEASUREMENT IN
AOM MODEL OF CHINCHILLAS
5.1 Introduction

Wideband energy absorbance (EA) describes the spower transmitted into
the middle ear over a broad range of frequencyrn@&get al. 2003). Several clinical
studies reported that EA or energy reflectance (ERA) was affected by various
middle ear disorders including tympanosclerosiss@ski et al. 2012), ossicular
discontinuity (Feeney et al. 2003; 2009; Nakajimaak 2012; Voss et al. 2012),
otosclerosis (Allen et al. 2005; Shahnaz 2009A;9B)(5anford et al. 2012; Nakajima
et al. 2012; Voss et al. 2012), and otitis meditheffusion (Hunter et al. 2008; Beers
et al. 2010; Ellison et al. 2012; Feeney et al @rikoyski et al. 1999; Voss et al.
2012; Allen et al. 2005; Keefe et al. 2012; Hurdged Margolis 1997). EA is sensitive
to middle ear pathologies and the measurement tefrequency range can assist
diagnosis of middle ear diseases.

Acute otitis media (AOM) is a rapid infection ofettmiddle ear and the most
frequently diagnosed disease in pediatric populaitiothe United States (Gould et al.
2010; Hoberman et al. 2011). In Chapter 4, we ifledtthat the middle ear pressure
(MEP), middle ear effusion (MEE), and together wittfection-induced structural
changes each contributed to the loss of TM mohidlitying the course of the chinchilla
AOM model produced b¥i. influenzae. Results show that the effect of each factor is
frequency dependent and varies at early and lafection period (The contents in
Chapter 4 have been published in Guan et al. 2044eries studies reported EA

changes in otitis media with effusion (OME). Howevéhere is a lack of EA
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measurement in AOM ears and particularly, it isleachow the EA measurement can
differentiate the effects of MEP, MEE, and theuesstructural changes in AOM ear.

As an extension of the previous study of chinchfaM ears, in this chapter,
we report the effects of those middle ear changearbient EA along the course of
infection. The arrangement of the experiment idlainto that in the previous study. EA
as function of ear-canal pressure and frequencymeasured in normal, 4 days (4D),
and 8 days (8D) AOM ears by using a wideband tyrapseter. In each disease group,
EA was measured at three experimental stages:niyened AOM ear with MEP and
MEE, upon release of MEP, and after removal of MHBreshold of auditory
brainstem response (ABR) was recorded in all unepexOM ears. EA at ambient ear-
canal pressure was extracted from the joint date. tén identified the effects of
middle ear pressure, effusion, and structural chamyn ambient EA at these two AOM
periods.

5.2 Methods
5.2.1 Animal preparation

Fifteen chinchillas Chinchilla lanigera) weighing between 600-780 g were
included in this study. The study protocol was appd by the Institutional Animal
Care and Use Committee of the University of Oklahaand met the guideline of the
National Institutes of Health. All animals were drdrom middle ear disease (as
evaluated by otoscopic examination) at the begmnirthe study.

The animals were divided into control and two AOkbyps. The control group
included six animals, and the AOM group had ninegnaits divided based on disease

time course: the 4 days (4D) post-inoculation AOMup of five animals and the 8
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days (8D) post-inoculation group of four animalOM was produced by transbullar
injection of H. influenzae 86-028NP suspension in both ears following thecgdore
described in Chapter 2. The animals of control gneere untreated.

At the 4th or 8th day post-inoculation, animals evanesthetized with mixture
of ketamine (10 mg/kg) and xylazine (2 mg/kg). Aduhal anesthesia was administered
as needed to maintain areflexia. To expose thewerdrof the ear canal, the pinna and
the skin covering the ear canal were removed saligicThe TM was examined under a
microscope to identify signs of AOM. In each aninthle experiment was conducted
bilaterally (N=12 for control; N=10 for 4D AOM; N=t&r 8D AOM). For both control
and AOM groups, the body temperature of the aniwasd maintained throughout the
experiment at approximately 38° C by placing thémah in a prone position on a
thermoregulated surgical heating blanket.

5.2.2 EA measurement

The EA was measured by using a wideband tympanonistedel AT235h,
Interacoustic, MN) with Reflwin software on a PChel measurement probe with
commercial tips (outer diameter of 8 mm) was preégsethe bony rim of the entrance
of the ear canal and held by hand to achieve spreseal. Using click stimuli, the EA
was measured at 60 frequencies between 0.25 amty &vkile air pressure in the ear
canal swept between -300 and 200 daPa in desceddeajion. The surface area of the
probe in the ear canal was used for calculatioBAfKeefe et al. 1993). In this study,
the diameter at the entrance of the bony part wictiila ear canal was measured as 4-6
mm. The system was calibrated in a set of two Iygidrminated tubes with an inner

diameter of 4.5 mm.

80



The EA measurement in AOM ears was performed eetlexperimental stages:
OM-1, unopened bulla had the MEP and MEE; OM-2,ghessure was released from
the middle ear; and OM-3, the effusion was remofredh the middle ear. At each
experimental stage, the EA measurement was cordibdsgerally.

After completion of the EA measurements in stage-QMurther surgery was
performed following the procedure by Guan et aD1@®. Briefly, the skin of the
superior temporal bone was partly removed to explosaniddle ear bony wall on top
of the temporal bone. A hole of 1 mm diameter walded into the roof of the middle
ear to release the middle ear pressure. Afterrggdiie hole with dental cement (PD-
135, Pac-Dent, CA), the OM-2 test was performed.

Upon the completion of EA measurements for stage-Z)Mhe hole on top of
the temporal bone was opened and enlarged to 3-4mdiameter using a drill (Fig.
4.1 in Chapter 4). Under microscopic visualizatasilicone tube was inserted to the
bottom of the middle ear cavity through this holéde middle ear effusion was then
aspirated manually from the cavity with a 1 ml sge. The aspiration process was
repeated as necessary until no additional fluidiccde drained from the tympanic
cavity. The total effusion volume obtained from le@ar was then recorded. Ossicular
adhesions were frequently found on malleus headbatween the manubrium and the
cochlear promontory when the top cavity was opdoedgtage OM-3. These ossicular
adhesions were not disturbed during the aspiraifahe effusion. The opening on top
of the temporal bone was then covered by a thissgkheet, and sealed with dental

cement. Then, EA measurement was performed foe stéd-3.
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Control ears were prepared in the same mannersasiloled above for ears with
AOM. To exclude the effect of middle ear pressaranesthetized animals (Guinan and
Peake 1967), a hole of 1 mm diameter was drillethertop of the middle ear cavity to

release any pre-existing pressure. MeasuremenAofds then performed.

5.3 Results
5.3.1 Wideband EA tympanogram

Wideband EA tympanogram is represented by plotfiAgas a function of ear-
canal pressure (-300 to 200 daPa) and frequen2$ (0.8 kHz). Because the goal of
this study is to assess the effects of AOM on E&ifirency data at ambient pressure, we
only show representative 3D EA tympanograms andE2Bpressure curves measured
from control and unopened AOM ears (stage OM-1Figure 1 and 2, respectively.
Analysis of 3D EA tympanograms measured in AOMtags OM-2 or OM-3 will be
included in future study.

Figure 5.1A shows typical EA tympanogram from atoainchinchilla ear. EA
peaked at ambient pressure (p=0) with a value®80250 Hz. The value and width of
the peak gradually increased as frequency incraas2kHz. A “ridge” was observed
near ambient pressure in low-mid frequency rangehigher frequencies, EA showed
a shape of “M” and the valley of the “M” was ned& &Pa. With increasing frequency,

EA increased in the regions of -300 to -100 daRh1&® to 200 daPa.

82



Absorbance

(A)

Absorbance

\

W
|

o .
A
; '&‘s\\\‘\‘s&u\"s&\\ (

\
RN

Absorbance

(©)

Figure 5.1 Energy absorbance tympanogram (as a function mta@al pressure and
frequencies) in (A) control, (B) unopened 4D, a6 (nopened 8D AOM ear.

Figure 5.1B displays typical EA tympanogram fromx AOM ear with 0.4 ml
MEE. EA maximizes near -200 daPa at low-mid freqies and the peak is more

rounded than that in control ear. EA in the regipositive pressure starts to increase
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at 1 kHz. At higher frequencies (f > 2 kHz), EA keat two locations: -200 and +200
daPa.

Figure 5.1C shows typical EA tympanogram from an && with 0.9 ml
effusion. A small rounded peak is observed nead @fPa at low frequencies (f < 0.5
kHz). EA at -200 daPa maximizes at 1 kHz, and thguency at which maximum EA
is observed gradually shifts from 1 to 3 kHz asczaral pressure increases to 200 daPa.
The overall EA in the 8D ear is lower than thadi ear.

5.3.2 EA-pressurecurve

To better describe the EA variation with the earatgressure from -300 to 200
daPa at the low, mid, and high frequency, the Eéspure curves were extracted from
the control, 4D, and 8D tympanograms shown in big.at 0.5, 1, and 4 kHz. Figure
5.2A shows the EA-pressure curve at three freqesnai the control ear. Single sharp
peak is observed near 0 daPa at both 0.5 and 1 dim#dar to conventional
tympanogram at 226 Hz and 1 kHz. The peak EA reh@iezero MEP or ambient

pressure. At 4 kHz EA-pressure curve shows two pabk and 170 daPa, respectively.
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Figure 5.2 EA-pressure curve at 0.5 (solid line), 1 (thinldasline), and 4 kHz (thick
dashed line) in (A) control, (B) unopened 4D, a@dl (nopened 8D AOM ear.

Figure 5.2B displays the EA-pressure curves ofdieear in stage OM-1. In
both 0.5 and 1 kHz curves, a rounded peak is obdeat/-220 daPa and EA is generally

flat at positive pressure. The value of the abswean the region of pressure >100
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daPa and pressure < -200 daPa is greater thandhatambient pressure in the 4 kHz
curve.

Figure 5.2C shows the EA-pressure curves of theoemed 8D ear. The EA
curve of 500 Hz is almost flat over the pressurgeaand a small rounded peak can be
seen between -250 and -200 daPa. Absorbance atzliskgreater than that at low
frequency in the 8D ear and a large peak is obdeavel50 daPa. The EA curve of 4
kHz shows an “U” shape and the absorbance betwidghte 50 daPa is less than 0.1.
534 MEP and MEE in AOM ears

The MEP in stage OM-1 was quantified by readingltdoation of the peak in
EA-pressure curve at 500 Hz. The MEP of all 4D A@~lts was negative and had a
mean value of -184 (+ 40 daPa, standard devias@), In the 8D AOM group, three
ears exhibited a flat EA-pressure curve, and thd®ME&s could not be identified. The
MEP of the remaining 8D ears with AOM were all niga (mean value -145 = 65
daPa).

The volume of MEE in 4D AOM ears ranged from 0.8-thl and had a mean
value of 0.4 ml (x 0.13 ml, SD) when the MEE wapiaged for experimental stage
OM-2. The MEE volume in 8D ears ranged from 0.750081 with an average value of
0.8 ml (£ 0.14 ml). The amount of MEP and volumevtEE in 4D and 8D ears are not
significantly different from those in our previostudy (Guan et al. 2014).

5.3.5 Ambient EA-frequency in 4D AOM ears

Figure 5.3 shows the individual curves (dasheds)ird the ambient EA over

frequencies of 0.25-8 kHz measured from ten 4D A@dts and twelve control ears.

Shaded area represents £1 SD around mean. In e@i @ar, absorbance was
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measured at three experimental stages: OM-1, O&h@,0M-3 as shown in Fig. 3A,

B, and C, respectively.
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Figure 5.3 Ambient EA-frequency curve in 4 days (A) OM-1, (BM-2, (C) OM-3,

and (D) control ears. The dotted lines represemtntividual curves. The shaded area
represents = 1 SD around mean.

In stage OM-1 (Fig. 5.3A), the middle ear was umaek and EA was affected
by combination of the MEP, MEE, and structural adesin the middle ear. The EA
was generally flat with fluctuation at low frequéss; maximized between 2 to 4 kHz,

and decreased at higher frequencies.

In stage OM-2 (Fig. 5.3B), EA increased over 0.28-2 and then decreased at
higher frequencies. Large individual variation irA Eeurves is observed at low

frequencies due to the local EA peak between 5080t Hz occurred in four. This
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variation may relate to the different amount of diédear fluid and structural changes
between individual ears.

In stage OM-3 (Fig. 5.3C), the effusion was remolatithe ossicular adhesions
remained unaltered. Inter-individual variation & Eurves was reduced compared with
in OM-2. EA increased at low frequencies, maintdineaximum value at 1-3 kHz with
a small decrease near 2.2 kHz, and decreasedjaefreies greater than 3 kHz. As can
be seen in Fig. 5.3C, there is no local peaksatfiequencies after the effusion was
removed.

Figure 5.3D displays the ambient EA curves meastmat 12 control ears.
The absorbance continually increased from 250 Hk kblz, was flat between 1.5 to 4
kHz with a notch at 2.5 kHz, and then decreaséughier frequencies.

The mean EA-frequency curves from control ears thnge OM stages in Fig.
5.3 were extracted and displayed in Fig. 5.4 wittorebars. The statistical results (p-
values) for the EA data in Fig. 5.4 are listed able 5.1. Repeated-Measures ANOVA
and Tukey post-hoc tests were used to compare tOidestages since EA were
measured from the same population. An unpairedtivias used to compare OM-3 to
control ears because the middle ear condition @seéhtwo groups was from different
populations. Statistical analysis was performedgid?rism software (Graphpad, La

Jolla, CA). The p-values of post-hoc test were reggbas inequalities in the software.
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Figure 5.4 Mean ambient EA-frequency curve with SD in 4 déyd-1 (red line), OM-
2 (blue line), OM-3 (purple line), and control eéotack line).

As shown in Fig. 5.4 and Table 5.1, significantraies in absorbance occurred
among the three OM stages (Table 5.1, column 28. HA of OM-3 was significantly
greater than that of OM-1 over frequencies of 220d18 kHz except 4-6 kHz (column
3 of Table 5.1). After pressure in the middle easweleased (OM-2), the absorbance
increased significantly at low frequencies (0.2kF2, see column 4 of Table 5.1). As
the effusion was removed from the cavity (OM-3), BAs significantly increased
compared to OM-2 near 1 kHz and high frequencieB k6iz, column 5 of Table 5.1).
When the OM-3 values were compared with those afitrob ears, there was a

significant difference at frequencies greater th&tz (column 6 of Table 5.1).
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5.3.6 Ambient EA-frequency in 8D AOM ears

Figures 5.5A-C show the individual curves (dasheds)) of the ambient EA
over frequencies of 0.25-8 kHz measured from eigbt AOM ears at three
experimental stages. The control curves are alsplajied in Fig. 5.5D which are the
same as those in Fig. 5.3D.
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Figure 5.5 Ambient EA-frequency curve in 8 days (A) OM-1, (BM-2, (C) OM-3,
and (D) control ears. The dotted lines represeatiridividual curves. The shaded area
represents = 1 SD around mean.

In stage OM-1 (Fig. 5.5A), the absorbance was gdiyeibelow 0.2 at
frequencies less than 700 Hz, had peak at freqeemdi 1-3 kHz, quickly dropped to
the lowest value at 4-5 kHz, and increased at hifleguencies. All individual curves

exhibited a narrow peak between 1 and 3 kHz. Thation of the peak varied between

ears, therefore, the inter-individual variatione# was large in this frequency range.
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In stage OM-2, large variation of EA between induals was observed at low-
mid frequencies in Fig. 5.5B. Six out of eight eax$ibited single low-frequency peak
at 0.25-1 kHz. The location of the peak varied et individuals. The width of the
peak was broader compared with that at stage OM-thost 8D ears, the EA declined
to a minimum at 3-4 kHz and increased slightlyighbr frequencies.

In stage OM-3 (Fig. 5.5C), the individual variatiomas observed at low
frequencies and the curves showed the same paitenthe frequency range. EA
increased at low frequencies, maximized betweem 4 kHz, and decreased at higher
frequencies. The individual difference may relatethe different levels of ossicular

adhesions and tissue changes between the earmaftelation.

1.0r— control (N=12)
— 8D OM-1 (N=8)
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Figure 5.6 Mean ambient EA-frequency curve with SD in 8 dayd-1 (red line), OM-
2 (blue line), OM-3 (purple line), and control edotack line).
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The mean EA curves from control and three OM stage&ig. 5.5 were
displayed in Fig. 5.6. The statistical analysestfa data in this figure are listed in
Table 5.2 using the same methods as those for #D &a can be seen in Fig. 5.6 and
Table 5.2, EA in 8D ears increased statisticallyainarrow range of low frequencies
after pressure was released (column 4 of Table. 3tR)contrast, releasing MEP
significantly increased the TM mobility in 4D eavser 0.25 to 2 kHz. After effusion
was removed, the EA in 8D ears increased signifigaat frequencies greater than 1
kHz (column 5 of Table 5.2), but in 4D ears sigrafit changes were observed near 1
and 8 kHz. In 8D ears, the EA at OM-3 was signiftbadifferent from controls over

the frequencies except 1 kHz (column 6 of Tablg.5.2

5.4 Discussion
5.4.1 Comparison with published data

Margolis et al. (2001) reported reflectance tympmaam (reflectance versus ear
canal pressure and frequency) and ambient refleet@eflectance versus frequency) of
normal and chinchillas with Eustachian tube obsitonc Hsu et al. (2001) reported ER
of neonatal and adult chinchillas. Our EA tympamogrof control ear (Fig. 1A) shows
an inverted “V” shape at low frequencies (< 2 kHm)d a “M” shape at higher
frequencies. The pattern of the control EA tympaaoygis consistent with that of the
normal ER tympanogram reported by Margolis et 2000) and Hsu et al. (2001).
However, in these two earlier studies the valuetn® ambient ER from normal
chinchillas was close to 1 (zero for EA) at frequies below 1 kHz (Fig. 11 A in

Margolis et al.; Fig. 4 in Hsu et al.). In the presstudy, the ambient EA of control ears
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was much greater than zero at low frequencies.g@ssible reason for the discrepancy
is that the cross-sectional area of the ear cased to calculate EA or ER in this tudy
was different from the previous studies. The catoh of EA depends on the cross-
sectional area of the ear canal. The ear-canalar@ measurement location should be
used in calculation (Keefe et al. 1993) and larggr-canal area decreases EA at low
frequencies (Voss et al. 2008). In this study, EAswneasured at the entrance of the
osseous portion of the ear canal, where the eataiameter was 4 to 6 mm. A
constant area with a diameter of 4.5 mm was usethhkoulate the EA in wideband
tympanometry. The measurement location in theerastudies seems the same as ours,
but a constant area with diameter 8 mm was useMargolis et al. (2001), and
acoustically estimated ear-canal area was usedtungtal. (2001). In human temporal
bones, Voss et al. (2008) reported that the aamlistimeasured ear-canal area was
greater than the physical measured ear-canal are@ost cases. The relatively large
area used for the calculation in the earlier smigm®@bably resulted in smaller EA at low
frequencies.

For chinchilla ears with zero MEP, the peak of EAwes centers at ambient
pressure at low frequencies and EA is low anddtabther pressure levels (Fig. 1A).
When MEP is present, the EA peak at low frequenwaiesld shift away from zero
pressure, which results in a low EA at ambient swes. In the present study, any pre-
existing MEP in control ears was eliminated befihiee measurement because the MEP
can build up due to anesthesia effect (Guinan aedk® 1967). The admittance
tympanograms of normal chinchillas reported by Méisget al. (Fig. 14 in their paper)

and Hsu et al. (Fig. 2 in their paper) suggest MaP existed in some animals in their
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studies. Thus, anesthesia-induced MEP might oaedircantribute to the high ambient
ER (low EA) at low frequencies in these chinchdkxs.
5.4.2 Factor s affecting ambient EA in AOM ears

In this study, EA at ambient pressure in the chilfchAOM ears was
investigated at early (4D) and later (8D) phase®AOM. The effects of middle ear
pressure, effusion, and structural changes on EBaet AOM period were investigated
by comparing the EA-frequency curves at an OM stagh respect to the previous
stage (Figs. 5.3 and 5.5) together with the stegisainalysis (Tables 5.1 and 5.2). The
results demonstrated that three factors, the ME®-1{Oversus OM-2), MEE (OM-2
versus OM-3), and middle ear tissue structural ghar{OM-3 versus Control) at early
infection affected the ambient EA in a differentrmar from those at the later infection
period. The effects of these three factors on EAnduthe AOM time-course are
discussed with TM mobility change in the followisgctions.
5.4.2.1 Effect of MEP on ambient EA

In unopened AOM ears (OM-1), EA at ambient presswes affected by
combination of MEP, MEE, and structural changes EA of 4D and 8D ears at stage
OM-1 was generally flat at low frequencies and hegcmaximum value abruptly in
mid-high frequency range. This pattern is consisteith the ER results observed in
patients with otitis media with effusion (OME) be&s et al. (2010) and Feeney et al.
(2003), although the major pathologic changes m @ME ears were pressure and
effusion. The narrow peak at mid-high frequencieghtn be related to resonant

vibration of the TM, which was produced by combioatof the MEP and MEE.
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After the MEP was released (OM-2), EA substantialigreased at low
frequencies in both 4D and 8D ears. Stiffness ef nddle ear dominates the TM
mobility at low frequencies (Ravicz. et al. 2004arGet al. 2006). Voss et al. (2012)
reported that the ER was increased at frequenadswb2 kHz when positive or
negative pressure was introduced to the middleoEaadaveric bones. In our current
study, release of the MEP reduced the stiffnesshef TM and increased the low-
frequency EA. The changes of EA due to releasbeptessure agree with the effect of
MEP on the reflectance observed by Voss et al.Zp01

The increase of ambient EA upon releasing MEP inn&3 greater than that in
8D ears (see blue line vs red line in Figs. 5.4 &r&. Our previous study of umbo
mobility in this chinchilla AOM model showed thdtet increase of umbo displacement
in 4D ears was also more prominent than that ine@» after releasing the pressure
(Guan and Gan 2014). It has been reported thaitlspace in the middle ear cavity is
critical to TM mobility (Ravicz et al. 2004) and EA/oss et al. 2008). The effect of
MEP on EA is dependent on the residual air spacthenmiddle ear. The tympanic
cavity of 4D ears was nearly half-filled with MEBdthe cavity of 8D was almost fully
filled with effusion. The increase of EA after raée of the pressure was limited
because a relatively large amount of effusion reewdhiin the tympanic cavity. In 4D
ears the EA significantly increased upon the reefsSMEP due to sufficient air space
behind the TM. Thus, the effect of the MEP on EAthe early phase of AOM was
greater than that in the later phase. MEP wasih@apy contributor to reduction of EA

at low frequencies in 4D AOM ears.
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5.4.2.2 Effect of MEE on ambient EA

After the MEE was removed from the middle ear (OM48/0 changes were
observed in the ambient EA-frequency curves fohbADOM phases: (1) EA was
significantly increased at high frequencies; (2 peaks at low frequencies observed at
stage OM-2 no longer existed and the EA tendednplg increase as a function of
frequency at f < 1 kHz.

MEE affects the middle ear mechanics by reduciegntildle ear air space and
adding mass to the TM (Ravicz et al. 2004). Upomaweal of effusion EA was
increased at high frequencies in both 4D and 8[3 dae to a reduction of TM mass.
However, the effect of fluid on EA at low frequeesiis not as simple. Our results
demonstrate that MEE resulted in a single EA ped&va frequencies in some 4D ears
and in most 8D ears. There was no such explicik p¢dow frequencies in the umbo
displacement curves (Guan and Gan 2014). Voss €2Gil2) reported that when over
half of the cavity was filled with fluid ER incread substantially at high frequencies
and meanwhile there was a low-frequency notchénBR curve (Fig. 6 in their paper).
They proposed that the rapid changes of ER at leguencies might result from air
bubbles in the middle ear fluid (Voss et al. 201&)our current study, air bubbles were
observed only occasionally behind the TMs in 4D 8Ddears. The low-frequency peak
may be caused by resonant vibration of the wholewin large amount of fluid were
present in the middle ear. It is possible that whkhstiffness was reduced by release
of the pressure the resonance frequency of TM tidradecreased, therefore, the
narrow EA peak at mid-high frequencies in stage OBhifted to low frequencies in

OM-2. After the effusion was removed, the low-freqay peak disappeared in 4D and
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8D ears. In summary, MEE contributed to reductiérEé at high frequencies and
resulted in narrow EA peak at low frequencies imealD and most 8D ears.
5.4.2.3 Effect of structural changes on ambient EA

After the pressure and effusion were removed frbm middle ear (OM-3),
residual reduction of ambient EA was observed gl fiiequencies in 4D ears and over
all the frequencies in 8D ears (pink line vs bléok in Figs. 5.4 and 5.6). The residual
reduction of EA suggested that the infection-industuctural changes also contributed
to EA changes. The structural changes include wissiadhesions and mechanical
property changes of middle ear soft tissues.

As shown in our previous study, ossicular adheswae found on the malleus
head, between the manubrium and the cochlear promorand around the stapes in
the round window niche for both 4D and 8D ears. sehadhesions fixed ossicles and
reduced umbo mobility mainly at low frequencies &uand Gan 2014). Effect of
ossicular adhesions on EA has not been reportéteiourrent literature. Margolis et al.
(2001) reported the results of multi-frequency tampgrams obtained from one
chinchilla ear with stapes adhesion, but the EARrof that ear was not shown in their
paper. Otosclerosis is considered to have a siraffact on the movement of ossicular
chain as the adhesions. Shahnaz et al. (2009) shtva¢ there is an increase of ER
(decrease of EA) below 1 kHz in patients with cond otosclerosis. However, there
is a considerable overlap between the range ofdERhE patients and that for normal
ears. Voss et al. (2012) reported the ER in fiveéagaric ears with stapes fixed with
dental cement. Their results show that in threévef ears the fixation of stapes led to

small increases of ER at low frequencies, and e dther two ears the ER was not
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affected much by stapes fixation (Fig. 7 in theiper). Based on those published data,
the effect of ossicular fixation on EA or ER seam$e relatively small compared with
its effect on umbo movement (Rosowski et al. 2008kajima et al. 2005).

If we assume that the EA was minimally affectedtioy adhesions in chinchilla
AOM ears, the residual reduction of EA in OM-3 weasised by changes of ear tissues,
particularly changes of TM. The mechanical propsriof the TM are believed to be
crucial to EA because EA measures the mechanoacaasponse of the whole TM.
The TM properties are dependent on the micro-straadf the membrane. Our ongoing
histologic study indicated that the TM of 4D AOM svéhicker than control and the
thickening occurred mainly in the outer epithellayer. As middle ear infection
persisted to 8D, the thickening of TM was more preant due to the edema and
infiltration of inflammatory cells in the outer ¢pelium and inner mucosa (results not
included in this study). Those histopathologicahmies suggest that the stiffness and
mass of TM may differ between control, 4D, and &bse The residual reduction of EA
in 8D was observed over the tested frequenciedewne residual loss of EA in 4D ears
occurred at frequencies above 3 kHz. This diffeeemay relate to different degrees of
TM structural changes between the early and lates@s of AOM. The TM changes
might be the primary contributor to the residualslof EA in AOM ears.
5.4.3 Relation between changes of EA, umbo displacement, and ABR threshold

In order to test if EA or umbo mobility can reflabe hearing loss in AOM, we
compared the changes between EA, umbo displacenasot, ABR threshold in

unopened AOM ears of the chinchillas.
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Figure 5.7 displays the mean ambient EA of confiotdck line), unopened 4D
(blue line), and unopened 8D ears (pink line) extéd from Figs. 5.4 and 5.6. As can
be seen, the EA in both AOM groups was lower thamtrol over the entire
frequencies. The reduction of 4D EA at 2 to 4 kHaswsmaller than that at other

frequencies. The minimal loss of EA in 8D ears wiaserved near 2 kHz.
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Figure 5.7 Comparison of mean ambient EA-frequency curve Bithbetween control
(black line), unopened 4D (blue line), and unopeBectars (red line).

The ABR threshold in both 4D and 8D ears was edslatver the tested
frequencies (Fig. 3.4 in Chapter 3), which agreih the reduction of EA. However, in
both AOM groups the elevation of ABR did not deseat frequencies where the
reduction of EA decreased.

The ABR changes correlated stronger with the chammjaeimbo displacement
(Fig. 4.8A in Chapter 4) in 4D and 8D ears. Paléidy, the umbo mobility at 2-6 kHz
in 8D ears was substantially lower than that in dars, which is consistent with

statistical results of ABR data.
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EA describes the total energy absorbed by the middl. Some of the energy
was transmitted to the cochlea through ossiculaimgland some was dissipated in the
middle ear cavity. Our findings suggest that thatien between the reduction of EA
and the loss of the energy transmitted to the eacih AOM is not simple. Loss of

umbo displacement reflected the changes of ABRsHulel between 4D and 8D ears.

5.5 Conclusion

The effects of MEP, effusion, and structural changs ambient EA in
chinchilla AOM ears were examined over the coursthe disease (4 days and 8 days
post inoculation). Results show that the MEP waspghmary contributor to reduction
of EA in 4D AOM ears and had a smaller effect in 8Brs. MEE contributed to
reduction of EA at high frequencies in both 4D &M ears and resulted in narrow EA
peak at low frequencies in some 4D and most 8D. esfter release of MEP and
removal of MEE, there was residual EA loss ovetladl frequencies in 8D ears and at
high frequencies in 4D ears, which was probablye@sased with TM morphological
changes. The ABR threshold elevated in both 4D&nAOM ears and the elevation
of ABR did not decrease at the frequency whereréaeiction of EA decreased. This
study characterizes the roles of MEP, MEE, andcsiral changes in reduction of EA

in chinchilla AOM ears.
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CHAPTER 6: SUMMARY AND FUTURE WORKS

To understand middle ear biomechanics in AOM eahinchilla AOM model
was produced by transbullar injection léf influenzae. We identified that middle ear
pressure, effusion, together with structural chargiech as ossicular adhesion and ear
tissue microstructural changes each contributegedoiction of sound transmission in
the chinchilla AOM ears. Our findings demonstratkdt these factors changed from
early to later phase of AOM and their contributidsloss of TM mobility varied
during the course of the disease. This study astedal the structure-function relation of
the middle ear in the AOM model. The major findiraye summarized below.

Microstructures of the TM, RWM, and SAL in earlycalater phases of AOM in
chinchillas were characterized by histologic analysThe results show that the
structures of those ear tissues underwent substastianges in 4D AOM and the
changes were more prominent in 8D ears. ThicknésseoTM and RWM in normal
and diseased ears was obtained to aid in derifiey mechanical properties in future
studies.

Conductive hearing loss of 4D and 8D AOM ears wevaluated by ABR
measurement. The results demonstrate that the lehdscin both 4D and 8D groups
had significant hearing loss over the frequencresthe hearing loss in 8D ears tends to
be greater than that in 4D ears.

Effects of MEP, MEE, and structural changes on TMbility loss were
guantified and compared between early and latesgghaf AOM. The results show that
MEP was the dominant contributor to reduction of Tdbility in 4D AOM ears. MEE

was the primary factor affecting TM mobility loss 8D ears. After removal of MEP
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and MEE, there was residual loss of TM mobilityaat frequencies in both 4D and 8D
ears, which was associated with middle ear strattiranges. The factors contributing
to TM mobility loss in the chinchilla ear were slarito those we reported previously
for the guinea pig AOM ears induced 8ypneumoniae.

Effects of the middle ear pathologic changes onviieke examined in 4D and
8D ears. The results illustrated that EA was seesio MEP, MEE, and middle ear
structural changes.

All the research objectives listed in Chapter 1 &rHilled. Our findings
characterize the roles of middle ear pressuresigifiy and structural changes in middle
ear biomechanics in early and later phases of (A& Anodel. The contribution of this
study is to provide useful data for understandhng mechanism of conductive hearing
loss in AOM.

Following the current works on ear mechanics of ¢haachilla AOM model,
future works needed to extend our understandinghemmechanoacoustic response of
the middle ear in AOM are discussed below.

Mechanical properties of the ear tissues are drtwigound transmission. Our
histologic study showed the microstructural changkethe TM, RWM, and SAL in
AOM ears. Their mechanical properties are stillleac In order to understand the
impact of AOM on tissue property changes, the foilgy works needs to be done: (1)
increase the numbers of TM, RWM, and SAL specimansistologic study for
statistical analysis on their morphologic chand@s,improve the preparation of SAL
sample to maintain its intrinsic structure, andd@yiple the structural changes obtained

from histology with modeling to derive mechanicebperties of those ear tissues.
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The current study provided experimental data of mgbility and EA changes
in AOM ears. A finite-element (FE) model of the mtiilla ear would give additional
insight into sound transmission in AOM ear. EffectdMEP, MEE, ossicular adhesion,
and ear tissue mechanical property changes on eniddt vibration can be further

investigated in the FE model.
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